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Abstract 

A common characteristic of humans and animals lies in their ability to select the most appropriate action to 

achieve a desired goal. Voluntary action control (i.e., action initiation, and suppression), a process modulated 

by our internal needs and external factors, tends to adapt to the different situations we face and is biased to 

the outcome intended to achieve - to be rewarded or to avoid being punished. This process contributes to 

the achievement of optimal behavior by promoting the maximization of rewards and the minimization of 

punishments and is under influence of Pavlovian bias, a process that describes our tendency to activate 

actions in the face of reward (Go) and suppress them to avoid being punished (No-go).  

Recent studies have associated activity in the striatum in outcome-dependent action control. More 

specifically, action control is facilitated by two subpopulations of medium spiny neurons (MSN): Dopamine 1 

(D1) and Dopamine 2 (D2) receptor-expressing MSN. D1-MSN underlie the direct pathway of the basal ganglia 

while D2-MSN dominate the indirect pathway. The activity of these pathways generates controversy in the 

field, with different models trying to elucidate how they contribute to action control. A Classical model 

describes their activity as independent and antagonistic while a synergetic model argues that they act in a 

cooperative and synergetic way. The same controversy is seen regarding the way outcome-valence (reward 

and punishment) is encoded by these striatal subpopulations. Although a lot of effort has been made to 

better characterize outcome-dependent action control, it still remains poorly understood. Thus, with this 

thesis project, we intended to gain new insights into the way outcome-dependent action control is encoded 

by striatal subpopulations (D1-MSN and D2-MSN), and if their activity signals diverge between different 

striatal subregions (VMS, aDLS, pDMS). 

To this end, we used a novel viral approach and optimized injection volumes to promote GCaMP expression 

in the rat’ striatum. We then recorded activity in VMS, aDLS, and pDMS using in vivo fiber photometry while 

rats performed a novel Go/No-go reward and punishment task. Behavioral studies to better understand the 

subjective value of an aversive stimulus (loud white noise together with bright light) were also performed. 

We found that GCaMP expression in the rat striatum can be achieved by employing combined Cre x Flippase 

recombinases. In addition, we also showed that three seconds of continuous aversive stimulus formed by 

90dB of white noise paired with bright light is aversive for the animals. More importantly, the subjective 

value was comparable to one sugar pellet, allowing us to compare reward and punishment conditions in the 

Go/No-go task. Furthermore, we found that animals can successfully learn and perform the Go/No-go task 

with Pavlovian bias influencing the performance between Go and No-go reward trials. Finally, neuronal data 

highlights that movement- and reward-related activity can be found in the three subregions but with 

different patterns of activity. Although activity in aDLS seems to be following the synergetic model, in VMS 

and pDMS the activity of D1- and D2-MSN seems to be less cooperative and synergetic. Differences were also 

found between trial types for some events and subregions. 

The work presented in this thesis promotes the gain of knowledge about striatal contribution to outcome-

dependent action control. Further investigation regarding the neuronal mechanisms underlying decision-

making is needed to better understand which mechanisms might be impaired in psychiatric conditions and 

how we can create target-specific treatments for these patients. 
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Resumo 

Uma característica comum entre humanos e animais é a capacidade de selecionar a ação mais apropriada 

para atingir um objetivo desejado. A isto chamamos controlo voluntário de ações, um processo modulado 

pelas nossas necessidades internas e fatores externos que tende a adaptar-se às diferentes situações com 

que nos deparamos sempre virado para o resultado que se pretende alcançar - ser recompensado ou evitar 

ser punido. Este processo contribui para a obtenção de um comportamento considerado otimizado através 

da maximização do número de recompensas e minimização do número de punições recebidas, encontrando-

se sobre a influências do Pavlovian bias, um processo que descreve a propensão para a realização de ações 

para obter recompensas (Go) e de suprimi-las para evitar punições (No-go). 

Estudos recentes associaram a atividade do estriado com o controlo de ações que são dependentes de um 

resultado, sugerindo que este é facilitado por duas subpopulações de neurónios espinhosos médios (MSN): 

neurónios que expressam o recetor de Dopamina 1 (D1) ou o recetor de Dopamina 2 (D2). D1-MSN 

constituem a via direta dos Gânglios da base, enquanto os D2-MSN constituem a via indireta. A forma como 

estas vias atuam ainda não é totalmente compreendida, existindo diferentes modelos que tentam explicar o 

seu modo de ação: o modelo clássico descreve a atividade destas vias como independente e antagonista, 

enquanto o modelo sinergético argumenta que elas atuam de forma cooperativa, estando simultaneamente 

ativas. A mesma controvérsia é gerada em relação à forma como as recompensas ou punições são codificadas 

por estas subpopulações. Ainda que muitos avanços tenham sido feito para melhor caracterizar o controlo 

de ações dependentes de um resultado, ainda existe muito por compreender. Com este projeto de tese, 

pretendemos obter novo conhecimento sobre a forma como o controlo de ações dependentes de um 

resultados é codificado por subpopulações do estriado (D1-MSN e D2-MSN), e se a sua atividade neuronal 

diverge entre as diferentes sub-regiões (regiões dorsais e ventrais do estriado - VMS, aDLS e pDMS). 

Para este fim, usámos uma nova abordagem viral e volumes de injeção otimizados para promover a 

expressão de GCaMP no estriado de rato. Em seguida, registámos a atividade neuronal em VMS, aDLS e pDMS 

usando fotometria de fibra enquanto os animais realizavam uma tarefa de recompensa e punição (“Go/No-

go”). Estudos comportamentais também foram realizados para elucidar o valor subjetivo de um estímulo 

aversivo (som de alta intensidade em combinação com luz forte). Com este projeto, descobrimos que a 

expressão de GCaMP no estriado de rato pode ser alcançada através da combinação das proteínas 

recombinantes Cre e Flippases. É também mostrado que três segundos de estímulo aversivo contínuo 

formado por 90dB de white noise em combinação com luz forte são aversivos para os animais. Mais 

importante ainda, mostrou-se que o seu valor subjetivo é semelhante a um pellet de açúcar, o que permite 

a comparação de condições de recompensa e punição na tarefa “Go/No-go”. Finalmente, os dados de 

atividade neuronal destacam que atividade relacionada com o movimento e recompensa podem ser 

encontradas nas três sub-regiões estudadas, mas com diferentes padrões de atividade. Embora a atividade 

em aDLS pareça ir de acordo com o modelo sinergético, em VMS e pDMS, a atividade de D1- e D2-MSN parece 

ser menos cooperativa e sinergética. Diferenças entre os diferentes tipos de trials para alguns eventos e sub-

regiões foram também encontradas. 

O trabalho apresentado nesta dissertação promove a aquisição de conhecimento sobre a contribuição do 

estriado no controlo de ações dependentes de um resultado. Mais investigação sobre os mecanismos 

neuronais que estão na base do processo de tomada de decisões é necessária para melhor compreender 

quais os mecanismos que podem estar comprometidos em doenças psiquiátricas e como será possível, no 

futuro, criar tratamento mais especializados para este pacientes. 
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1. Introduction 

Animals and humans can perform a variety of actions and, more importantly, are able to choose which action 

to perform, and when it should be performed. We can voluntarily choose a way to attain our goals, which 

takes into consideration our internal needs and the environment around us.  

Throughout the years, philosophers, psychologists, and neuroscientists have argued about the definition of 

“voluntary actions” and their nature. Some thought that actions and the brain could be seen as dissociated 

subjects, while others knew that “actions” and “brain” were words that should never be used separately. 

Both contributed to what we know today: underlying the group of skills, that we so call actions, is a set of 

brain regions that form different neuronal circuits and work together to achieve successful behaviors. But 

how does the brain encode action control? 

Despite all the work done in the field over the years, there is still a lack of information about the way 

outcome-dependent action control is encoded in the brain and what the contribution of striatal 

subpopulations’ activity is in this process. Hence, this thesis aims to gather more knowledge regarding this 

topic by probing the role of D1- and D2-medium spiny neurons in outcome-dependent action control. 

 

1.1.  Voluntary action control and reinforcement learning 

Our everyday actions are performed and adapted to the different situations we face in order to achieve 

desired outcomes. The ability to select the most appropriate action to maximize the outcome, taking into 

account internal and external factors (the environment around us that is in constant change), is called 

voluntary action control.1,2 Independently of the action we perform, for it to be considered voluntary, the 

outcome should be anticipated, leading to the selection of the most suitable action.2 But how do we acquire 

these action-outcome associations and how do we perform a voluntary action? 

Several studies explain the acquisition of voluntary action control based on a two-stage model (Figure 1). In 

the first stage, a movement (motor pattern) is carried out, essentially driven by our internal demands and 

external inputs. From this action, a certain outcome is achieved, and the association between the action and 

the outcome is stored in the brain. This means that this association is registered and can be accessed in the 

future (Figure 1A). Moreover, in the second stage, the knowledge that was previously acquired (action-

outcome association) is now used to activate specific behaviors and therefore perform an intentional and 

specific action to obtain the desired goal (Figure 1B).2,3 

Voluntary actions are performed in order to achieve specific outcomes. By trial-and-error, actions are 

selected to optimize the outcome, and therefore sometimes fail our goals. Thus, to maximize the number of 

times the optimal outcome is achieved, one needs to learn which actions are correct and should be 

performed and which actions do not lead to the outcome (incorrect) and should be abandoned. The way this 

is done is through a process called reinforcement learning.4,5  

According to reinforcement learning theory, we adapt our choices based on past experiences through an 

exploration and exploitation process.4 During the exploration part, our behavior is shaped by the outcome of 

correct actions. Then, based on knowledge about previous outcome contingencies, certain actions will be 

performed with an increasing tendency (exploitation) to maximize the outcome. Both positive and negative 

reinforcements are capable of increasing the predisposition for an action to be selected by rewarding it with 
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something gratifying (positive reinforcement), or by promoting it through the avoidance of aversive 

outcomes (negative reinforcement)4.  

Moreover, voluntary action control was shown to be biased towards the outcome we intend to achieve. 

Depending on the outcome’s valence, our actions can be selected in order to receive a reward (positive 

valence) or to avoid a punishment (negative valence).1 Voluntary action control contributes to the 

achievement of optimal behaviors by maximizing the number of rewards one gets and minimizing the number 

of punishments. In addition, voluntary action control was also seen to be under the influence of Pavlovian 

bias, a process that promotes action to get rewards and inactivity to avoid punishments.6–8  

 

 

 

 

 

 
Figure 1: Two-stage model for the acquisition of voluntary action control.  (A) In the first stage, the associat ion 
between a random action and its outcome is formed and registered within cognit ive codes.  (B)  In the second 
stage,  specif ic cognit ive codes are activate d to perform an intentional  act ion (motor pattern)  and therefore 
achieve the antic ipated outcome. Adapted from E isner and Hommel, 2001. 2  

 

1.2.  Pavlovian Bias 

An important aspect of decision-making, specifically in action selection, is a process entitled as Pavlovian 

bias.6 This process modulates behavior by working with two important variables: action and valence 

(outcome). Actions can involve effort (action initiation - Go) or inhibition (action suppression - No-go), and 

valence can entail the presence of reward or the absence of punishment.7,8  

Studies performed in humans using decision-making tasks (e.g. Go/No-go tasks) showed that action selection 

is influenced by Pavlovian bias, which endorses the initiation of actions under rewarding conditions (Go to 

win) and the withholding of actions under punishing conditions (No-go to avoid lose).6,7,9 Furthermore, the 

same behavioral studies elucidated that due to Pavlovian bias, humans find it more difficult to behave using 

the opposite action-valence associations: perform an action in the face of punishment (Go to avoid lose) or 

inhibit actions in the face of reward (No-go to win), leading to a suboptimal behavior.6,8  

Behavioral studies performed in cohorts of patients suffering from psychiatric disorders, such as 

schizophrenia, depression, and impulsive control disorder found that the Pavlovian bias process was 

compromised in these patients. In disorders like schizophrenia, patients showed reduced bias towards action 

initiation (Go) in rewarding conditions. This can arise from both the fact that in this disorder the 

representation of reward values is likely to be degraded and that patients show difficulty in learning the 

adequate response to winning rewards (poorer Go learning).10 Similarly to Schizophrenia, depression is 

characterized by reduced action initiation under rewarding conditions (under-responsivity) and accentuated 

A B 
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action suppression under aversive conditions (over-responsivity).11,12 Additionally, and in opposition to the 

previous psychiatric conditions, in impulsive control disorder, there is enhanced action execution in 

rewarding conditions.13,14  The lack of correct Pavlovian bias effect that is seen in these psychiatric conditions 

can be one of the factors contributing to the behavioral traits usually associated with these pathologies (e.g. 

impulsivity, anhedonia, etc). 

To be able to find treatments that can target specific brain regions and help patients suffering from these 

conditions, we need to understand how these processes work in a healthy brain (absent of any pathology). 

Questions like: ”Where is outcome-dependent action control generated in the brain?”, “How can it be biased 

towards an outcome?” and “Which regions are involved in these processes?” need to be answered. As an 

attempt to answer this question, regions within the basal ganglia circuitry, with a major focus on the striatum, 

have been highlighted to play a significant role in action control and outcome-valence processing (i.e., 

outcome-dependent action control), thereby contributing to Pavlovian bias.15  

 

1.3.  Basal Ganglia Circuitry  

 

“The human brain has 100 billion neurons, each neuron connected to 10 thousand other neurons. Sitting 

on your shoulders is the most complicated object in the known universe. “ 

Michio Kaku 16 

 

Neurons are one of the most important building blocks of our brain, and it is through the connections they 

make with each other that functional circuits arise. 

The basal ganglia (BG) circuitry, a set of interconnected brain nuclei found in the base of the forebrain, plays 

an important role in cognitive and motor functions, as well as in the control of adaptive behavior driven by 

rewarding and punishing conditions.17,18 The way information flow through the BG follows either the direct 

pathway via striatum - substantia nigra pars reticulata (SNr) - thalamus - cortex (the region that also sends 

the majority of the afferents found in BG) or the indirect pathway via striatum - globus pallidus (GP) - 

subthalamic nucleus (STN) - SNr - thalamus - cortex, thought to be involved in the execution or suppression 

of actions, respectively (Figure 2).17  

Moreover, it is through the cortico-basal ganglia-thalamo-cortical circuit that the majority of functions 

related to BG activity are implemented. The way this works is through projections sent by the cerebral cortex 

to the BG that are then sent back to the cortex via the thalamus.19 Initially, it was thought that communication 

from BG mainly went to the motor cortex but more recently it was found that BG efferents go to different 

subdivisions of the thalamus, which then projects to a larger range of cortical and sub-cortical regions. This 

is why BG are involved in more functions than just motor functioning (e.g. cognitive and affective functions).20  

Due to its connectivity, dysfunction of BG circuitry (either via cerebral cortex or cerebellum connections), can 

lead to diverse motor (neurologic) and non-motor (psychiatric) conditions.19 Some well-known examples of 

BG dysfunctions are Parkinson’s and Huntington’s diseases, which affect motor control, but also 

schizophrenia, depression, and addiction (psychiatric conditions).17,22  

21 
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As we can see, the BG comprises different regions that receive and send projections to different areas in the 

brain, and therefore are related to different functions. All these regions are key players to the normal 

functioning of this circuit that allows a healthy state. Therefore, depending on the scientific questions that 

make us interested and motivated to investigate this circuit, we should pay more attention to certain regions 

to the detriment of others. Thus, in this thesis project, we intend to have a major focus on the role of striatum 

within this circuitry to disclose how it is involved in outcome-dependent action control. 

 

1.3.1. An input nucleus called Striatum 

The striatum is the primary input nucleus of the BG, receiving glutamatergic inputs from cortical, thalamic, 

and limbic areas, and dopaminergic inputs from the midbrain.15,22,23 It is a region involved in diverse functions 

like motor control, learning, and decision-making upon reward and aversive conditions. Depending on the 

origin of the cortical input it receives, the striatum can be considered a sensorimotor, associative (cognitive), 

or limbic (emotional and motivational) center, processing different types of information.19,24 The way the 

striatum helps in the action selection process (to learn which actions lead to reward and how they should be 

executed), is through the outputs it sends to the BG downstream regions after processing all the conveying 

information.22  The way information goes from the striatum to the other output nucleus of the BG is through 

the direct and indirect pathways, which it gives rise to. 

The rodent striatum can be divided into three subregions that are thought to be involved in learning and 

distinct forms of associations: the ventral medial striatum (VMS), dorsal medial striatum (DMS), and dorsal 

lateral striatum (DLS) - also known as limbic, associative and sensorimotor striatum, respectively.15,25 Besides 

the different locations of these subregions within the striatum, they also present distinct roles. VMS has been 

shown to be important in outcome evaluation and motivation and involved in optimizing the selection of the 

most appropriate action.15 The DMS is mainly involved in the acquisition of goal-directed behaviors, by 

establishing an association between an action and its outcome.26 Finally, the DLS is involved in stimulus-

response associations, which comprise habitual, non-flexible behavior.15,25,27  

The striatum is formed by roughly 95% inhibitory (GABAergic) medium spiny neurons (MSN), which can be 

subdivided into two distinct populations based on their molecular properties. The remaining 5% are 

Figure 2: Representation of  how information f lows through the Basal Ganglia.  Information flows through the 
basal  gangl ia employing the direct  and indirect  pathways that l in k regions l ike cortex, striatum,  STN,  SNr, GP 
and thalamus.  On the left panel,  the direct  pathway is represented by a ful l  l ine and the indirect pathway by a 
dashed line.   
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composed of either GABAergic or cholinergic interneurons.22 GABAergic interneurons can be divided into 

fast-spiking (FSI), low-threshold spiking (LTSI), and calretinin expressing (CR) interneurons, while cholinergic 

interneurons (CIN) are characterized as large and tonically active neurons (TAN), representing 1% of the cells 

found in the striatum.17,22,28 Throughout this section we will be focusing our attention on the MSN since they 

embody the major group of neurons found in the striatum, giving rise to the direct and indirect pathway, and 

are thought to be related to action control. 

Depending on the projection target and dopamine receptor that GABAergic MSN express, they can be 

classified into dopamine 1 (D1-MSN) or dopamine 2 (D2-MSN) subtype of neurons, both encompassing 50% 

of the MSN population. D1-MSN (striatonigral MSN) directly innervates the BG output nucleus SNr, giving rise 

to the direct pathway, while D2-MSN (striatopallidal MSN) indirectly innervates the SNr through the GP and 

STN, giving rise to the indirect pathway.29 The net effect of the direct pathway on the thalamus is dis-

inhibitory (due to inhibition of the SNr, which is an inhibitory nucleus), while the net effect of the indirect 

pathway is inhibitory on the thalamus.23 Due to this, the direct pathway is thought to promote action 

initiation while the indirect pathway is hypothesized to inhibit action.17,29,30  

Activity in striatal D1- and D2-MSN has been highlighted as a key player in the control of Go/No-go actions.17 

Hence, it is crucial to understand how their activity is coordinated and mediates outcome-dependent action 

control in both positive (reward) and negative (punishment) contingencies. In the next chapter (Introduction 

- Section 1.4.) we will explore the theories that attempt to explain the way these two pathways work.  

 

1.4.  Activity of direct and indirect pathways of the basal ganglia   

Years of theoretical and experimental work tried to disclose how the activity in the striatum mediates action 

control and how these striatal signals vary depending on the action-outcome (reward versus punishment). 

Two theories try to describe how the direct and indirect pathways of the basal ganglia contribute to behavior. 

The classical model puts forward the “Go/No-go” model, where the direct and indirect pathways are 

described as antagonistic. The synergetic model, a more recent theory, describes the activity of these 

pathways as cooperative. In addition to action selection, direct and indirect pathways are also involved in 

outcome valence. Bridging the action selection and outcome valence theories urges the need for further 

investigation. 

 

1.4.1. Action selection based on the classical and synergetic models 

The classical model for the functioning of the basal ganglia circuitry describes the activity of the direct and 

indirect pathways, two primary projections of the striatum, as being independent and antagonistic. According 

to a model proposed by Albin et al. (1995)31, the direct pathway is responsible for the facilitation of action 

initiation (Go), while the indirect pathway is hypothesized as responsible for the facilitation of action 

suppression (No-go).30–32  

The opposite roles hypothesized by the classical model are supported by the structural organization and 

projections of the basal ganglia (anatomy) and by studies using lesions and behavioral tasks.15 Regarding 

structural organization and basal ganglia projections, it was shown that D1-MSN (direct pathway) inhibit the 

GPi/SNr, promoting a disinhibitory net effect on the thalamus, thereby leading to action initiation (Figure 

3A).15,32 On the contrary, the D2-MSN (indirect pathway) promote inhibition of the GPe, which then 
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disinhibits the STN and ends up promoting the inhibition of the thalamus via inhibitory projections from the 

GPi/SNr (Figure 3B). Thus, the inhibition of the thalamic activity leads to a suppression of actions.15,32 

 

 

 

 
 
 
 
 
 

 

Over the years, other models based on electrophysiological recordings and more advanced genetic tools tried 

to explain the activity of the two pathways and their involvement in action control. More recently, a second 

model - the synergetic model -  was proposed by Mink (2003)33 in an attempt to explain the functioning of 

these two important pathways.33 In opposition to the classical model, here both striatal pathways are 

hypothesized to be involved in action selection, with the D1-MSN promoting the execution/initiation of the 

desired action and D2-MSN suppressing the execution of competing actions.15,17,34 Overall, this model 

characterizes the activity of the direct and indirect pathways of the basal ganglia as cooperative and 

synergistic.17,30,35 

The synergetic model was supported by different studies using cell-type-specific recording experiments that 

observed a transient increase in activity in both pathways upon action initiation (Cui et al., 2013), as well as 

in lever pressing task in which both were active at the start and end of a lever press sequence (Jin et al., 

2014). These studies gathered evidence that supports the need for, and importance of, activation in both of 

these pathways during movement and action selection.17,36–38 

Furthermore, Table 1 summarizes findings achieved with optogenetic manipulation of D1-MSN and D2-MSN 

upon different behavioral paradigms and in different brain regions. This table also classifies the finding as 

following the classic model or the synergetic model.15 

 

A B 

Figure 3: Differ ing effects of the d irect  and indirect pathways of the basal ganglia. (A) Model representing 
the functioning of the d irect pathway of  the basal ganglia .  D1-MSN promote dis-inhibition of the thalamus by 
inhibiting basal  gangl ia output nucleus (GPi  and SNr).  (B) Model representing the functioning of the indirect  
pathway.  D2-MSN promote inhibition of the thalamus by promoting the activation of the basal  ganglia output  
nucleus (GPi and SNr). Orange represents the activ ity and regions involved in the direct pathway, while green 
represents the activity and regions involved in the indirect  pathway.  
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15 
39, 40, 41, 42, 43,  
 

1.4.2. Striatal role in mediating action control dependent on the outcome (reward vs punishment)  

The direct and indirect pathways of the basal ganglia are responsible for controlling motor output (movement 

and action selection) but they are also involved in mediating outcome valences: appetitive (reward) and 

aversive (punishment) stimuli. However, the way this mediation is done by striatal subpopulations is not 

completely understood. 

Optogenetic studies performed by Kravitz et al. (2012)44, selectively targeting these two distinct pathways, 

aimed to better understand the role of these sub-populations. Here, the authors tested the hypothesis that 

activation of the direct pathway would mimic appetitive stimuli, while the activation of the indirect pathway 

would instead mimic aversive stimuli.44,45 Together, the results showed that activation of D1-MSN is sufficient 

to induce persistent reinforcement, while the activation of D2-MSN was sufficient to induce transient 

aversion, characterizing the activity of this subpopulations as antagonistic.21,23,45,46  

Follow-up studies challenged the simplistic, dichotomy roles of direct and indirect pathways in appetitive and 

aversive encoding. Recent studies hypothesized that both striatal subpopulations can encode appetitive and 

aversive outcomes with different patterns of activity that can also vary between different striatal 

subregions.23,47 Pharmacological approaches have shown that both D1 and D2-MSN in nucleus accumbens 

(NAc) are important for the motivational drive to work for rewards and that by using D1R and D2R antagonists 

in the same sub-region there is a decrease in the number of avoidance responses in aversive contexts. In 

addition, genetic studies showed that overexpression of D2R in NAc increases motivation for reward, which 

does not happen in dorsal regions of the striatum.23 More studies using other approaches, such as 

optogenetics, were also performed to better understand the roles of these two pathways in appetitive and 

aversive encoding. However, the conflicting findings between experiments that still persist, underline the 

need to further investigate the role of these pathways. 

Table 1: Findings regarding optogenetic manipulation of D1-MSN and D2-MSN in decis ion making.  Results of  
the optogenetic manipulation of this striatal subpopulations were compared to what is stated by the classic 
view model proposed by Albin for movement and action selection. Adapted  from Cox et al.  (2019). 15  
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Overall, the differences in models describing basal ganglia functioning, both in action selection and outcome 

valence, highlights the need for more elaborative behavioral studies combined with cell-type-specific 

recording techniques that allow the dissection of the role of each of the two pathways. 

 

1.5.  In Vivo Calcium Imaging 

The importance and need to elucidate what is happening in our brain when we are awake and performing 

tasks that we normally do in our daily life has increased and become a major focus in neuroscience. Over the 

years, the development of new imaging techniques that allow the recording of specific neuronal populations 

in real-time in awake and behaving animals, has opened doors to gain new knowledge regarding the activity 

of diverse neural circuits. An example of this new recording methods is in vivo calcium imaging, which can be 

performed at the single-cell or population level, providing different readouts of brain activity. 

Calcium imaging has been around to visualize neuronal activity in brain slices or even acute in vivo 

preparations. However, calcium imaging recordings in freely-behaving animals only started to be explored 

more recently. The way this technique works is by using calcium (Ca2+) as a proxy for action potential activity. 

Given that during neuronal communication there is an influx of ions, among others Ca2+, we can infer how 

neurons communicate by looking at their intracellular Ca2+ concentration.48,49 This is possible by employing 

genetically encoded calcium indicators, fluorescent molecules that increase their fluorescence intensity 

when binding to Ca2+.48,50 Furthermore, the design of these genetically encoded calcium indicators (GECI) like 

GCaMP (which dynamics continue to be improved over the years) in combination with viral engineering and 

specific animal lines created using CRISPR technology, improved the versatility that this technique can 

offer.51,52  

Additionally, with the advances of these techniques, new probes were also developed, allowing the targeting 

of deeper brain regions (e.g. gradient refractive index (GRIN) lenses), which was not possible before. This was 

accompanied by the development of new technology that allows the recordings to not require the animal to 

be immobile (e.g. miniaturized fluorescent microscopes that can be mounted on the animal’s head and can 

be used to record while animals behave freely).53,54 Overall, this constituted a great advance in science and 

allowed the gain of new knowledge regarding brain functioning. 

Although this novel, state-of-the-art techniques are critical for nowadays neuroscience, it is also crucial for a 

researcher to choose the best method to answer the research question. Since there are several types of in 

vivo calcium imaging techniques using GECIs, we employed fiber photometry to best answer our research 

questions. Thus, we will be looking into more detail in the way this method works and also in its advantages 

and disadvantages. 

  

1.5.1. Neuronal recordings using fiber photometry 

Fiber photometry is an in vivo calcium imaging technique that uses chronically implanted optical fibers to 

record neuronal transients. As explained before, this is done through the expression of GECIs like GCaMP and 

allows the investigation of different neuronal populations’ activity (Figure 4).36 A characteristic of this 

technique lies in the fact that we can only record bulk activity instead of a single-cell activity. This means that 

we can explore what a certain population of neurons is doing but we cannot perform an analysis of 
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heterogeneous activity within that population (i.e., analyze how individual neurons behave within a group of 

neurons).36,48 

Figure 4A shows a representation that explains how this technique works. Briefly, light emitted from fiber-

coupled LEDS with excitation wavelengths of 465nm (Ca2+ dependent activity of the GECI used) and 405nm 

(isosbestic control channel for GCaMP) is combined into one path, due to dichroic mirrors, and delivered to 

the regions of interest via the fiber optic patch cable connected to the optical fiber implanted in the animal’s 

head. When in the region of interest, the light will excite the cells that are located under the tip of the optical 

fiber (target region). If the cells are part of our target population (have GCaMP that was previously introduced 

through a specific viral construct), the GCaMP can bind to the intracellular Ca2+ present in the cell. The 

excitation of GCaMP will in return emit light of a different wavelength that will be captured back to the fiber 

patch cable and collected using a photo-sensor present in the setup. This photo-sensor will receive the light 

from both channels (GCaMP and isosbestic) and will be able to separate them into two distinct signal 

traces.48,55,56 

 

 

 

 

 

 

57 

 

 

 

Advantages and Disadvantages of fiber photometry  

Compared to other techniques used to record neuronal activity, this method has the advantage of being 

relatively easy to implement because we can record everything that is underneath the optical fiber, which 

requires less spatial resolution than other techniques (i.e. techniques that look at the single-cell activity and 

Figure 4:  Schematic of in vivo  calcium imaging using f iber photometry.  (A) Schematic representation of  how 
light travels withing the fiber photometry set up to be emitted and excite the brain regions implanted with an 
optical f iber and how light emitted by the cell is col lected. Blue represents the wavelength of excitat ion for 
the Ca 2+  dependent signal (465nm) and purple represents the wavelength of excitat ion for the isosbestic  
control  s ignal  (405nm). (B) Representatio n of how the optic patch cable is connected to the optical f ibers 
implanted in the head of the animal. This connection is done in the beginning of the recording session and 
must allow the animal to  freely behave within the operant chamber.  (C)  The optical f iber is implanted in the 
region of interest  and GECI- expressing cells that are under the optical  f iber wil l  be recorded.  This method 
allows the recording of either soma or axons.  (D) Representation of the data obtained using fiber photometry.  
Left panel  shows a representative trace of  Ca 2+-dependent signal (465nm - blue trace).  Middle panel  shows a 
representative trace of  the isosbestic channel,  which  is  independent of Ca 2 +  (405nm –  purple trace). R ight 
panel shows a representative trace of the pre -processed signal,  obtained by subtracting the isosbestic signal 
do the Ca2+ -dependent signal.  Figure adapted from Sici l iano and Tye, 2019,  and Liang,  Neuberger and Zhang,  
2020. 48, 57  

465nm LED 

405n
m 
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A B C 
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therefore need to have a good number of individual neurons at an ideal distance from the tip of the lens).48 

Another advantage, and perhaps the most important, is the fact that we can implant more than one fiber per 

animal due to the small size of the optical fibers. This is valuable because it allows recording from different 

brain regions within the same animal.58,59 Furthermore, the small size and weight of the optical fiber and the 

optical patch cable make it easier for the animals to perform a behavioral task.59 Finally, another advantage 

of this method lies in the capability of having long imaging times due to low LED settings, thereby avoiding 

bleaching, which happens quickly with 1- and 2-photon calcium imaging. 

Although there are several advantages to this technique, there are also some drawbacks. One of them is the 

inability to attend for heterogeneity within the population of neurons we are recording from.48 Since we 

cannot look at single-cell activity, we cannot investigate the presence of different clusters of neurons within 

a population, ending up losing information that could be interesting and relevant for the study. Moreover, 

another drawback of this technique lies in the amount of noise that is injected into the data. Fiber 

photometry uses an optic patch cable connected to the optical fibers implanted in the head of the animal to 

excite and record light, the bending of the cable while the animal is moving in the operant chamber can 

introduce noise in our data, causing movement-related artifacts.60 Fortunately, this can be minimized by 

using adequate controls to record movement artifacts, such as the isosbestic control channel.60,61 

 

Isosbestic control channel 

It is important to identify and minimize movement-related artifacts present in our data since they can easily 

be confused with activity-dependent signals (neuronal activity). To avoid these signals, an isosbestic channel 

can be used as a control. An isosbestic point is characterized as the wavelength at which physical or chemical 

reactions (e.g. Ca2+ reaction) occurring within a sample, do not change its photon absorbance (excitation light 

of 405nm).48,61 This means, that when excited at the wavelength of its isosbestic point, the fluorescence 

resulting from the sample will not be Ca2+ dependent (not indicative of neuronal changes) and will only 

represent signals related to movement and other artifacts.59 In addition, to improve the signal, the fitted 

isosbestic trace is usually used to subtract from the GCaMP trace and correct for motion.62 
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2. Research Questions and Aims  

The experimental work done during this thesis project aimed to acquire new knowledge about the way 

outcome-dependent action control is encoded by striatal subpopulations (D1- and D2-MSN) and how their 

activity is coordinated. To this end, we proposed to answer the following research questions: 

1. How do direct and indirect pathway medium spiny neurons contribute to outcome-dependent action 

control? 

2. Do these signals diverge between different striatal subregions (VMS, aDLS, pDMS)? 

 

To answer these questions, we established three different aims for this project:  

Aim 1 - Optimization of cre-dependent GCaMP-expressing adeno-associated-virus to record striatal medium 

spiny neurons in vivo, by testing different volumes with a new dual-vector viral approach; 

Aim 2 - Verify the subjective value of a compound stimulus (white noise paired with LED) in relation to a food 

reward (sugar pellet) to establish direct and trustful comparisons between neuronal activity during reward 

and punishment contingencies; 

Aim 3 - Disclose the contribution of D1- and D2-MSNs in outcome-dependent action control in VMS, pDMS, 

and aDLS. To this end, we used in vivo fiber photometry to perform calcium imaging (i.e. measure the activity 

of genetically defined striatal neuronal populations) in new knock-in Cre rat lines during the performance of 

a complex Go/No-go reward and punishment task. 
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3. Materials and Methods  

 

3.1.  Experimental model 

All animal procedures were performed in accordance with European and Dutch laws and approved by the 

Animal Experimentation Committee of the Royal Netherlands Academy of Arts and Sciences. Adult Long-

Evans rats were single-housed and kept under a reversed 12-hour light-dark cycle (light on from 20:00 till 

8:00) with controlled temperature (23⁰C) and humidity. Experiments were conducted during the dark phase. 

Animals had ad libitum access to water and were food-restricted to 85-90% of their free-feeding body weight 

with daily monitorization. A total of 22 rats underwent surgery for viral injection and optical fiber 

implantation.  

 

 Transgenic Rat Lines  

To record different neuronal subpopulations within the striatum, transgenic D1-iCre and A2a-iCre rat-lines 

were used (Figure 20, Appendix).28 Transgenic rats with Cre protein under regulation of the dopamine D1 

receptor gene were used to specifically target direct pathway medium spiny neurons (dMSNs), while animals 

with Cre protein under the A2a promoter were used to target the indirect pathway medium spiny neurons 

(iMSNs). The targeting selectivity of iMSNs was enhanced by using A2a receptors instead of D2. While A2a 

receptors are selectively expressed in the indirect pathway, D2 receptors can also be found on other striatal 

cells and synapses (e.g. Cholinergic interneurons, as well as, striatal glutamatergic and dopaminergic afferent 

projections), not being as specific for this pathway.63 D1-iCre and A2a-iCre rats were bred in-house by crossing 

heterozygous parent lines. The animals used in the experiments were heterozygous for the relevant Cre-

allele.  

All animals used to conduct this study were selected and maintained according to specific parameters settled 

before the experimental work (Table 2). This allowed better control of our experiments and reduced 

discomfort for the animals. 

 
Table 2:  Descr iption of experimental model’s characterist ics.  All the animals used in this research project 
were selected and maintained according to al l  the different condit ions present in the t able below.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EXPERIMENTAL MODEL 

Specie Rats 

Developmental Stage Adult (≈ 8 weeks) 

Cre Lines D1-iCre and A2a-iCre 

Strain Long-Evans 

Age 8-32 weeks 

Weight 200-500g 

Origin Bred in-house 
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Experimental groups 

For fiber photometry experiments, two cohorts of animals were used: The expression pilot cohort and the 

imaging cohort. The expression pilot cohort was a pilot group to optimize fiber photometry, the main 

technique employed in this project. Here, we used four female Long-Evans: two A2a-iCre and two D1-iCre to 

optimize virus expression. Animals in the imaging cohort were injected with optimized virus acquired using 

the pilot cohort and was constituted by 18 female Long-Evans - nine A2a-iCre and nine D1-iCre.  

The expression pilot cohort was bilaterally implanted with three optical fibers in three different striatal 

subregions (ventral medial striatum (VMS), anterior dorsal lateral striatum (aDLS), and posterior dorsal 

medial striatum (pDMS)) and the imaging cohort was bilaterally implanted with only one optical fiber in one 

of the three striatal subregions. 

Furthermore, a third experimental group, composed of D1-iCre animals (two females and three males Long-

Evans), was used to examine the subjective value of an aversive stimulus in relation to a reward delivery 

(Aversive/Appetitive Task). These animals were not submitted to any surgery and remained group-housed 

during all the experimental time. 

 

Advantages of the model 

Rodents are used as models for biomedical research due to their degree of similarity to humans 

(anatomically, physiologically, and genetically).64 The use of rats as a model is an advantage for this project, 

not only because of their larger size, which facilitates surgical procedures (an important step in our 

experiments) but also due to their ability to perform more complex behavioral tasks.28,64,65 This ability allows 

them to learn and carry out the Go/No-go task used in this project. Another advantage of using rats is the 

ability to implant several fibers in one animal, which reduces the total number of animals required in the 

experiments and allows us to follow the neuronal activity of different brain regions within animals.  

 

3.2.  Viral expression: Dual-vector approach 

To achieve Cre-dependent expression of GCaMP6f in specific striatal subpopulations (D1-MSNs and A2a-

MSNs), we used adeno-associated virus (AVV) in distinct transgenic rat lines expressing Cre recombinase (D1-

iCre and A2a-iCre rat lines). Previous work from the lab showed low GCaMP expression in the striatum using 

standard Cre-dependent viral constructs (see Results section - Figure 9A). To overcome low expression, 

thereby hindering successful imaging in vivo, we employed a dual-vector viral approach (Figure 5), aiming to 

enhance the number of recombinase proteins, and consequently increase the amount of GCaMP expression.  

This dual-vector approach consists of a mix of two different viral constructs in the same viral injection. The 

first virus was a Cre-dependent Flippase construct (AAV1.hEF1α.Dio.FLP) to increase the number of Flippase 

recombinase proteins relative to the number of Cre recombinase proteins. Briefly, this viral construct is 

formed by Flippase RNA that is inversed and flanked by two loxP sites with opposite directional orientations. 

Upon infection of neurons expressing Cre recombinase proteins, the inversion of the Flippase RNA will be 

mediated, making its translation into a functional protein possible.66 Additionally, we used a second virus 

(AAV1.hSyn.FRT.GCaMP6f) with a Flippase-dependent GCaMP6f construct.66 Here, we have GCaMP6f RNA 

inversed and flanked by two FRT (Flippase recombinase target) sites, with opposite orientations, that can be 
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recognized by the Flippase recombinases produced by the first virus. These will then revert GCaMP RNA to 

its correct orientation, allowing successful translation into functional proteins.  

Together, this dual-vector approach increased the number of GCaMP6f proteins by enhancing the amount of 

Flippase recombinase proteins (compared to Cre proteins), which in turn can recombinase more GCaMP RNA.  

All viruses used in these experiments were purchased from the Viral Vector facility - University of ZurichUZH.  

 

Importance of GCaMP expression 

Inducing sufficient GCaMP expression is an important step since it is used as a proxy for neuronal activity. 

This is possible since Ca2+ binds to GCaMP present in the cell, which increases its fluorescence intensity and 

enables us to infer that activity is happening in the cell.48,52  

 

 

 

3.3.  Surgical Procedures 

To assure animals’ safety and avoid infections, both the surgical area and tools were properly sterilized before 

surgery. 

Prior to surgery, rats were taken from their home cage, weighted, and anesthetized using a small induction 

chamber (Petterson Scientific) filled with 3-5% isoflurane/oxygen. Upon loss of consciousness, the hairs on 

their head were shaved and disinfected with an alcohol-based solution (Sterillium med) to keep the surgical 

area as clean as possible. 

Figure 5: Dual-vector viral approach used in this project.  (A) Schematic of the viral constructs used in the viral 
mix. The first  virus (AAV1.hEF1α.Dio.FLP) is  formed by a Cre-dependent Flippase construct and was used to 
increase the number of Flippase recombinases upon contact with cells expressing Cre-recombinase proteins. 
The second virus (AAV1.hSyn.FRT.GCaMP6f),  constituted by a Fl ippase -dependent GCaMP construct,  was used 
to improve GCaMP6f expression. The production of  functional GCaMP proteins is only possible when the second 
virus contacts with the Flippase recombinases produced by the f irst  virus.  (B)  Representation of  the way the 
dual-vector approach increases the numb er of GCaMP6f proteins that will  be avai lable.  
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All surgeries were performed in a stereotaxic frame (David Kopf Instruments, 962LS) under aseptic conditions 

and isoflurane anesthesia (1-2% isoflurane/oxygen with a flow rate of 0.6L/min –  Burtons, Tec 850). Rats’ 

body temperature was maintained at 37°C using an isothermal pad. Surgeries were conducted using the Zeiss 

microscope (Stemi 2000) and a light source (CL 15000 ECO).  

 

Intracranial viral injection and optical fiber implantation 

After being precisely positioned in the stereotaxic frame using the ear bars, animals were given subcutaneous 

injections of Metacam (Meloxicam, 1mg/Kg, Boehringer Ingelheim) and Dexamethasone (1mg/Kg) to 

decrease pain and prevent inflammation that can result from surgery, respectively. Following, depth of 

anesthesia was assessed by toe pinch and a small incision (from anterior to posterior) was made on the 

animal’s head using a scalpel. The skin of the scalp was retracted to better expose the skull and Lidocaine 

(100 mg/mL, Xylocaine®) was applied as a local anaesthetic. Rats’ eyes were covered with eye drops (TERRA-

CORTRIL: Met-Polymyxin-B) and paper pads to keep them moist and avoid discomfort resultant from long 

light exposure. 

Next, bregma and lambda coordinates were identified and used as reference points to align the skull. Based 

on the location of bregma, injection and implantation coordinates to specifically target VMS, pDMS and aDLS 

were calculated and marked on the skull of the animal (Figure 6). Using a hand-held surgical drill, small holes 

were drilled for every injection and optic fiber implantation site, as well as for the implantation of four 

stainless steel screws - aiming to increase head cap stability.  

Animals were then subjected to bilateral viral injections with optimized viruses (AAV1.hEF1α.Dio.FLP and 

AAV1.hSyn.FRT.GCaMP6f - Figure 5). Volume and concentration of injection were different between 

experimental groups (Table 3). Injections were performed using Hamilton syringes (Hamilton, USA) and a 

nanoinjector (Micro4TM) at a rate of 200nL/min. After infusion, the syringe was held in place for five to ten 

minutes to minimize virus leakage and was then slowly retracted. 

Viral injections were followed by bilateral optical fiber implantation. Optical fibers, formerly cleaned with 

70% ethanol, were implanted in the coordinates calculated previously (Figure 6). Fibers were slowly lowered 

to the target region to reduce tissue damage, as well as damage of the fiber. After lowering the fibers, the 

four screws were implanted: two more anterior and the other two more posterior. Optical fibers were fixed 

to the skull using super bond c&b (CTBA) and all the skull surface was covered with dental cement (Simplex 

Rapid Powder, Kemdent®). After this, the wound was treated with Prontonsan® (wound irrigation solution 

and wound gel, B|Braun), which cleans, decontaminates, and moisturizes acute chronic skin wounds. Lastly, 

the wound was sutured.  

Following surgery, rats recovered from anesthesia in a temperature-controlled cabinet and were given water 

with Rimadyl (0.5/mL) for three days post-surgery to minimize pain. Animals were single-housed and given 

one to two weeks to fully recover with ad libitum access to water and food before initiating food restriction 

and behavioral experiments. Weight was monitored daily and parameters such as locomotion and 

food/water intake were checked. 
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Table 3:  Viral constructs with respective volumes and concentrations for the expression pilot  cohort and 
imaging cohort. The top table shows the two viral constructs used in the inject ions of the expression pilot  
cohort. Here, v iral inject ions were done bilaterally with dif ferent volumes  between hemispheres to optimize 
these variables. The bottom table shows the two viral constructs used in th e imaging cohort inject ions, as well  
as the volume and concentration picked after optimization. In this cohort,  both hemispheres were injected 
with the same volume and concentration of v irus.   

 

Expression pilot cohort 

Viral construct 
Left Hemisphere 

(High volume) 

Right Hemisphere 

(Low volume) 

1) AAV1.hEF1α.Dio.FLP 
Volume = 3 x 1350 nL 

Concentration = 1:2 

Volume = 3 x 900 nL 

Concentration = 1:2 2) AAV1.hSyn.FRT.GCaMP6f 

Imaging cohort 

Viral construct Both Hemispheres 

1) AAV1.hEF1α.Dio.FLP 
Volume = 1 x 1350 nL 

Concentration = 1:2 2) AAV1.hSyn.FRT.GCaMP6f 

Figure 6: Brain coordinates used for viral injection and optical f iber implantation in the imaging cohort.  
I l lustration of the coordinates used for viral injection and optical  f iber implantation to target three regions of 
interest within the striatum (VMS, aDLS, and pDMS). Coordinates are given as Anterior -Posterior (AP),  Dorsal -
Ventral  (DV), and Medial -Lateral (ML) and were calculated taking bregma as a reference point.  Blue is a 
schematic representation of  the track made by the optical f iber, with the black cross representing the location 
of the viral injection. In the imaging cohort,  both optical f iber implantation and viral inject ion were done in 
the same coordinates. For the expression pi lot cohort,  the optical f iber wa s implanted in the same coordinates 
as in the imaging cohort but the viral  injection was done 300µm below the viral location represented in these 
figures. Both viral injection and optical f iber implantation were done bilateral ly. I l lustrat ions of the coron al  
brain sections were purchased from Paxinos Rat Brain Atlas (2007, 6th edition).  

 

 

VMS aDLS pDMS 

AP:1.8mm  DV:-6.4mm  

ML:1.5mm  

AP:1.0mm  DV:-4.5mm  

ML:3.6mm  

AP:-0.2mm  DV:-4.0mm  

ML:2.7mm  
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3.4.  Behavioral Assays 

After recovering from surgery, animals were food restricted to 85-90% of their free-feeding body weight to 

increase their motivation to perform the behavioral task. Animals were habituated to the researcher before 

starting experiments. 

Behavioral experiments were conducted in operant chambers (Med Associates Inc.) modified according to 

the behavioral task employed. In general, operant chambers were equipped with a food magazine linked to 

an automated food-pellet dispenser, a nose-poke hole, a house light, a metal grid floor (Med Associates Inc.), 

two levers, one white noise (WN) speaker, a tone generator and a magazine tray LED light (NIN mechatronics 

department). Operant chambers were placed inside metal Faraday cages revested with absorbing 

polyurethane foam to isolate sound. All boxes were equipped with a video camera for behavioral recordings. 

For all behavioral tasks, before initiating the training period, rats were habituated to food pellets (Dustless 

Precision Pellets, Bio-Serv®) in their home cage. For this purpose, a few food pellets were given daily, together 

with chow (Mucedola S.R.L.), for three days. 

 

3.4.1. Go/No-go Task 

To study the role of distinct striatal subpopulations in outcome-dependent action control, we employed a 

novel and complex Go/No-go task (Figure 7) in which animals learned to work for different outcomes: food 

reward (positive reinforcement) or to avoid an aversive compound stimulus (WN paired with a magazine tray 

LED - negative reinforcement). Furthermore, to acquire these outcomes, animals have to either initiate an 

action (Go) or refrain from making a response (No-go). By associating both outcomes with both actions, we 

can compare neuronal activity within animal to these four conditions. 

In this task, adapted from Syed et al. (2016)67, animals are placed in an operant chamber as the one illustrated 

in Figure 7A and a trial starts when the nose poke (NP) hole light turns ON after a random interval of 5 to 

15s. Animals are required to refrain from action and stay in the NP hole for 0.5s followed by the presentation 

of one out of four auditory tones, indicating one of the four trial types. In No-go trials, animals have to hold 

NP for 3s to either receive a reward (No-go reward) or avoid a punishment (No-go punishment). In Go trials, 

animals have to leave the NP and press a lever to either receive a reward (Go reward) or avoid a punishment 

(Go punishment). For all trials, the NP light and the auditory tone remain ON until the end of the trial. Sessions 

had a maximum duration of 120 minutes or 100 successful trials, whichever came first. 

 

Task Progression  

To habituate animals to the food magazine and pellet delivery, they were trained on two consecutive sessions 

of magazine training. In these sessions, animals were placed in the operant chamber and they received a 

total of 60 sugar pellets, timely spaced (60 seconds), without having to perform any action. 

Afterward, animals started training in the Go/No-go task. Here, animals were trained in the four trial types 

in a specific order: No-go reward, Go reward, No-go punishment, and Go punishment. Progression to a new 

trial type was achieved when animals’ performance (correct trials) was above 80% in two consecutive 

sessions. 
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No-go trials: In this first phase of training, animals learn to perform a NP to receive a food reward (NP short). 

The NP hold duration that animals need to perform to be successful starts with 10ms and increases 

overtraining until it reaches 0.5s. Next, we introduced the No-go reward training phase, in which, after 

performing a NP short of 0.5s, animals will hear a tone indicating that they are in a no-go reward trial type 

and therefore they have to hold the NP (No-go NP hold) for 3s to receive a reward. In an initial training phase, 

the No-go NP hold duration is 0.25s and it increases over time, in steps of 0.5s, until it reaches 3s.  

Go trials: After acquiring a performance above 80% for No-go trials, animals were introduced to the Go 

reward training phase, which is divided into instructed Go training and non-instructed Go training. In 

instructed training, after a NP short of 0.5s, animals are presented with a tone that indicates a Go reward 

trial type, and a lever is presented in the operant chamber, delivering a reward upon pressing and 

consequently retracting. At the start of training, animals have 45s to press the lever but this time keeps 

decreasing until it reaches a maximum value of 3s. When the animals can perform well in instructed trials we 

move to non-instructed training. Here, the lever is extended throughout the session (not retraction upon 

pressing) and the animals need to pay attention to the tone presented to understand whether they have to 

press the lever or hold the NP to receive a reward. At the start, animals are trained to press only the right 

lever, and then only the left lever. However, when they are proficient in pressing each of the levers 

individually, we introduce block sessions, in which they have blocks of 5 trials per lever (right and left) within 

the same session. 

For Go and No-go punishment, the training protocol is the same as described above but instead of working 

for a reward, animals are working to avoid the punishment. In this thesis report, we are only showing results 

for Go and No-go Reward since the punishment phase of training is still in progress. 

 

 

 

 

 

 

 

 

 

Figure 7: Schematic of the Go/No-go Task. (A) Representation of the experimental chamber used in this task.  
(B) Schematic of the four tr ial types: No -go Reward, Go Reward, No-go Punishment and Go Punishment. This 
task is based on four auditory cues with different frequencies. Each auditory cue is paired with a different 
condition as exemplified by the different tone  and condit ion colors. Depending on the tria l,  rats need to hold 
nose-poke (No-go) or press a lever (Go) to either receive a reward or to avoid a punishment.  (C)  Timeline for 
the different task events.  

A 

B 

C 
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3.4.2. Aversive/Appetitive Task 

To better understand the subjective value of an aversive stimulus (WN paired with bright LED light, meant to 

be used as a punishment in our Go/No-go task) in relation to an appetitive stimulus (sugar pellet), we trained 

animals in an aversive/appetitive task. 

We designed a lever press-based task (Figure 8) in which animals (n=5) were given the choice between two 

levers presenting different outcomes. The levers were identified as a “green lever” and a “red lever” for an 

easier distinction between lever outcomes throughout time. This task is divided into five stages aiming to 

evaluate how many sugar pellets are worth three seconds of a compound aversive stimulus (Comp) with 

continuous WN and LED and to confirm that the compound stimulus is considered aversive by the animal. 

Briefly, at the beginning of the task, animals are placed in an operant chamber and a trial starts when a light 

in the NP hole turns ON, indicating that the animal needs to do a NP entry. After this, two levers, one on each 

side of the nose-poke hole, are introduced in the chamber to give the animal the choice of which one to 

press. In the first stage of the task, both levers deliver a single sugar pellet (1P vs 1P) but as training 

progresses, one of the levers starts being paired with the compound stimulus. Hence, the second stage is 

then characterized by one lever delivering a sugar pellet (green lever), and the other lever delivering a sugar 

pellet paired with the compound stimulus (red lever). Moreover, in the third stage of the task, we paired one 

lever with 1 pellet (green lever) and the other with 2 pellets (red lever) to confirm that animals choose the 

lever based on its outcome. Afterward, in stages four and five, we again paired one of the levers with the 

compound stimulus: the red lever delivers 2 pellets and the compound stimulus, while the green lever 

delivers only 1 pellet. The difference between stages four and five relies exclusively on the WN intensity. In 

stage four, we employed WN at 90dB, an intensity previously described to be effective in the promotion of 

aversiveness.68 In stage five, we used WN at 70db to validate whether lower intensities have less subjective 

value for the animal.  

Additionally, since we noticed difficulty of the animals to understand outcome contingencies upon lever press 

when we trained them in stages one and two, we introduced a reversal from stage 3 onwards to test their 

attention to the task and their capacity of making the lever-outcome relationship. Thus, after 30 consecutive 

presses in one of the levers, their contingency reversed: the lever that was on the right side becomes the one 

on the left side but delivers the same outcome as when in its initial position. This way, we confirmed that 

animals understand the outcome contingency of each lever. 

 

Task Progression  

As in previous behavioral essays, animals were habituated to the food magazine and food reward by 

undergoing two initial sessions of magazine training (60 sugar pellets, time spaced by 60 seconds). Next, they 

were trained for nose-poke entry and lever pressing to be able to perform the different stages of the task. 

Nose-poke training was composed of sessions with a maximum length of 120 minutes or 60 rewards, 

whichever came first, with the nose-poke entry being located between the two levers to assure that when a 

trial starts, the animal is at an equal distance to both of them. Like this, we can exclude the distance to the 

lever as a conditioning variable to lever choice.  

After achieving a good performance in nose-poke entry, animals started to be trained for lever pressing. Thus, 

we started by introducing them to a lever that they could press without any retraction of the lever, ending 

up receiving one pellet per press. Next, we introduced a second lever in the operant chamber (inactive lever) 
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that would not retract upon pressing nor deliver a reward. Lastly, after having demonstrated a clear lever-

outcome understanding, animals were trained in the different five stages of the task (Figure 8), explained 

above. It is important to notice that in stages where the compound stimulus is present, we tried to reduce 

the number of training sessions as much as possible to avoid potential habituation to the sound.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5.  Fiber Photometry  

3.5.1. Optical Fiber Manufacturing 

All optical fibers used in this project were made in-house. Different ceramic ferrules and optical fibers were 

used in the expression pilot cohort and imaging cohort to optimize the fiber photometry recordings. The 

specifications for the different materials can be found in Table 4.  

To prepare optical fibers to be used in the fiber photometry experiments, we started by taking out the Tefzel® 

coating in which the optical fiber (Thorlabs) comes encased, using a fiber stripping tool (Thorlabs-T06S13). 

This coating is important to prevent any damage that can compromise the performance of the fiber 

(scratching or breakage) but upon fiber preparation, it needs to be removed. Following, we used either a 

diamond pen (Thorlabs Inc - 973-579-7227 – used for 200µm fibers) or a Shortix® tubing cutter (Supelco 

analytical - 21386-U – used for 400µm fibers) to cut the fiber in the desired length, accounting for the 

implantation length, ferrule size, and space for polishing and cementing. Thereafter, we placed the optical 

fiber inside a ceramic ferrule (Thor labs), and with the assistance of a microscope (Zeiss Stemi 200) to check 

the fiber surface, and a polishing disk (Thorlabs - D50-FC), we started polishing one side of the optical fiber 

until it becomes completely flat and shiny. This is an important step to maximize the transmission power of 

the fiber and decrease the scattering of light. To achieve this, we took advantage of several polishing steps 

using different polishing/lapping sheets (Thorlabs) with different size grits placed in a glass polishing plate 

Figure 8: Schematic of the Aversive/Appetit ive Task.  Top panel -  Configuration of the operant chamber used 
for this task. The left side shows the nose-poke hole placed in between the two levers, which are presented 
with different colors,  a iming to an easier understanding of lever outcomes throughout the stages of the ta sk. 
The right s ide shows the posit ion of the WN speaker (r ight near the food magazine)  and the LED.  Bottom panel  
–  I l lustration of the different stages of the task. Red is associated with the lever presenting the bigger 
outcomes: more pel lets (P)  or pel let s paired with the compound st imulus (Comp), except for stage 1, where 
both levers del iver the same outcome. Adapted from Biorender ®.  
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(Thorlabs – CTG913) with a rubber polishing pad (Thorlabs – NRS913A). Note that, to end up with a well-

polished fiber, as polishing steps progress, a finer grit sheet was used. 

Next, we took the fiber out of the ferrule, reversed it, and after adding a drop of cement (Precision Fiber 

Products, ref. PB199234 and PB199325) on top of the ferrule we again placed the fiber inside it. We then 

cleaned the excess cement in both ends of the ferrule and with a hot source, we dried it (Figure 21, Appendix). 

Once again, we polished this side of the fiber using a polishing disk and several polishing steps, as explained 

above.  

Lastly, to confirm the performance of each optical fiber we measured the percentage of light that could pass 

through it using a blue laser (Laser century – Shanghai & optics century., LTD) and a digital optical power and 

energy meter (Thorlabs – PM100D). In our experiments, we only used optical fibers with a percentage above 

80%, aiming to increase the detection of neuronal population activity in our recordings. 

Table 4:  Optical Fibers and Ceramic ferrules used in Fiber Photometry experiments for the expression pilot 
cohort and imaging cohort.  The inner and outer diameter of the ceramic ferrule,  as well as the diameter of 
the optical  f iber,  are different between cohorts.  Images show optical  f ibers made in -house and prepared to be 
implanted.  

 

Ceramic Ferrule Optical Fiber   

Inner diameter = 230µm 

Outer diameter = 1.25mm 

Numerical Aperture = 0.5  

Diameter = 200µm 

 

Ceramic Ferrule Optical Fiber   

 
Inner diameter = 440µm 

Outer diameter = 2.5mm 

Numerical Aperture = 0.5 

Diameter = 400µm 

 

 

3.5.2. Fiber Photometry Recordings 

Rats used for fiber photometry experiments were trained in the Go/No-go task and recorded two times: first 

in a signal testing session and secondly when they were proficient in Go and No-go reward conditions. All 

sessions had a maximum duration of 120 minutes. 

The recordings were done using a fiber photometry setup from Tucker-Davis Technologies (TDT).69 The TDT’s 

LUX RZ10X, with incorporated LED drivers, LEDs, and photosensors, was controlled by a Synapse software for 

recording and visualization in real-time of the fluorophore responses (GCaMP – Activity-dependent) with 

behavioral time-stamps. Additionally, by the end of the session, data can be easily exported to MATLAB to 

further analysis. This system comes with a Lux RZ10X processor that, in turn, permits the recording of two 

distinct animals simultaneously. Moreover, the system also has a lock-in amplifier which, not only makes it 

possible to subtract the fluorophore signal from the noisy raw signal but also the use of the isosbestic signal 

of GCaMP (a control for movement and other artifacts since this signal is not activity-dependent). This is 

possible due to its capacity of powering multiple LEDs at different frequencies. In our recordings, we made 
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use of this advantage and recorded from two channels: GCaMP (465nm) and the GFP isosbestic signal 

(405nm). 

This system was used together with MedPC (through a MedPC SuperPort card), which sent timestamps of 

behavioral signals to the TDT system and allowed the visualization of identified behavioral events in real-

time. 

 

3.5.3. Signal test recording session 

To test the quality of the signal of the animals used in this study, we performed a short recording session 

before initiating further experiments. In this recording session, animals were connected to the fiber 

photometry set up (through the optical fiber previously implanted) and placed in an operant chamber, where 

they were given five rewards with randomized inter-trial intervals.   

Given the role of striatal regions in motivated behavior, we can confirm the presence of altered neuronal 

activity upon reward delivery. Additionally, the randomized inter-trial interval allows us to exclude any 

association of the signal with reward prediction instead of with the reward itself. 

 

3.6.  Histology and immunofluorescence 

After finishing all behavioral experiments, rats were sacrificed and ex vivo assessment was used to confirm 

the correct location of the viral injections and optical fibers implantation. 

Note that histology was only performed for the expression pilot cohort since animals from the imaging cohort 

are still alive and being trained in the Go/No-go task. 

 

Preparation of brain tissue 

Rats were anesthetized through an intraperitoneal injection of pentobarbital with the lack of reflexes being 

confirmed by toe pinching. Animals were then placed in the perfusion table and, using forceps and a scissor, 

an incision was made above the chest cavity to expose the heart. Next, a blunt needle was precisely placed 

within the heart of the animal in the ascending aorta and an incision was made in the right atrium. Following, 

using the perfusion pump, 20mL of phosphate buffered saline (PBS) 1x was pumped through the blunt needle 

to flush the vascular system (take all the blood out of the body). When no more blood was leaving the body, 

the tube connected to the needle was switched to 4% paraformaldehyde (PFA) to fixate brain tissue. The 

tube was maintained in PFA until the body became completely stiff. 

After this process, animals were decapitated using a guillotine and their heads were stored in 4% PFA for 

post-fixation for 24 hours at 4⁰C. 

Afterward, the brains were removed from the head and placed in a solution composed of 30% sucrose and 

PBS 1x, in which they remained for a minimum period of two days. This is a crucial step since sucrose is used 

as a cryoprotectant to remove the water present in the brain, avoiding the formation of ice crystals upon 

brain freezing. The absence of this step could lead to cellular architecture damage, preventing the future use 

of this tissue. 
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Additionally, to properly section the brain without any tissue damage, we performed a snap-freezing 

protocol. Firstly, the brains were removed from the 30% sucrose/PBS 1x solution and placed in a petri dish 

containing Tissue-Tek® O.C.T.™ compound (Sakura). This step is once again important to reduce even more 

the amount of water around the tissue and to consequently avoid the formation of ice crystals.70 The brain 

was then dropped for 6-8 seconds in a beaker containing 50mL of 2-methyl butane (Isopentane - Sigma 

Aldrich) and embedded in dry ice. After the designated time, the brain was removed to dry ice, moved into 

its original container, and stored at - 80⁰C. 

Next, coronal sections of 40µm were cut using a temperature-controlled cryostat (Leica SM3050), and slices 

containing the regions of interest (VMS, aDLS, and pDMS) were sequentially collected to a 24 well-plate 

previously filled with 0.02% PBS sodium-azide. This solution aims to prevent microbial growth, allowing us to 

store our brain tissue preserved for a longer period of time. The well-plate was then covered with aluminum 

foil to protect from light and stored at 4⁰C. 

 

Immunofluorescence staining and image acquisition 

To confirm the correct location of the viral injection and optic fiber implantation, we performed an 

immunofluorescence staining for GFP (which amplifies GCaMP), and DAPI, a fluorescent marker that strongly 

binds to DNA regions that are rich in A-T, allowing the labeling of the cell’s nucleus.71 Briefly, we started this 

staining by washing the coronal brain sections three times with PBS 1x (10 minutes per wash) and by adding 

0.3% Triton X-100 to the third wash for tissue permeabilization. Sections were then incubated in a blocking 

solution (5% bovine serum albumin (BSA), 5% normal donkey serum (NDS), 0.2% Triton X-100, and PBS 1x) 

for one hour at room temperature with agitation (shaker: Heidolph Instruments - Unimax 1010). Next, the 

primary antibody rabbit anti-GFP (Invitrogen by ThermoFisher, 1:1000) was added to the blocking solution, 

and the sections were incubated overnight at 4⁰C with agitation. The following day, brain sections were 

washed four times with PBS 1x for 10 minutes and were then incubated in a blocking solution, which 

composition was previously described, with the secondary antibody donkey anti-rabbit A488 (Jackson 

Immuno Research Laboratories inc., 1:1000). Incubation was done for one hour at room temperature with 

agitation. Lastly, the sections were washed four times with PBS 1x, and DAPI (Sigma Aldrich,1:1000) was 

added to the second washing step. All the washes had a duration of 10 minutes. 

Coronal brain slices were then organized from anterior to posterior in a dish containing PBS 1x and mounted 

in the right order in coated glass slides (Thermo Scientific). Afterward, they were cover-slipped (coverslips - 

Thermo Scientific) using Mowiol mounting medium (Calbiochem), and the edges of the slide were sealed with 

nail polish. 

Lastly, images were collected for each coronal section using the Axio Scan.Z1 slide scanner (Zeiss). Images 

were acquired using two channels: DAPI for morphology (blue channel) and GFP for identification of correct 

viral injection location (green channel). 

 

3.7.  Data Analysis  

Graphs generation and statistical analysis were performed using GraphPad Prism (GraphPad software version 

8.1.1, California, USA). For all experiments, significance was set as: * p < 0.05, ** p < 0.01, *** p < 0.001, **** 

p <  0.0001, ns = not significant. 
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Viral expression optimization 

Area of viral expression and mean fluorescence intensity were calculated for the expression pilot cohort using 

Fiji-ImageJ (Figure 9). Both low volume and high volume injection sides were analyzed to establish a 

comparison and pick the best volume of the virus to use in further experiments (Imaging cohort). Therefore, 

raw figures collected with the slide scanner were opened in Fiji-ImageJ and after splitting channels, the green 

one was used for the analysis. A region with viral expression (region of interest) and a region without viral 

expression (background) was selected, and with the measurement tools of this program, the area in pixels 

and mean fluorescence intensity were calculated. For the latter, the values of the background were 

subtracted from the values of the region of interest to exclude brain autofluorescence. For every region 

studied, the analysis was done for two slices and the final value used was their mean.  

Data were first tested for normality using the Shapiro-Wilk normality and lognormality test. Comparisons 

between volumes per region, regions, and volumes were done using a Two-way ANOVA test with multiple 

comparisons Sidak’s test.  

 

Aversive/appetitive task 

The subjective value of the stimulus compound compared to a sugar pellet was evaluated through a red 

presses ratio (Figure 10). Since the red lever is associated either with more pellets or pellets paired with the 

compound stimulus we wanted to see, for each condition, whether the number of presses was bigger or 

smaller depending on its outcome. For this, we present our data as a red presses ratio, which was achieved 

by dividing the number of red presses by the number of total presses ([red presses/red presses + green 

presses]). Thus, in a ratio from 0 to 1, values closer to 1 indicate more red presses (preference for high reward 

value with compound stimulus), and values closer to zero indicate more green presses (low reward value 

with no compound stimulus). For conditions without compound stimulus, the ratio was built using the mean 

of the last two training sessions and for conditions in which the compound stimulus was introduced, we used 

the mean of the second and third sessions, to avoid any effect of habituation to the noise in our results. 

As above, data were first tested for normality using the Shapiro-Wilk normality and lognormality test. A 

comparison between 1P vs 1P and 1P+Comp(90dB) vs 1P (two conditions tested in the same subjects) was 

done using a paired and parametric t-test (two-tailed; confidence interval of 95%). Furthermore, a 

comparison between 2P vs 1P, 2P+Comp(90dB) vs 1P, and 2P+Comp(70db) vs 1P (three different conditions) 

was done using a Friedman’s test followed by a Dunn’s multiple comparisons post-hoc analysis.  

 

Behavioral performance in training sessions  

Evaluation of animals’ performance during training sessions in the Go/No-go task was done through the 

percentage of correct trials in each trial outcome (Go Reward and No-go Reward). Here, we first present the 

percentages for every training session until the first day of imaging and we then analyzed specific events, 

such as the percentage of correct trials when animals are proficient in the task, number of magazine entries, 

and latency to magazine entry after successful block trials (Figure 13). For all these events, graphs were 

generated using the mean of the three last sessions in which animals performed that specific trial type (i.e. 

Go right, Go left, Go blocks, and No-go).   

Data were first tested using the Shapiro-Wilk normality and lognormality test. Comparisons between Go (Go 

right, Go left and Go blocks) and No-go conditions in the last three sessions of training were done using a 
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paired and non-parametric t-test (two-tailed; confidence interval of 95%): Wilcoxon matched-pairs signed-

rank test. Furthermore, comparisons between Go blocks and No-go conditions regarding number and latency 

to magazine entry after successful trials were done using paired and parametric t-tests (two-tailed; 

confidence interval of 95%). 

 

Behavioral performance in recording sessions  

As previously described for training sessions, behavioral performance was also evaluated during the in vivo 

fiber photometry recording sessions. Graphs were generated using the average of two recording sessions per 

animal, and Go right, Go left, and No-go trials were considered (Figure 14B). 

Data were first tested for normality using the Shapiro-Wilk normality and lognormality test. Comparisons 

between conditions (Go right, Go left, and No-go) were done using a repeated measure one-way ANOVA with 

a Silk post-hoc test. 

 

In vivo Fiber photometry 

Fiber photometry data were pre-processed and plotted using custom-made MATLAB scripts (MathWorks, 

version R2020b).  

All data were first pre-processed before conducting any analysis. Briefly, we started by correcting the raw 

data for motion artifacts. Here, we scaled the 405nm (Isosbestic) to the 465nm (GCaMP6f) channel using a 

polynomial fit function. After this, we obtained the ΔF/F by dividing the corrected trace by the polynomial 

fit. We then high pass filtered (30Hz) and low pass filtered (3Hz) the signal to attenuate high- and low-

frequency oscillations. Lastly, we down-sampled the signal by a factor of 64 and used the resulting signal for 

further analysis. 

In addition, imaging and behavioral data were aligned to allow inferring about changes in calcium transients 

related to specific task events (e.g. nose-poke entry, lever press, reward, etc.). 

Signal test recording session  

To test the signal obtained with different optical fibers and ferrules and therefore optimize the fiber 

photometry technique and guarantee that we could obtain a good neuronal signal and stability in the 

connections made between the ferrule and the fiber optic cable, we performed a test recording session with 

two cohorts of animals (expression pilot cohort and imaging cohort). Neuronal data was plotted as a heatmap 

and the resulting mean activity graph showing neuronal activity before and after reward delivery (Figures 11 

and 12). These plots were built using 5 trials per animal (each one represented by a different color in the y 

axis), and the striatal subregion recorded from was the ventral medial striatum. 

Values of ΔF/F in the heatmaps and mean activity graphs were normalized to the same range values across 

transgenic lines and cohorts (for heatmaps it ranges from -1.5 to +1.5 - represented in the color bar - and for 

the mean activity graph it ranges from -0.5 to +0.5). Like this, proper visual evaluation and comparisons can 

be done. 
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Go/No-go task recording sessions  

To account for neuronal changes related to specific actions/events during the performance in the Go/No-go 

task, we assessed neuronal activity during five specific events related to movement and motivation: nose-

poke entry, nose-poke exit, right lever press, left lever press, and reward delivery. For each of the events, a 

heatmap comprising all the trials for all the animals (divided by transgenic line and subregion) and the 

respective mean activity graph were plotted (Figures 14 – 19). 

Values of ΔF/F for the heatmaps and mean activity graphs were normalized to the same range of values 

across transgenic lines and subregions (for heatmaps it ranges from -1 to +1 - represented in the color bar - 

and for the mean activity graph it ranges from -0.5 to 0.5). This allows an easier visual evaluation and a more 

accurate comparison between data. 

Note that for all experiments using in vivo fiber photometry (signal test recording session and Go/No-go task 

recording sessions) no statistical analysis was performed due to the low number of animals. Given that not 

all the animals reached the level of behavior proficiency required to perform the recordings at the same time, 

only the ones that did were recorded and included in this study. Therefore, in the future, more data from the 

remaining animals will be added to the results, increasing the n and allowing a correct statistical analysis. 

Additionally, since these animals are still alive and performing the task, we do not have their histology, 

meaning that we cannot confirm that all viral injections and fiber implantation were done in the correct 

coordinates, which can influence the results. We also found that TDT can have random TTL signals, making 

the alignment of data really hard. This can be another factor that might affect the data. 

Having this, for all neuronal data, we will be inferring based on a visual analysis of the heatmaps and mean 

activity graphs.  
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4. Results 

In this project, we studied the role of striatal subpopulations (D1- and D2-MSN) in outcome-dependent action 

control, and how it differs between striatal subregions (VMS, aDLS, and pDMS). For this purpose, we recorded 

from these subpopulations using fiber photometry cell-type-specific calcium imaging while animals 

performed the Go/No-go task. 

Before initiating the neuronal recording experiments, we started by optimizing important steps of the project 

that would contribute to the success of the recording sessions. Here, we tested aspects like viral approach 

and volumes, that should be used to increase expression, and ceramic ferrules and optical fibers that should 

be implanted to improve fiber photometry signal and cable connection. Additionally, we also developed an 

aversive/appetitive task to probe the subjective value of an aversive compound stimulus in relation to a sugar 

pellet and, therefore, be able to compare neuronal signals following reward and punishment in the same 

subject. After that, we trained animals in the Go/No-go task and evaluated their performance to assure that 

they perform above chance. When they were proficient in the task, we recorded them using in vivo fiber 

photometry. Hence, the results presented in this section, show the optimizations, behavioral performance, 

and neuronal recordings that were done throughout this project. 

 

4.1.  A dual-vector viral approach and a higher volume of virus improve GCaMP6f expression in VMS, 

aDLS, and pDMS. 

Regular Cre-dependent viral constructs did not provide sufficient viral expression in striatal subregions 

(Figure 9A - AAV9.hSyn.DIO.GCaMP6f construct) in cre expressing rats. In an attempt to overcome 

suboptimal expression we used a new approach that combined two different viruses (AAV1.hEF1α.Dio.FLP 

and AAV1.hSyn.FRT.GCaMP6f). Thus, to confirm the efficacy of this approach and optimize the volume of 

virus that leads to a better expression we started by injecting an expression pilot cohort (EPC) of animals 

(composed of D1-iCre and A2a-iCre animals) with a high volume of virus (3x1350nL (1:2)) on one hemisphere 

and a low volume of virus (3x900nL (1:2)) in the other hemisphere. Injections were done in the three striatal 

subregions (VMS, aDLS, and pDMS), and mean fluorescence intensity and area of expression were evaluated. 

Ex vivo histology results showed improved GCaMP6f expression using the dual-vector viral approach in 

relation to the use of a standard Cre-dependent viral construct (Figure 9A: EPC figure (left panel) versus figure 

with the AAV9.hSyn.DIO.GCaMP6f construct - bottom row, third panel).  

Regarding optimization of the volume of the virus, the expression pilot cohort showed a significant increase 

in the area of expression when using higher volumes of virus compared to low volumes. No significant 

differences were found between distinct striatal subregions (Figure 9C, two-way ANOVA, volume effect: 

F1,9=8.601, p=0.0167; region effect: F2,9=2.729, p=0.1185). Differences between the area of expression in 

hemispheres injected with high volume (left hemisphere) and low volume (right hemisphere) can also be 

seen in Figure 9B, in which the area of expression, per subregion, calculated from the ex vivo brain sections 

of four animals is plotted.  

Moreover, fluorescence mean intensity, a measurement of signal strength, was also found to be greater in 

the hemisphere injected with a higher volume of the virus. Once again, no significant differences between 

striatal subregions were found (Figure 9D, two-way ANOVA, volume effect: F1,9=6.550, p=0.0307; region 

effect: F2,9=1.045, p=0.3907).  
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Furthermore, considering the results obtained, a new cohort of animals (imaging cohort) was bilaterally 

injected with the high volume of virus previously tested in the expression pilot cohort. Ex vivo sections of 

example animals are presented in Figure 9A (images labeled with IC, meaning imaging cohort) and show 

sufficient viral expression. Additionally, histology results for both the expression pilot cohort and imaging 

cohort, show a correct location of viral injections and optical fibers implantation. 

Together these data suggest that increased GCaMP6f expression can be achieved in VMS, aDLS, and pDMS 

by using a dual vector viral approach with a high volume of virus (1350nL). 

 

 

 

 

 

 

 

 

 

 

 

Figure 9:  Viral expression in VMS, aDLS , and pDMS is s ignificantly improved with a dual-vector v iral approach 
and high volumes of virus injections.  (A) Ex vivo  representative examples of  optical f iber placement and 
GCaMP6f expression using a dual-vector viral approach (AAV1.hEF1α.Dio.FLP and AAV1.hSyn.FRT.G aMP6f )  or 
a standard Cre-dependent viral construct (AAV9.hSyn.DIO.GCaMP 6f) .  Green represents GCaMP6f expression,  
and the white dashed l ines represent the track made by the optical  f iber ;  (B) Representation of GCaMP6f 
expression location per animal (n=4)  and per region (VMS, aDLS, pDMS). Area of expression was calculated per 
animal and overlapped in a Paxinos rat brain atlas section with the same degree of transparency. Darker areas 
indicate the location in which more animals got expression. Left  hemisphere was injected with high volume of 
virus and r ight hemisphere was injected wit h low volume of virus;  (C) Area of viral expression in pixels  in VMS, 
aDLS, and pDMS for the expression pi lot cohort . (D) Fluorescence mean intensity in VMS, aDLS , and pDMS for 
the expression pilot cohort.  For panels  (C)  and  (D),  data are mean±SEM and for every region  n=4,  with each 
black dot representing an individual animal.  Blue bars represent the hemisphere injected with a higher volume 
of virus and purple bars represent the hemisphere injected with a lower volume of v irus.  Stat istical significance 
was determined by a two-way ANOVA test. *p<0.05.  EPC, Expression pi lot cohort; IC, Imaging cohort.  
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4.2. Three seconds of continuous compound stimulus with 90dB of WN is aversive for the animals and 

has similar subjective value as one sugar pellet. 

To be able to compare neuronal activity data from reward and punishment conditions in the Go/No-go task, 

we needed to assure that we are evaluating outcomes with a similar subjective value. Thus, we need to know 

what the subjective value of a compound stimulus (reinforcer aimed to be used in punishment conditions) is 

in relation to a sugar pellet (reinforcer used in reward conditions).  

We establish the aversiveness and subjective value of the continuous compound stimulus by training 5 

animals (two females and three males) in an aversive/appetitive task (lever-based task) in which they were 

given the choice to press between two levers with different outcomes. In some sessions, both levers 

delivered sugar pellets only, while in other sessions one of the levers was paired with compound stimulus, as 

explained in section 3.4.2. of Materials and Methods.  

 In the first stage of the task (1P vs 1P - Figures 10A and 10B (blue bar)), data showed a red press ratio of 0.6, 

meaning that animals press both levers with almost the same frequency. Additionally, in the second stage of 

training (red lever now paired with 1 pellet and 3s of continuous compound stimulus with white noise at 

90dB), results exhibited a shift in animals lever preference towards the green lever (1P), with a red presses 

ratio value below chance (below 0.5) (Figure 10B - purple bar). Although animals increased pressing in the 

green lever in stage 2, this difference turned out not significant (Figure 10B, paired t-test, t=1.064, df=4, 

p=0.3472).  

One explanation for reduced suppression of red lever presses during stage 2 could be insufficient lever-

outcome associations. To induce stronger lever-outcome associations and prevent preferred lever-pressing, 

we introduce reversals in stages 3 and up (Figures 10C and 10D). After 30 consecutive presses on one lever, 

the lever-contingency is reversed. We hypothesized that this would induce stronger lever-outcome 

associations.  

During the third stage of the task (2P vs 1P), a red presses ratio of almost 0.8 was obtained, showing that 

animals developed a preference for the red lever. During these sessions, lever-outcome contingencies were 

reversed after 30 consecutive presses, meaning animals actively switched lever side during testing (Figure 

10D - blue bar). Next, in stage 4 (2P+Comp. with WN at 90dB vs 1P), in which the compound stimulus was 

reintroduced, animals shifted their preference towards the green lever (no compound stimulus), showing red 

ratio presses above 0.4 (Figure 10C and 10D - purple bar). Overall, data shows that the red presses ratio is 

significantly lower in conditions with a compound stimulus with WN at 90dB compared with conditions 

without this stimulus (Figure 10D, Friedman’s test with Dunn’s post-hoc analysis, 2P+Comp(90dB) effect: 

Z=2.846, p=0.0089).  

Finally, in the 5th stage of this task, in which the outcomes of the levers were the same as in stage 4 but with 

WN at 70dB instead of 90dB, the results showed a red presses ratio of 0.6, meaning that animals press more 

for the red lever than in the previous condition (stage 4). Additionally, when comparing results from stage 5 

with conditions without compound stimulus (stage 3), no significant difference was found regarding the red 

presses ratio (Figure 10D, Friedman’s test with Dunn’s post-hoc analysis, 2P+Comp(70dB) effect: Z=0.949, 

p=0.6856, not significant).  

Together, these results showed that animals prefer one pellet over two pellets coupled with a high WN 

compound stimulus. Importantly, the red lever ratio during 2P+Comp(90dB) vs 1P was 50% of the red lever 
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ratio lacking compound stimulus, which indicates that 3s of continuous compound stimulus with WN at 90dB 

is aversive for the animals and has the same subjective value as one sugar pellet. Therefore, the compound 

stimulus (90dB WN + LED) can be used as an aversive reinforcer (punishment contingencies) in the Go/No-

go task to compare neuronal signals with reward.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.  In vivo fiber photometry signal test session  

In this thesis project, we set up and consecutively tested in vivo fiber photometry in the lab. We started by 

testing the quality of the signal we could obtain with our imaging setup by performing a signal test session in 

which animals were given five rewards with random inter-trial intervals while VMS was being recorded 

(section 3.5.3. - Materials and Methods). To test and optimize both the signal and the connection (between 

Figure 10: Three seconds of  continuous compound stimulus with 90dB of WN is  aversive for  the animals and 
has the same subjective value as one sugar  pellet.  (A) Red presses rat io per s ingle animal in  1P vs 1P and 
1P+Comp(90dB) vs 1P conditions (n=5 animals).  (B) Average of red presses rat io in sessions with 1P vs 1P (blue 
bar) and 1P+Comp(90) vs 1P (purple bar) condit ions.  (C) Red presses ratio per single animal in 2P vs 1P,  
2P+Comp(90dB) vs 1P,  and 2P+Comp(70dB) vs 1P conditions (n=5 animals).  (D) Average of  red presses rat io in 
sessions with 2P vs 1P (blue bar),  2P+Comp(90dB) vs 1P (purple bar) and 2P+Comp(70dB) vs 1P (pink bar) 
conditions. Red and Green in the legend indicates the outcome of ea ch lever. For all  panels red presses rat io  
was calculate as: [red presses/red presses + green presses],  with results closer to 1 showing a preference for 
the red lever and results closer to 0 showing a preference for the green lever. For panels (A) and (C) ,  x  axis 
represents the session number. For panels  (B)  and  (D) ,  data are presented as mean±SEM with every dot 
representing the mean value of two sessions per individual animal. For condit ions without compound stimulus, 
the ratio  was built  using the mean of  the last two training sessions and for conditions in which the compound 
stimulus was introduced, we used the mean of the second and third sessions, to avoid any effect of a possible 
habituation to the noise in our results.  Statist ical s ignificance was determined by a paired t -test (panel B) and 
Friedman’s test fo llowed by a Dunn’s multiple comparison post -hoc analysis  (panel D). **p<0.005,  ns -  not 
significant. Comp, Compound Stimulus; P,  pel let; WN, White Noise.  
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the ferrule in animals’ head and the fiber optical cable from the set up) we used different ferrule and optical 

fibers between the expression pilot cohort and imaging cohort (see Table 4 - Materials and Methods section 

3.5.1.). The test signal recording session was performed for D1-iCre and A2a-iCre animals in both cohorts.  

Due to the low number of animals, we did not perform statistical analysis on the neuronal data obtained 

from this session. Conclusions for all the results presented in this section will be inferred based on a visual 

analysis of the heatmaps and mean activity graphs that were obtained. It is important to remind that there 

is no histology data for the majority of the animals from the imaging cohort because they are still alive and 

being trained in the Go/No-go task. This means that we cannot guarantee that the optical fibers of all the 

animals included in the study are in the correct location.  

Moreover, regarding the neuronal data obtained from the signal test recording session for D1-MSN, we 

started by evaluating the quality of the signal by looking at the GCaMP6f and isosbestic channel traces from 

an example animal. For both cohorts, the traces showed clear differences, with peaks of activity present in 

the GCaMP6f channels that were absent in the isosbestic channel (Figure 11A and Figure 11B). Furthermore, 

D1-MSN from animals present in the expression pilot cohort showed increased activity in the period post 

reward delivery (Figure 11C). In the heatmap, this is seen through a slight change to a more yellow color after 

the reward is delivered, which is indicative of increased neuronal activity. In the mean activity graph, this 

increase is seen through the peak of activity in the post-period (blue square). Additionally, in the imaging 

cohort, we see the opposite. The heatmap and mean activity plot showed an accentuated suppression of 

activity after reward delivery – blue color in the heatmap indicating a decrease in ΔF/F and a decrease in the 

trace of mean activity (Figure 11D). 

Regarding the neuronal data obtained for the D2-MSN, different patterns of activity were found between the 

GCaMP6f and isosbestic channels in both cohorts, with activity peaks in the GCaMP6f channel that were not 

present in the isosbestic channel (Figure 12A and Figure 12B). Additionally, the activity of this neuronal 

subpopulation was seen to be increased in the expression pilot cohort after reward delivery, which is 

reflected by lighter yellow colors in the heatmap (increased ΔF/F) and an activity peak in the post-event 

period in the mean activity graph (Figure 12C). On contrary, and as seen before, D2-MSN from animals in the 

imaging cohort show suppression of activity after reward delivery (Figure 12D).  

Next, during the signal test recording session, we also accounted for the stability of the connections 

established between the fiber implanted in the animals’ heads and the fiber optic cable to which the animals 

are connected during the recordings. Although there is no data figure regarding this matter, based on what 

we observed during the signal test recording session, a decrease in the number of disconnections in the 

imaging cohort occurred, most likely due to the bigger diameter of the ferrules providing increased stability. 

The number of optical fibers being pulled out of the headcap during disconnection was also decreased in this 

cohort.  

Overall, these results show that we have signal in both cohorts with higher connection stability when using 

the type of optical fibers that were implanted in the imaging cohort (bigger ferrules + optical fiber). The area 

we can record from it is also larger in this cohort (double the diameter of the optical fiber). Lastly, no definite 

conclusions can be drawn from the neuronal data of the imaging cohort due to the lack of histology. 
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Dopamine 1 Medium Spiny Neurons 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Neuronal activity of D1-MSN in VMS during the s ignal test  recording session for  expression pilot  
cohort and imaging cohort.  (A)  Example traces of isosbestic (blue - 405nm) and GCaMP6f (green - 465nm) 
channels from one D1-iCre animal of the expression pi lot cohort.  (B) Example traces of isosbestic  (blue - 
405nm) and GCaMP6f (green - 465nm) channels from one D1-iCre animal of the im aging cohort. (C) Top panel 
shows GCaMP6f f luorescence around reward delivery for four animals from the expression pilot cohort -  f ive 
tria ls  per animal. Bottom panel shows the mean±SEM of GCa MP6f f luorescence for al l  the tria ls  of al l  the 
animals in the expression pi lot cohort. (D)  Top panel  shows GCaMP6f fluorescence around reward del ivery for 
f ive animals from the imaging cohort -  f ive tr ials per animal. Bottom panel shows the mean±SEM of GCa MP6f 
fluorescence for al l  the tr ia ls of a ll  the animals in the imaging cohort. For top panels of f igures (C)  and (D) ,  
each color in the y axis represents a single animal and for the bottom panels,  the two boxes indicate the t ime 
windows before (pre-purple) and after (post -blue)  the reward del ivery (t=0s). Pre - and post-reward delivery 
time-windows are both composed of 3 seconds. Red l ine represents the reward delivery with al l  tr ials being 
aligned to this event (t=0s).  ΔF/F colorbar ranges from a maximum value of  +1.5 (yellow) to a minimum value 
of -1.5 (dark blue) .  

  

Expression Pilot Cohort Imaging Cohort 
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Dopamine 2 Medium Spiny Neurons  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Neuronal activity of D2-MSN in VMS during the signal test recording session for expression pilot  
cohort and imaging cohort.  (A)  Example traces of isosbestic (blue -  405nm) and GCaMP6f (green -  465nm) 
channels from one D2-iCre animal of  the expression pilot cohort.  (B)  Example traces of isosbestic (blue - 405nm) 
and GCaMP6f (green - 465nm) channels from one D2 -iCre animal of the imaging cohort.  (C) Top panel shows 
GCaMP6f fluorescence around reward del ivery for four animals from the expression pi lot cohort -  f ive tria ls  
per animal. Bottom panel shows the mean±SEM of GCa MP6f fluorescence for all  the tr ials of al l  the anima ls in 
the expression pilot  cohort.  (D) Top panel shows GCaMP6f f luorescence around reward del ivery for f ive animals 
from the imaging cohort -  f ive tr ials per animal.  Bottom panel  shows the mean±SEM of  GCa MP6f f luorescence 
for al l  the tr ials of  a ll  the anim als in the imaging cohort. For top panels of f igures  (C) and  (D) ,  each color in 
the y axis represents a s ingle animal and for the bottom panels,  the two boxes indicate the time windows 
before (pre-purple) and after (post -blue) the reward delivery (t=0s). P re- and post-reward del ivery time-
windows are both composed of 3 seconds. Red line represents the reward delivery with all  tr ials being aligned 
to this event (t=0s) . ΔF/F colorbar ranges from a maximum value of +1.5 (yel low) to a minimum value of -1.5 
(dark blue).   

Expression Pilot Cohort Imaging Cohort 
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4.4.  Animals can successfully learn and perform the Go/No-go task for both Go and No-go reward 

contingencies. 

To disclose how striatal subpopulations encode outcome-dependent action control, and how their activity is 

coordinated in different striatal subregions, we trained 18 animals in the Go/No-go task. We started by 

testing the ability of animals to successfully perform the Go/No-go task above chance. To this end, we 

assessed behavioral performance during the training (38 sessions), until the day before the recording session. 

Animals started to be trained with No-go reward trials only, in which they performed above chance (50%) 

(Figure 13A). However, a slight decrease in their performance is notorious when Go reward trials were 

introduced in the training (Figure 13A). All Go reward trials were also performed above chance, except for 

the session in which uninstructed Go trials were introduced for the first time.  

Moreover, when looking at the last three sessions for each Go trial type (Go right, Go left, and Go blocks - 

Figure 13B), the data provides that, independently of the trial type, the percentage of correct trials is 

significantly higher in Go reward conditions than in No-go reward conditions (Figure 13B, Wilcoxon matched-

pairs signed-rank test, Go Right effect: W=-121, p=0.0026; Go Left effect: W=-136, p<0.0001; Go Blocks effect: 

W=-126, p=0.0003). For all the three conditions, average performance is above chance (more than 50% of 

correct trials), with the majority of the animals having a percentage of correct trials higher than 70%. 

Next, to have more readouts of the influence of Pavlovian bias, we assessed the number of times animals 

made a magazine entry after Go blocks and No-go successful trials, as well as the latency for these magazine 

entries (Figures 13C and 13D). Results regarding the number of magazine entries after successful trials show 

that animals perform significantly more magazine entries whenever a trial was a Go reward than when it was 

a No-go reward (Figure 13C, paired t-test, t=2.353, df=15, p=0.0327). Regarding the latency for magazine 

entry after performing a successful trial, data showed that for both trial types (Go blocks and No-go) the 

difficulty between making the action (lever press or hold nose-poke) and going to the food magazine to 

receive a reward is approximately the same, with animals showing similar performance in both conditions 

(Figure 13D, paired t-test, t=0.663, df=15, p=0.5176). 

Together, these results show that animals can successfully learn and perform the Go/No-go task for both Go 

and No-go reward contingencies. Data also confirm that animals are equally motivated to perform both 

contingencies and show the presence of Pavlovian Bias towards Go reward trials. Overall, this means that 

behaviorally, we can use the task designed by our group to study outcome-dependent action control.  
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4.5.  In vivo Fiber photometry recordings during the performance of the Go/No-go task 

To study how outcome-dependent action control is encoded by distinct striatal subpopulations (D1- and D2-

MSN) and better understand if their signals differ between striatal subregions (VMS, aDLS, and pDMS), we 

recorded animals using in vivo fiber photometry while they performed a Go/No-go task. In this section, we 

will present behavioral and neuronal data from the recording sessions (Go reward and No-go reward 

conditions). Out of a total of 18 animals, 11 were included in this study due to their degree of proficiency in 

the task. 

As explained in the data analysis section of this thesis (section 3.7. - Materials and Methods), we analyzed 

the data by taking into consideration five specific task events related to movement and motivation: nose-

poke entry (when the auditory tone turns ON, indicating the trial type), nose-poke exit (when the auditory 

tone turns OFF and the trial was successful), right lever press, left lever press, and reward delivery. Data is 

Figure 13: Animals can successfully learn and perform the Go/No-go task for both Go and No-go reward 
contingencies. (A) Animals’  performance in the Go/No-go task during training sessions (n=38 sessions) . Data 
is presented as percentage of correct trails,  with each data set being the mean±SEM of all  the animals in that 
stage of the task. Blue represents No -go reward tr ials and purple represent s Go reward tr ials.  Red dash ed l ines 
show the f irst session in which a new condit ion was introduced (No -go, Go Right, Go Left,  and Go Blocks).  
Orange dashed l ine shows the first day of  training in the uninstructed Go Right  condit ion. Shaded background 
represents the three last sessions for specific  conditions that were used in further analysis (yel low : Go Right,  
pink: Go Left,  and blue: Go Blocks).  (B)  Percentage of correct tr ials in the last three sessions of training for Go  
Right (n=17),  Go Left (n=16), Go Blocks (n=16)  and No-go conditions.  (C) Number of magazine entries after 
successful tria ls in the last  three sessions of training in Go Blocks (n=16). (D) Latency for magazine entries 
after successful tr ia ls in the last three sessions of training in Go Blocks (n=16). For panels  (B) ,  (C) ,  and  (D) ,  
data are presented as mean±SEM. Each black dot represents an individual ani mal. Purple bars represent Go 
conditions and blue bars represent No -go conditions.  Stat istical signif icance was determined by  a Wilcoxon 
matched-pairs s igned-rank test (panel  B) and paired t -tests (panel C and D). *p<0.05, **p<0.005,  ***p<0.0005,  
****p<0.0001, ns -  not significant.   
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divided by subregions, and within subregions by transgenic animal line (D1-MSN and D2-MSN). For each 

event, Go and No-go trials are presented separately. 

It is important to note that due to the low number of animals, we did not perform statistical analysis on 

neuronal data. All the results presented in this section (except behavioral data) will be inferred based on a 

visual analysis of the heatmaps and mean activity graphs that were obtained. It is important to remind that 

there is no histology data for the majority of the animals included in this section because they are still alive 

and being trained in the Go/No-go task. This means that we cannot guarantee that their optical fibers are in 

the correct location. In addition, we found that TDT can have unexpected TTL signals, making the alignment 

of data less reliable. This can be another factor that influenced the interpretation of the data. 

A schematic representation of the task for Go reward and No-go reward conditions is presented in Figure 

14A. Animals were recorded throughout the events represented in this figure and only the successful trials 

are included in this section. 

We started by evaluating the behavioral performance of all animals during the recording sessions. The 

majority of the animals showed a performance above change (50%) for all trial types (Go right, Go left, and 

No-go)(Figure 14B). The percentage of correct trials was significantly higher for Go left when compared with 

No-go trials (Repeated measure one-way ANOVA with Silk’s post-hoc test; Go left vs No-go: p=0.0051, 

t=4,247, dF=10). Furthermore, no significant difference was seen between both Go trial types (Repeated 

measure one-way ANOVA with Silk’s post-hoc test; Go right vs Go left: p=0.1564, t=2.170, dF=10) or between 

Go right and No-go (Repeated measure one-way ANOVA with Silk’s post-hoc test; Go right vs No-go: 

p=0.0865, t=2.533, dF=10). 

Before starting the analysis of the neuronal data, we assessed the quality of our signal. Data obtained show 

that traces from an example animal have distinct activity patterns between GCaMP6f and isosbestic channels 

(Figure 14C), with activity peaks present in the GCaMP6f channel that are absent in the isosbestic one. 

 

4.5.1. D1-MSN in VMS show movement- and reward-related activity for Go conditions 

We evaluated how D1-MSN in VMS encode action control by recording from animals with the optical fiber 

implanted in this region. For nose-poke entry, animals show no activity in both Go and No-go conditions (no 

change in ΔF/F in the heatmaps or peaks of activity in the mean activity graphs, Figure 14D). Moreover for 

nose-poke exit, D1-MSN showed a peak of activity right after the event in Go conditions, which was not seen 

in No-go conditions (Figure 14E). Furthermore, regarding lever pressing, we presented data for the right lever 

press (Figure 14F) and left lever press (Figure 14G) in Go conditions. Here, increased activity for both right 

and left levers was observed, with a higher peak when animals performed a left lever press. Also, upon 

reward delivery, increased activity was, again, present in Go conditions but not in No-go conditions (Figure 

14H).  

Additionally, for task events that showed activity in VMS (nose-poke exit, lever pressing, and reward 

delivery), heatmaps showed an accentuated increase in activity around t=2s. This time point represents the 

moment in which the animals are in the food magazine eating the reward. It is important to note that this 

increase in activity is also stronger for Go conditions than No-go conditions. 
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Although VMS is a region more involved in outcome evaluation and motivation, results showed increased 

activity of D1-MSN, not upon reward delivery only, but also for task events that involve movement (nose-

poke exit, right lever press, and left lever) 
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Figure 14: D1-MSN in VMS show movement- and reward-related activ ity  in Go conditions. (A) Schematic 
representation of the Go/No-go task with the conditions recorded using in vivo  f iber photometry (Go reward 
and No-go reward).  (B)  Percentage of correct tr ials  during the recording sessions for Go right, Go left ,  and No-
go conditions (Average of  two sessions).  Data are presented as mean ±SEM and each black dot represents an 
individual animal. Stat istical signif icance was determined by a  repeated measure One-way ANOVA with Si lk ’ s  
post  hoc test.  **p<0.005,  ns -  not significant.  (C)  Example traces of isosbestic  (blue -  405nm) and GCaMP6f 
(green - 465nm) channels from one D1-iCre  animal.  Figures (D)  to (H)  show the neuronal  act ivity  of D1-MSN in 
Ventral  Medial Striatum during f ive different events of the Go/No-go task: Nose-poke entry (D) ,  Nose-poke ex it 
(E) ,  R ight lever press (F) ,  Left lever press (G) ,  and Reward del ivery (H) .  For all  f igures, the top panel shows 
GCaMP6f f luorescence around the designated task event  for two animals (n=2) ,  and the bottom panel shows 
the mean±SEM of  GCaMP6f fluorescence for al l  the trials  of the two D1 -iCre  animals; The two boxes indicate  
the time windows before (pre-purple) and after (post -blue) the designated task event.  Pre - and Post- task 
event time windows are both co mposed of 1 second. For f igures (D) ,  (E) ,  and (H) ,  the right panels correspond 
to No-go condit ions while left panels correspond to Go conditions. For al l  f igures,  the red line represents  when 
the task event happened with al l  tria ls  being aligned to it  (t=0 s). ΔF/F colorbar ranges from a maximum value 
of +1 (yel low) to a minimum value of -1 (dark blue).  

 

 

4.5.2. D2-MSN in VMS showed a slight increase in activity around movement-related task events and 

reward delivery in Go and No-go conditions 

Upon nose-poke entry, D2-MSN showed no activity in both Go and No-go conditions, as depicted in the 

heatmaps and mean activity figure (Figure 15A). Furthermore, in the nose-poke exit event, we see a slight 

increase in activity in both Go and No-go trials (Figure 15B). A peak in activity is also notorious in t=2s when 

the animal is at the food magazine eating the reward (also seen in both trial types). Additionally, and as seen 

for the previous event, data show a slight increase in activity for the right lever press (Figure 15C) and left 

lever press (Figure 15D). This increased activity is not different between right presses and left presses. In 

addition, data show strong reward-related activity while animals are eating the reward around t=2s in these 

two events. Lastly, and coherent to these past results, reward delivery is encoded by a slight increase in 

activity of D2-MSN in both Go and No-go trials (Figure 15E). As expected, a bigger increase in activity can also 

be found around t=2s in both trial types.  

Together, data showed D2-MSN in VMS responding to movement-related task events and reward delivery in 

Go and No-go trials. 
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4.5.3. D1-MSN in DLS responded to movement-related task events and reward delivery in Go and No-

go conditions 

D1-MSN in DLS do not show activity upon nose-poke entry for both Go and No-go trials (Figure 16A). 

Moreover, in both Go and No-go trials, there is a subtle increase in activity after nose-poke exit (Figure 16B). 

In addition, for both conditions in this event, there was an increase in ΔF/F at t=2s, which is around reward 

eating. Also, this effect is observed in both Go and No-go trials in the other three task events: right lever press 

(Figure 16C), left lever press (Figure 16D), and reward delivery (Figure 16E). Regarding lever pressing, no 

differences were found between the right lever and the left lever.  

Figure 15: D2-MSN in VMS showed a sl ight increase in  activity  around movement-related task events (nose-
poke exit and lever press) and reward delivery in Go and No-go condit ions . Neuronal activ ity  of D2-MSN in 
Ventral Medial Str iatum during five different events of the Go/No-go task: Nose-poke entry (A),  Nose-poke ex it  
(B),  Right lever press (C),  Left  lever press (D),  and Reward del ivery (E). For al l  f igures, the top panel shows 
GCaMP6f f luorescence around the designated task event for four animals (n=4) , and the bottom panel  shows 
the mean±SEM of  GCaMP6f fluorescence for all  the tr ia ls of  the four D2 -iCre animals; The two boxes indicate 
the t ime windows before (pre-purple) and after (post-blue)  the designated task event.  Pre - and Post- task event 
time windows are both composed of 1 second. For f igures  (A) ,  (B),  and (E),  the r ight panels correspond to No -
go conditions while left  panels correspond to Go conditions. For all  f ig ures, the red line represents when the 
task event happened with all  tria ls  being al igned to it (t=0s). ΔF/F colorbar ranges from a maximum value of  
+1 (yel low) to a minimum value of -1 (dark blue).  
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Together, these results indicate that D1-MSN in DLS responded to movement-related task events and reward 

delivery in both Go and No-go trials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5.4. D2-MSN in DLS respond to movement-related task events and reward delivery in Go and No-go 

conditions  

D2-MSN in DLS did not show activity upon nose-poke entry in both Go and No-go trials (Figure 17A). 

Moreover, upon nose-poke exit, D2-MSN presented a small increase in ΔF/F for Go and No-go trials (Figure 

17B). Furthermore, regarding lever pressing events, the increase in activity is seen for both of them in Go and 

No-go trials but it seems to be slightly higher in the right lever press (Figure 17C) in relation to left lever press 

Figure 16: D1-MSN in DLS responded to movement related task events ( nose-poke exit and lever press ) and 
reward delivery in Go and No-go condit ions. Neuronal activ ity of D1-MSN in Dorsal Lateral Str iatum during 
five different events of the Go/No-go task: Nose-poke entry  (A),  Nose-poke exit  (B) ,  Right lever press (C),  Left  
lever press (D),  and Reward delivery (E).  For all  f igures, the top panel shows GCaMP6f fluorescence around the 
designated task event for three animals (n=3) , and the bottom panel  shows the mean±SEM of GCaMP6f 
fluorescence for al l  the tr ia ls of the three D1 -iCre  animals; The two boxes indicate the t ime windows before 
(pre-purple)  and after (post -blue) the designated task event. Pre -  and Post- task event t ime windows are both 
composed of 1 second.  For f igures  (A),  (B),  and  (E),  the right panels correspond to No -go condit ions while left  
panels correspond to Go condit ions. For all  f igures, the red l ine represents when the task event happened with 
all  tria ls being aligned to it  (t=0s). ΔF/F colorbar ranges from a maximum value of +1 (yellow) to a minimum 
value of -1 (dark blue).  
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(Figure 17D). Lastly, in the period post-reward delivery, the same pattern of activity is seen: a slight increase 

in both Go and No-go trial types (Figure 17E). 

Contrarily to what was seen before, no increase in activity was seen near the timepoint (t=2s) in which 

animals are eating the reward. 

Overall, these results suggest that D2-MSN in DLS respond to movement-related task events and reward 

delivery in Go and No-go trials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: D2-MSN in DLS respond to movement-related task events (nose-poke exit and lever press ) and 
reward delivery in Go and No-go condit ions. Neuronal activ ity of D2-MSN in Dorsal Lateral Str iatum during 
five different events of the Go/No-go task: Nose-poke entry (A),  Nose-poke exit  (B) ,  Right lever press (C),  Left  
lever press (D),  and Reward delivery (E).  For all  f igures, the top panel shows GCaMP6f fluorescence around the 
designated task event for four animals (n=4) , and the bottom  panel  shows the mean±SEM of  GCaMP6f 
fluorescence for all  the trials  of the four D2 - iCre  animals; The two boxes indicate the t ime windows before 
(pre-purple)  and after (post -blue) the designated task event. Pre -  and Post- task event t ime windows are both 
composed of 1 second.  For f igures (A),  (B),  and (E),  the right panels correspond to No -go condit ions while left  
panels correspond to Go condit ions. For all  f ig ures, the red l ine represents when the task event happened with 
all  tria ls being aligned to it  (t=0s). ΔF/F colorbar ranges from a maximum value of +1 (yellow) to a minimum 
value of -1 (dark blue).  
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4.5.5. D1-MSN in DMS show a slight increase in activity around nose-poke entry and minor 

suppressions after nose-poke exit, lever pressing, and reward delivery in Go trials  

D1-MSN in DMS showed increased activity in Go trials upon nose-poke entry (Figure 18A), which was absent 

for No-go trials. Moreover, during nose-poke exit, D1-MSN showed a small suppression of activity for Go 

trials. Contrary to Go, during No-go no difference in activity was found (Figure 18B). Regarding lever press 

events, the right lever press showed minor suppression in the period post-event (Figure 18C), while during 

the left lever press figure (Figure 18D) no alteration of activity can be found. Finally, when looking at data 

obtained around the reward delivery task event, D1-MSN activity decreased slightly after the reward being 

delivered in Go trials, while in No-go trials no alterations of activity were detected.  

Contrary to what was seen for this neuronal subpopulation in other striatal subregions, there is no increase 

in activity related to the time point in which the animals are eating the reward for any of the trial types in 

any of the task events. 

Overall, these data show that D1-MSN in DMS produced a slight increase in activity after nose-poke entry 

and minor suppressions after nose-poke exit, lever pressing, and reward delivery in Go trials.  
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4.5.6. D2-MSN in DMS responded to movement-related task events and reward delivery in Go and No-

go conditions 

D2-MSN in DMS showed a small suppression of activity for nose-poke entry in Go trials with no difference in 

activity observed in No-go trials (Figure 19A). Regarding nose-poke exit, there is an increase in activity for 

both Go and No-go trials (Figure 19B). Increased activity was found around t=2s (animals eating the reward) 

with a higher rise in No-go conditions. Moreover, in lever pressing task events, there is also a slight increase 

in activity for both the right lever press (Figure 19C) and left lever press (Figure 19D). Additionally, no 

differences were found between the left and right sides. Lastly, upon reward delivery, this neuronal 

subpopulation shows increased activity in Go and No-go trials with the rise being slightly bigger in No-go 

conditions (the bright yellow color in the heatmap for t=1s illustrates this) (Figure 19E). 

Together, these results indicate that D2-MSN in DLS responded to movement-related task events and reward 

delivery in Go and No-go trials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: D1-MSN in DMS show a s l ight increase in activity around nose-poke entry and minor suppressions  
after nose-poke exit , lever pressing,  and reward delivery in Go trials. Neuronal activity  of D1-MSN in Dorsal  
Medial Str iatum during five dif ferent events of the Go/No-go task: Nose-poke entry  (A),  Nose-poke exit (B),  
Right lever press  (C),  Left  lever press (D),  and Reward delivery (E). For al l  f igures, the top panel shows GCaMP6f 
fluorescence around the designated task event for three animals (n=3) , and the bottom panel shows the 
mean±SEM of GCaMP6f f luorescence for all  the tria ls  of  the three D1 -iCre  animals;  The two boxes indicate the 
time windows before (pre-purple) and after (post-blue) the designated task event. Pre - and Post- task event 
time windows are both composed of 1 second . For f igures  (A) ,  (B),  and (E),  the right panels correspond to No -
go condit ions while left panels correspond to Go conditions. For all  f igures, the red l ine represents when the 
task event happened with all  tr ials  being aligned to it ( t=0s).  ΔF/F colorbar ranges from a maximum value of  
+1 (yel low) to a minimum value of -1 (dark blue).  
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Figure 19: D2-MSN DMS responded to movement-related task events (nose-poke exit and lever press) and 
reward delivery in Go and No-go condit ions. Neuronal act ivity of D2-MSN in Dorsal Medial Striatum during 
five different events of the Go/No-go task: Nose-poke entry  (A),  Nose-poke exit  (B) ,  Right lever press (C),  Left  
lever press (D),  and Reward delivery (E).  For all  f igures, the top panel shows GCaMP6f fluorescence around the 
designated task event for four animals (n=4) , and the bottom panel  shows the mean±SEM of  GCaMP6f 
fluorescence for a ll  the trials  of the four D2- iCre  animals; The two boxes indicate the t ime windows before 
(pre-purple)  and after (post -blue) the designated task event. Pre -  and Post- task event t ime windows are both 
composed of 1 second.  For f igures (A),  (B),  and (E),  the right panels correspond to No -go condit ions while left  
panels correspond to Go condit ions. For all  f igures, the red l ine represents when the task event happened with 
all  tria ls being aligned to it  (t=0s). ΔF/F colorbar ranges from a maximum value of +1 (y ellow) to a minimum 
value of -1 (dark blue).  
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5. Discussion 

Voluntary action control is a decision-making process important in our daily life. It is through this process 

that we take into consideration internal and external information to guide our behavior and attain desired 

goals. Outcome-dependent action control is thought to recruit striatal subregions, but precise underlying 

mechanisms remain unclear. Therefore, the dissection of the neuronal circuits that guide outcome-

dependent action control is of high importance to better understand the nature of psychiatric conditions, in 

which it seems to be impaired, and how we can develop more target-specific treatments to help these 

patients. 

With this thesis project, we intended to gain new knowledge about the way outcome-dependent action 

control is encoded by neuronal subpopulations (D1-MSN and D2-MSN) found in the striatum, a brain region 

thought to be involved in this process. Moreover, this project also proposed to disclose if the activity signals 

of these neuronal subpopulations diverge between different striatal subregions (VMS, aDLS, pDMS). 

 

• A dual-vector viral approach and a higher volume of virus improve GCaMP6f expression in VMS, 

aDLS, and pDMS 

In the first aim of this project, we proposed to optimize cre-dependent GCaMP-expressing adeno-associated-

virus to record striatal medium spiny neurons in vivo. For that, we tested a new dual-vector viral approach 

and different volumes of injection. We found that high volume of virus (1350nL) produces robust expression 

that is sufficient for imaging purposes, in VMS, aDLS, and pDMS. 

Although previous studies showed robust GCaMP expression in mouse striatum, this has not been 

accomplished in D1- and A2a-cre rat striatum.36 One potential reason for the lack of expression in rats might 

be that viruses are optimized for mice and have lesser binding/expression affinity in rats. In addition, we used 

transgenic rat lines that were recently developed and in which GCaMP expression was never tested before.28 

The insufficient expression found using standard viral constructs (example shown in Figure 9A - bottom row, 

third panel - AAV9.hSyn.DIO.GCaMP6f construct) led to the need of employing a new approach. Our 

experiments, for the first time, show that virus expression is possible by employing a combined cre x Flippase 

system with high volume of viral injection. This results in sufficient expression, which can be used to measure 

cell-type specific signals in diverse striatal subregions during a Go/No-go task, but also in other behavioral 

tasks. 

In our work, we tested different volumes of viral injection, but we were not able to measure over-expression 

or apoptosis. The optimization of the volume of injection is crucial for calcium imaging experiments. On one 

hand, using a volume of virus that is too small may lead to inadequate expression of GCaMP (low number of 

infected cells), while on the other hand, a volume that is too high might promote GCaMP over-expression. 

This can be an issue since GCaMP is known to disrupt calcium signaling when available in high quantities, 

which can lead to cell death by apoptosis.50 However, in our histological data, we did not find outliers of 

bright neurons, which would indicate over-expression.50 Future analysis should test more injection volumes 

and quantify cell death by performing immunostainings with specific markers (e.g., Annexin A5 + PI).72 

Another factor that should be taken into consideration to achieve good recordings is the area of expression 

and the location of that expression. With a larger area being infected by the virus, the probability of having 

more neurons expressing GCaMP under the tip of the optical fiber, and whose signal is being recorded from, 
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is also higher. This is of extreme importance when recording neuronal activity since we always want to record 

as many neurons as we can in order to have a big and statistically reliable n. Although we saw a big spread 

using a high volume of injection in aDLS and pDMS, this spread was smaller in VMS. This smaller spread with 

high injection volume might be in part explained by the way our data is plotted. We only considered the viral 

expression found right below the tip of the optical fiber, discarding other regions infected with the virus. In 

VMS it is common to find viral expression around the ventricles due to their proximity to the coordinates 

injected to target this subregion. This means that we could also have a bigger spread with high volumes of 

virus in VMS, but it was probably more off-target than what is seen in the other two subregions. Viral spread 

near the ventricles would not result in a better signal since our fibers are targeted further away from the 

ventricles.  A way to optimize this is by testing different injection coordinates, which we also started doing 

when performing viral infection in the imaging cohort. Here, we injected the virus in the same coordinates 

as fiber implantation, instead of 300µm below (see section 3.3. – Materials and Methods). Since most of the 

animals are still alive and being trained in our behavioral task, there are only histology results for two out of 

eighteen animals. Hence, we do not know yet if this optimization is working. 

It is important to consider that although our results for the expression pilot cohort have shown a significant 

increase in fluorescence mean intensity and area of expression using a high volume of virus, they are based 

on a n of four animals. More studies should be performed in order to increase this n and have a more robust 

analysis. 

Overall, the fact that we were able to promote viral expression in rat’s striatum using the dual-vector viral 

approach, giving highlight on which volumes of injection can contribute to successful experiments, will help 

other scientists in the field that need to use these novel rat lines in their experiments and want to perform 

calcium imaging techniques in striatal subregions.  

 

• Three seconds of continuous compound stimulus with 90dB of WN is aversive for the animals and 

has the similar subjective value as one sugar pellet  

In the second aim of this project, we intended to better understand the subjective value of an aversive 

stimulus in relation to a sugar pellet. For that, we employed a lever press-based aversive/appetitive task. In 

the presented work, we report that three seconds of continuous compound stimulus with 90dB of white 

noise and bright light is aversive for the animals and has a similar subjective value as one sugar pellet. The 

aversiveness of the compound stimulus seen with these results confirms that it can be used as a punishment 

in the Go and No-go punishment stages of our Go/No-go task. In addition, the similar subjective value of the 

negative stimulus in relation to the positive stimulus is also important for the establishment of more truthful 

comparisons between the different contingencies in our task.73  

Over the years, literature has described continuous white noise as an aversive stimulus to the animals when 

used within ranges of moderate-intensity (80-90dB).74 Additionally, the use of WN has also been referred to 

as advantageous compared to the use of shocks, the most common form of punishment employed in 

behavioral studies. Besides being better tolerated by the animals, WN is considered aversive without 

inducing freezing behaviors (when used in the correct intensities) and does not introduce artifacts during the 

neuronal activity recordings (this might happen when using shocks), an important factor to be considered in 

these type of experiments.75,76  
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Previous studies from our group (Goedhoop et al. 2021, bioRxiv) showed that white noise at 90dB promotes 

aversion in the animals and therefore can be used as a punishment in our behavioral tasks.68 In our studies, 

we used three seconds of continuous white noise at 90dB but we paired it with LED to strengthen its effect. 

This was done because rodents prefer dark environments over light, tending to hide to avoid it. The LED was 

placed in the magazine tray to directly shine light on the animal when it goes to the food magazine to collect 

the reward. 

In our aversive/appetitive task, animals had to choose between two levers based on the outcome they 

delivered. When presented with equal value in both levers, animals were able to understand that by pressing 

any of the levers they would receive the same amount of reward. When we first introduced the compound 

stimulus to the animals by pairing it with 1 pellet, animals shifted their preference towards the lever without 

the compound stimulus. Although they press more the green lever in relation to the red lever, the difference 

to conditions without the compound stimulus was not significant, suggesting that the animals do not mind 

sometimes receiving the compound stimulus even though they could get the same amount of reward by 

pressing only the green lever. However, when we introduce reversals in our study, they seem to react 

differently to the levers, being more flexible and paying more attention to the outcome paired with their 

choice. From stage 3 onwards, we noticed that in conditions without the aversive compound stimulus (third 

stage of the task) animals press more for levers with higher outcomes (more sugar pellets), but when the 

compound stimulus is introduced (fourth stage of the task), they shift their preference to the lever without 

the compound even though that means to receive less reward. Overall, it seems that two pellets are not 

worth it when compared to the compound stimulus, meaning that 1) the compound stimulus is indeed 

considered aversive by the animals, and 2) its subjective value is approximately the same as 1 sugar pellet. 

The conclusions taken from the fourth stage of the task were done using a compound stimulus with WN at 

90dB, which was previously shown to work as an aversion stimulus in rats. In our experiments, we also 

wanted to test the effectiveness of WN at 90dB comparatively to lower intensities (70dB) by validating 

whether lower intensities have less subjective value for the animal. As stated by Mollenauer et al. (1992), 

using 70-75dB of WN does not induce significant differences between lever pressing compared to a control 

group (condition without the compound stimulus), which shows that using a compound stimulus with WN at 

70dB is not as aversive as with WN at 90dB.74 Our results corroborate these previous affirmations by showing 

very similar red presses ratios between conditions without compound stimulus (stage 3) and conditions with 

a compound stimulus with WN at 70dB. Since the effect of a compound stimulus with 70dB of WN is similar 

to conditions with the absence of the compound stimulus, animals still prefer to do some red lever presses 

(more than half of the time) and get double the pellets. 

Although literature describes WN as not inducing freezing behaviors when used within a certain range of 

intensities, this was something we did not test in our experiments. This should and could be easily done by 

tracking animals' performance in the different sessions through the recording videos. This should be 

accounted for in the future as a way to support the use of the compound stimulus over shocks in this type of 

behavioral studies.  

In general, the experiments performed in this section clarified what the subjective value of a compound 

stimulus is in relation to a sugar pellet. This will be very important to other studies in the field that want to 

establish a straight comparison between rewarding and punishing conditions or that want to test how 

outcome value is encoded in the brain. In addition, these experiments also showed that it is possible to use 

WN paired with LED to promote aversion in rats. This could be used as an alternative to foot shocks in diverse 
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behavioral studies that need to induce an aversive context in their task. The fact that we can use stimuli that 

are less harmful to the animals is also an important factor to be considered in future studies. 

 

• In vivo fiber photometry signal test session  

In this thesis project, we aimed to record the bulk activity of distinct neuronal populations in the striatum.48 

For that, we set up and consecutively tested in vivo fiber photometry for the first time in the lab, accounting 

for the quality of the signal obtained with the setup and the stability of the connections between the ferrules 

and the fiber optical cable. In our experiments, we found that the recorded signals were reflecting neuronal 

activity, excluding the presence of movement artifacts by comparison with traces obtained in the isosbestic 

channel. We also found that using larger ceramic ferrules and optical fibers we can achieve higher stability 

of the connections and increased area of recording, which constitutes an advantage for this project. 

In our signal test session, we were able to confirm that the recorded signal was activity-dependent 

(dependent on GCaMP), reflecting the response of neurons to certain events. The importance of assuring 

that the recorded signal is activity-dependent lies in the fact that artifacts related to the movement of the 

animals on the operant chamber or the bending of the fiber optical cable can be easily present in signal 

traces, being misunderstood as neuronal activity. The comparison between the signal obtained with the 

GCaMP6f channel and the isosbestic channel (control for the presence of artifacts) allows us to infer if we 

are indeed recording the activity of neurons. The way this inference is done is by verifying if activity peaks 

present in the GCaMP6f channel are absent in the isosbestic channel. If so, it means that those peaks were 

only caused by the response of neurons to a certain event, but if the peaks are present in both channels, they 

are due to an artifact. Besides confirming the quality of the signal, our results also confirmed the quality of 

the viral expression, since without GCaMP expression we would not be able to detect any neuronal signal.  

In the experiments of this section, we also tested the quality of the signal by recording from VMS while 

animals received rewards in an operant chamber. Due to the importance of this striatal subregion to outcome 

evaluation and motivated behaviors, we were expecting to find a reward-related signal.77 The results we 

obtained were opposite between cohorts. In the expression pilot cohort, increased activity after reward 

delivery was seen in both D1- and D2-MSN, while in the imaging cohort both subpopulations showed 

suppressed activity for the same event. The suppression of activity, which was not expected, might be 

explained by the time-point at which animals were submitted to the signal test session. Unlike the animals 

from the expression pilot cohort that never engaged in behavioral tasks before the signal test session, animals 

from the imaging cohort were already being trained in the first stages of the Go/No-go task when they were 

recorded. The fact that they were used to receiving rewards when placed in the operant chamber (due to 

what they already knew from the Go/No-go task) could explain the lack of increased activity when the reward 

was delivered. To confirm this, a cohort with the same characteristics as the imaging cohort should be 

submitted to the signal test session before engaging in any behavioral task. 

In addition, we were also able to infer that by using larger ceramic ferrules and optical fibers, besides having 

an increased area of recording that allows us to capture signals from more neurons, we have improved 

stability of the connections between the ferrules on the animals’ head and the fiber optical cable. This 

connection is vastly important and should be as tight as possible, otherwise, the movement of the animal 

during the task can promote a disconnection and the recording will be interrupted, leading to the loss of 

important data. By using larger ferrules, we noticed that upon connection and disconnection of the cable 
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fewer fibers were pulled out of the animal’s head. Likewise the stability of the connections, It seems that we 

can also achieve more stability of the fiber implantation by using larger optical fibers. 

Although we were able to test the quality of the signal through the traces obtained for the GCaMP6f and 

isosbestic channels and the stability of the connections, we were not able to take proper conclusions 

regarding the response of neurons to reward delivery in VMS. The fact that most of the animals in the imaging 

cohort are still alive and performing the Go/No-go task means that we do not have their histological results 

yet. Therefore, we do not know if the optical fiber is placed in VMS and if we have viral expression targeting 

the region implanted, which makes it difficult to conclude about the signal observed. After having the 

histological data, a better evaluation of the signals should be done. 

Besides the lack of histological data, we also had some problems with the pre-processing of the data that 

might slightly influence the results. Given that we analyzed this type of data for the first time in this thesis 

project, we are still trying to figure out the best way to pre-process it, which is a crucial step to the 

achievement of results that indeed reflect the neuronal activity of the animals. We know that there is still 

space for improvement in our pre-processing scripts and that it is something that needs to be worked on in 

the future. 

 

• Animals can successfully learn and perform the Go/No-go task for both Go and No-go reward 

contingencies. 

In the third aim of this thesis, we intended to disclose how D1- and D2-MSN encode outcome-dependent 

action control in VMS, aDLS, and pDMS and if the activity of these striatal subpopulations varies depending 

on the subregion where they are located. For that, we recorded animals using in vivo fiber photometry while 

they perform in a Go/No-go task designed by our group. Regarding behavioral performance, we found that 

animals can successfully learn and perform the Go/No-go task for both Go and No-go reward contingencies 

with Pavlovian bias influencing the behavior. 

In our experiments we showed that animals easily achieved a good degree of proficiency in No-go trials, 

meaning that animals can easily learn how to hold the nose-poke for 3 seconds to receive a reward. However, 

this performance slightly drops when Go trials are introduced. The fact that the percentage of correct trials 

is significantly higher for Go trials in respect to No-go trials for all conditions (Go right, Go left and Go blocks) 

highlights the difference seen between executing an action (Go trials) and refraining from action (No-go 

trials) in the face of reward. This difference seen in our results can be influenced by two different things: 1) 

the presence of Pavlovian bias and 2) the difference in the duration between Go and No-go trials. The 

literature describes action selection as being influenced by a process entitled as Pavlovian Bias. According to 

this process, upon rewarding conditions, we tend to activate actions (Go) to achieve the reward, while in 

punishing conditions we tend to withhold an action (No-go) to avoid being punished.6,7,78 Additionally, studies 

performed in humans using decision-making tasks, showed that we can perform using the opposite action-

outcomes (Go to avoid punishment and No-go to receive a reward) but this is usually accompanied by a 

higher level of difficulty.7 Since in this thesis project we are evaluating Go and No-go reward contingencies, 

the data obtained is in coherence with what is stated by the Pavlovian bias, showing a better performance 

(higher percentage of correct trials) when it is a Go trial.  

Although our data fits with the concept of Pavlovian Bias that has been described by literature over the years, 

it is also important to take into consideration aspects of the task that might have a pivotal role in the 
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discrepancy between Go and No-go performance. The way our task is designed makes that in Go trials, after 

hearing the auditory tone that indicates the trial type, the animals have to press the lever and 2 seconds later 

they receive a reward. However, in No-go trials, after hearing the auditory tone, animals most hold the nose-

poke for 3 seconds, and 2 seconds after the end of the nose-poke hold they receive the reward. As we can 

see, the time between hearing the auditory tone until receiving the reward is shorter in Go trials (in case 

animals are proficient in the task) compared to No-go trials. Overall, this means that when the animals receive 

the tone that indicates the trial type they already know if they will receive the reward closer or farther in 

time and might perform better in Go trials due to that. A way to overcome this issue and improve the duration 

of Go trials is by increasing the number of presses animals have to do to receive a reward. The idea is to make 

animals do 2 to 3 presses that will last for 3 seconds, which is the same amount of time that they need to 

hold the nose-poke in No-go trials. Like this, the reward would be delivered at the same time point of the 

task (in relation to the moment the auditory tone is heard) for both trial types, allowing better comparisons 

between them for both behavioral and neuronal data. Moreover, we started training our animals using this 

approach (data not available yet) and we observed that they can do up to three presses within the time 

window of 3 seconds, meaning that in the future this should be the way to go since they seem to successfully 

perform in this new task version. 

Furthermore, an important feature of this task is that we trained and recorded animals performing Go reward 

trials in both the right and the left levers (Go right, Go left and Go blocks of left and right). This was done to 

attend the striatal lateralization of movement signals that have been described in the literature.25,36 Since 

studies performed in rodents have shown stronger neuronal activity signal in striatal regions upon 

contralateral movements to the site of recording, we decided to also account for this lateralization by 

performing recordings when the animal is pressing the right and the left lever (Go blocks – 5 trials on the 

right lever, than 5 trials on the left lever and so on until the total number of Go trials is achieved (50% of total 

trials)). To account for this, we implanted animals with optical fibers in both hemispheres for the same striatal 

subregion.36  

In our experiments, we also confirmed that animals were equally motivated to perform both Go and No-go 

reward trial types by looking at the number of magazine entries made after a successful trial and also the 

latency for those magazine entries. The data we obtained showed that animals tend to do significantly more 

magazine entries after successful Go trials, which might be explained by either the Pavlovian bias or the 

shorter duration of this trial type. However, when looking at the latency for magazine entries after successful 

trials, no difference is found between these two trial types, which indicated that they can easily execute an 

action or withhold it and they were equally motivated to perform any of the trials to receive the reward.  

Overall, the results obtained with these experiments showed that we can use this task (with some alterations) 

to study outcome-dependent action control in rats and perform in vivo fiber photometry recordings. This is 

also good for the field since it presents a new task that allows the study of actions and outcomes and that it 

is feasible for the animals to learn and perform. Besides this, the results also highlighted the influence of 

Pavlovian bias in behavior, showing that this is a process that is present and needs further investigation. Since 

we know that Pavlovian bias interferes with our action control, we now need to focus on the impact that its 

dysfunction could have on behavior and how to reverse those possible effects. 
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• In vivo Fiber photometry recordings during the performance of the Go/No-go task 

Over the years activity in the striatum has been highlighted as playing an important role in action control, 

especially the control of actions that are dependent on the outcome.15 A lot of research has been done to 

better understand how D1-MSN and D2-MSN encode actions and their outcomes with the classical and 

synergetic model oppositely trying to explain that way this is done. Although a lot of effort has been done, 

outcome-dependent action control is still poorly understood and needs further investigation. In the third aim 

of this project, we intended to contribute to this gap in knowledge by performing in vivo fiber photometry in 

different striatal subregions using D1-iCre and A2a-iCre rat lines and by also accounting for their behavior 

throughout the task. 

By looking at the behavioral performance of the animals during recording sessions, we found that almost all 

animals performed above chance, but with a degree of performance (percentage of correct trials) somewhat 

lower than the one obtained during the training sessions. This decrease in performance might be explained 

by the fact that the recording day was the first time that animals were connected to the fiber optical cable 

for a longer period. This connection ends up constraining their movements a bit and might influence the 

overall performance of the task. This data also showed that animals perform Go right and Go left trials 

without significant differences and that they also perform Go left trials with more success than No-go trials. 

This could be in part explained by the presence of Pavlovian bias towards the Go left reward conditions. A 

way to improve behavioral performance during the training session is by starting to habituate the animals to 

the fiber optic cable during the training sessions by connecting them to the cable without shining light. 

In our experiments, we also evaluated neuronal activity. We confirmed the quality of the signal by comparing 

traces between the GCaMP6f and isosbestic channels and concluded that our signal was activity-dependent, 

excluding the presence of any artifacts.  

 In addition, when looking at the neuronal data presented in this dissertation, it is important to remember 

that no statistical analysis was performed due to the low number of animals included in each group. 

Therefore, this discussion is based on the results inferred from a visual analysis of the heatmaps and mean 

activity graphs obtained for each task event. This analysis was done for D1-MSN and D2-MSN separately in 

each of the three striatal subregions focused on in this work.  

Table 5 presents a summary of the neuronal activity observed in our data for D1- and D2-MSN in VMS, aDLS, 

and pDMS during the five task events (nose-poke entry, nose-poke exit, right lever press, left lever press, and 

reward delivery. 
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Activity of D1- and D2-MSN in Ventral Medial Striatum 

The ventral medial striatum has been shown to be involved in motivation and reward processing.25 Studies 

performed in this subregion have shown that both MSN subtypes are capable of encoding rewarding 

conditions, which is in line with the results we obtained showing that both D1-MSN and D2-MSN have 

increased activity after reward delivery, being necessary to drive normal motivated behaviors.22,77 Moreover, 

studies performed by Burton et al. (2014) have also highlighted that neurons in VMS fired more strongly for 

larger rewards and shorter delays.25 Because our Go trials are shorter than No-go trials, meaning that animals 

receive the reward closer in time when performing a Go trial, this might explain our data showing that D1-

MSN increase activity in Go but not in No-go trials upon reward delivery. For D2-MSN we saw a rise in activity 

for both trial types.  

Besides increased activity around reward delivery, which was already expected to be found in this striatal 

subregion, we also observe a rise in activity around movement-related events (nose-poke exit and lever 

press) for both D1- and D2-MSN. This is probably related to the motivational aspect of VMS, in which the 

motivation for the reward is driving the action (in the task, animals receive the reward after lever pressing 

and nose-poke exiting). This motivational and reward processing role can also be noted by the increased 

activity when animals are at the food magazine eating the reward (around the time-point t=2s).25 In D1-MSN 

this increase is more notorious in Go trials, while in D2-MSN it is similar for Go and No-go trials.  

It is also important to note that peaks for reward delivery are higher in VMS compared to aDLS and pDMS, 

which is coherent with previous studies showing that there are twice as many neurons increasing fire to 

reward in both Go and No-go conditions in the ventral striatum than in the dorsal striatum regions.79 This 

also means that activity upon reward delivery should not be dependent on action execution or withholding.79 

Our data goes in agreement with this previous statement only for D2-MSN, in which the increased activity is 

seen for both trial types. 

Although we found increased activity around the same task events for both neuronal subpopulations, this 

increase is noticeably higher (bigger peaks) in D1-MSN compared to D2-MSN, which might indicate that the 

cooperative and synergistic activity of these two subpopulations in this striatal subregion might not be as 

strong as in other regions. 

Table 5: Summary of  the neuronal activity observed for D1 -MSN and D2-MSN in VMS, aDLS,  and pDMS for  the 
five task events investigated. “X”  represents no alteration in act ivity  between the periods pre-  and post-event;  
“↑”  represents increased activity in the post -event period; and “↓”  represents s lightly  suppressed activ ity in 
the post-event period.   
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Lastly, further neuronal activity data from the conditions of our task presenting the negative stimuli (Go and 

No-go punishment) are necessary to better understand and make conclusions regarding which model better 

represents the way VMS neurons encode reward versus punishment. Although we do not have these results 

yet, recent evidence leans strongly towards the possibility of both subpopulations being able to encode 

reward and punishment, depending on the striatal sub-region they are located on.23 

 

Activity of D1- and D2-MSN in Dorsal regions   

Dorsal regions of the striatum have been gaining more attention in the field due to their pivotal role in 

reward-related actions, namely goal-directed (DMS) and habitual behaviors (DLS).15,25,26  

Dorsal striatal regions encode locomotion information, with both direct and indirect pathways being 

important for the control of behavior, in which D1-MSN and D2-MSN show similar patterns of activity.15,34,36,38 

These studies showed that neurons located in these regions were modulated by movement type for both Go 

and No-go conditions, not depending on action execution or withholding.25,79 The data we obtained in this 

project for DLS is in accordance with previous studies, with both subpopulations of MSN showing increased 

activity around movement-related events (nose-poke exit and lever press) for both Go and No-go trials. 

However, the same is not completely observed in data obtained from neurons located in DMS. Here, we see 

this increased activity around movement-related events only in D2-MSN for both trial types, with D1-MSN 

presenting different patterns of activity. 

D1-MSN activity in DMS showed increased activity after NP entry for Go trials, and suppression after lever 

press for Go and No-go trials, magazine entry (reward delivery) for Go trials, and nose-poke exit for Go trials. 

This suppression in activity might be caused by a prior period in which the animal moves to a different 

location inside the operant chamber (e.g. right or left lever, food magazine, etc). Although this activity is not 

specific to most of the task events we are recording, it seems to be enhanced around movement in the 

operant chamber. Given the fact that DMS has been described as modulated by locomotor speed, one way 

to better understand this increase in activity would be to use DeepLabCut to track the animals during the 

task and look at D1-MSN activity around high versus low movement.35,80 If with this approach we find 

increased activity during periods of high movement than we could correlate to our first results and conclude 

that activity in D1-MSN located in DMS would be enhanced when the animals are moving inside the operant 

chamber to go to different locations required for their successful performance in the task. 

Moreover, considering what is known about these dorsal regions, activity in DLS should be stronger during 

action selection when animals are already proficient (overtrained) in the task.25 This stronger activity should 

be noticed in both subpopulations since they seem to be necessary for the initiation and execution of actions 

that were previously learned, promoting the ongoing behavior and avoiding eventual shift towards distinct 

actions.25,37 Contrarily, activity in DMS should be more selective early in training. The fact that one region 

could be more involved early in training and the other after extended training, might in part explain why we 

find stronger activity after task events in DLS compared to DMS. 

Furthermore, studies performed with a focus on DLS have shown that this striatal region is modulated by 

response direction and consequently has a strong effect of lateralization - movements that are contralateral 

to the recording site encode stronger activity.25,36 Therefore, when data from more animals are added to this 

study, they should be subdivided by recording site (left or right hemisphere) to attend possible lateralization 

effects during task events in which there is a distinction between ipsi- and contralateral movements (e.g., 
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lever pressing). This analysis of lateralization should be accounted for in all the three striatal subregions 

included in this thesis project. 

Although these dorsal regions are described to vigorously encode locomotion, they also encode reward 

although with weaker signals.15 In coherence with this, our data show that in DLS both D1- and D2-MSN have 

increased activity around reward delivery in both Go and No-go trials. The same happens in DMS but only for 

D2-MSN. Moreover, regarding increased activity around the time point in which the animals are at the food 

magazine eating the reward, it was only seen in D1-MSN in DLS, and in D2-MSN in DMS. In the two cases, this 

was seen for both trial types. 

When comparing activity in D1-MSN upon reward delivery in aDLS and pDMS to VMS, one can see that the 

rise in activity is markedly bigger in VMS, which goes in agreement with the main role of this subregion 

comparatively to the role of more dorsal regions of the striatum. 

Overall, our neuronal results show evidence that explains the activity in DLS according to what is stated by 

the synergetic model of the basal ganglia: there is a co-activation of D1-MSN and D2-MSN, in which D1-MSN 

might be promoting the execution of the desired action and D2-MSN the suppression of possible competing 

actions.22,35,38 Although this model seems to capture functioning of the direct and indirect pathways, is 

thought that basal ganglia circuits might be more difficult and complex than this.30,38 Additionally, activity in 

DMS does not seem to reflect a synergy between the direct and indirect pathways since we have different 

patterns of activity for D1- and D2-MSN during the same task events (suppressed activity versus increased 

activity). 

Regarding the encoding of the outcome (reward vs punishment), we saw that both dorsal regions encoded 

reward, but we cannot make claims regarding the model that best describes the way activity is modulated 

by positive and negative stimuli. Since we do not have the data for the punishing conditions of our task (Go 

and No-go punishment) with do not have evidence to explain how neurons behave in these contingencies 

and how this is correlated with rewarding conditions.  

To sum up, some factors should be considered when discussing the neuronal data presented in this thesis 

project. First of all, it is important to remember that because we were using this technique (fiber photometry) 

for the first time in our group we still need to improve the way our data is pre-processed. There are still some 

issues that should be taken into consideration when writing the MATLAB scripts. By solving these issues we 

might be able to improve the results. Another factor that might also end up changing our overview of the 

results is the histological data. Since our animals are still alive and being trained in the punishment conditions 

of the task, we do not have histology results which means that we cannot confirm if 1) we have a good viral 

expression that translates into a good signal that we will be able to record, and 2) if all the fibers are 

implanted in the correct coordinates. Depending on these histology results (that should be added in the 

future), the interpretation of the data might change. 

Furthermore, it is also important to note that the way neuronal and behavioral data are aligned might be 

optimized in the future. For events like nose-poke entry and nose-poke exit, we aligned our data to the 

moment the auditory cue was turned ON for nose-poke entry and turned Off for nose-poke exit. To be more 

precise in this analysis we should align the recorded videos to the TTL and find the exact time frame in which 

animals perform the first nose-poke entry or exit.  
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By accounting for all these factors in the future we will have data that is robust enough to take proper 

conclusions and represent the way striatal subpopulations are encoding outcome-dependent action control 

in VMS, aDLS, and pDMS. 
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6. Conclusion and Future Perspectives 

This thesis project was built in order to probe striatal subpopulations in outcome-dependent action controls 

in rats by performing in vivo fiber photometry while animals perform a Go/No-go reward and punishment 

task.  

In summary, our findings report that it is possible to achieve GCaMP expression in rat’s striatum by using a 

combined Cre x Flippase system. This viral expression was enhanced with high volumes of injection (1350nL), 

showing stronger fluorescence mean intensity and area of infection. The work developed in this project also 

shows that three seconds of continuous compounds stimulus formed by WN at 90dB paired with bright light 

is aversive for the animals and has a similar subjective value as one sugar pellet. This means that the aversive 

compound stimulus can be used as a punishment in the Go/No-go task, allowing direct and accurate 

comparisons between neuronal data from rewarding and punishing contingencies. In addition, our study 

demonstrates that rats can successfully learn and perform this novel and complex task, with Pavlovian bias 

influencing their performance between Go and No-go trials. Finally, in respect to neuronal data obtained 

using in vivo fiber photometry, we show that movement- and reward-related activity can be found in VMS, 

aDLS, and pDMS for both D1- and D2-MSN but with different patterns of activity. 

The overall goal of this thesis project was to better investigate two different research questions: 1) How do 

direct and indirect pathway medium spiny neurons contribute to outcome-dependent action control? and 2) 

Do these signals diverge between different striatal subregions (VMS, aDLS, and pDMS)? The results we 

obtained with this work indicate that the way the direct and indirect pathways contribute to outcome-

dependent action control seems to differ between striatal subpopulations and in some cases between action 

initiation or suppression (Go and No-go trials in our task, respectively). Although activity in aDLS seems to be 

following the synergetic model, in which both subpopulations are active and cooperate in order to execute 

the correct action and suppress competing actions, in VMS and pDMS the activity of D1- and D2-MSN seems 

to be less cooperative and synergetic. Here, we saw that for the same event we can have increased activity 

in one pathway and suppressed activity in the other. In general, we can infer that the direct and indirect 

pathways may present different patterns of activity, but both seem to be crucial for the attainment of desired 

and optimal behaviors.  

Although in this thesis project we gathered a lot of data regarding the activity of these pathways, it is 

important to note that are still some optimizations that need to be done in order to achieve robust results 

and be able to perform vigorous statistical analysis. Thus, in the future, we should add data from animals 

that are still in the training phase of the task (including data of punishing contingencies) to the data that was 

here presented in order to increase our n and statistically probe our results. We should also optimize the 

MATLAB scripts we used to pre-process our data and consider histological data to assure viral expression and 

correct positioning of the optical fiber. By combining all these steps, we will be more prone to make 

conclusions regarding the way the direct and indirect pathways contribute to outcome-dependent action 

control.  

The importance of the work here developed lies in the attempt of better understanding the neuronal 

mechanisms underlying decision-making, a process that seems to be impaired in several psychiatric 

conditions. Given that studies that purpose the dissection of these mechanisms are not feasible in humans 

due to their invasive component, we are still far from understanding how to manipulate these circuits to find 

target-specific treatment for patients suffering from these conditions. The use of animals models offers 
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solutions to provide better insights into the field. Thus, the use of novel transgenic rat lines that allow 

pathway-specific analysis, allowed us to ask more complex questions that intended to place us one step 

closer in the fight against psychiatric conditions. Although considered advances have been done regarding 

this matter, more studies are still needed to better understand how outcome-dependent action control is 

encoded by the brain, generating optimized behaviors. 

Futures studies, focusing on single-cell activity using these transgenic animals lines combined with more 

specific imaging techniques might add new knowledge to what is known so far. Furthermore, the dissection 

of these mechanisms in animal lines that mimic certain psychiatric conditions, combined with behavioral 

tasks designed to test specific behavioral features seen in patients might also be taken into consideration as 

a way to go in the future. 
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Figure 20: Novel transgenic D1-iCre  and A2a-iCre rat- l ines used in this  thesis project.  Schematic  
representation of insertion cassettes into A2a (Adora2a  - Top panel) and D1 (Drd1a  - bottom panel) genes.  
Abbreviat ions used:  P2A = porcine teschovirus -1 self-c leaving peptide;  NLS = nuclear  localization sequence;  
HA = inf luenza hemagglutinin protein tag YPYDVPDYA; V5 = peptide tag GKPIPNPLLGLDST; bGH = bovine growth 
hormone polyadenylation  sequence. Adapted from Pettibone et a l.  (2019). 28  
 

 

 

Figure 21:  Schematic representation of optical f iber manufacturing .  To prepare optical f iber to use in in  vivo  
f iber photometry experiments we fol lowed steps one to five.  After cutting optical f ibers to the desired length 
and insert  them inside a ceramic ferrule, we started by polishing one extremity (side B) of  the optical  f iber 
using a pol ishing disk (Step 1). Once the extremity B was completely shiny and f lat,  we took the fiber out of 
the ferrule,  reverse it,  and after adding a drop of  cement on top of the ferrule (Step 2),  we again placed the 
fiber inside it (Step 3). Next, we cleaned the excess of cement in bo th ends of the ferrule and with a hot source 
we dried it (Step 4). Lastly,  we polished the extremity A of the optical f iber using the polishing disk until  it 
becomes shiny and f lat  (Step 5). After this  process is f inished, the performance of  the optical  f i ber (percentage 
of l ight that passes through the fiber) should be assessed using a blue laser and a digital optical power and 
energy meter.  





 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


