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Preface 
 

 

Memory is probably the most precious and important of our capabilities: without 

it we would just be lost and helpless beings, unable to learn about the world 

surrounding us and act on it.  

But for learning to be useful to us and adaptive, it is not enough for the brain to 

be able to encode new information; our environment and the contingencies 

associated with it are not immutable, so neither should be our behaviour. The 

responsible neural systems must allow acquired knowledge and the resulting 

memories to be refined, adapted, updated or even erased.  

In fact, the brain allows us great flexibility, which is the core attribute of a wide 

range of behavioural and cognitive functions such as motor planning, social 

behaviour, evaluation of expected outcomes, and working memory. How is this 

implemented?   

It is a well-established notion in neuroscience that the frontal cortex plays an 

essential role in the neural mechanisms underlying behavioural flexibility, with 

specific roles for specific subdivisions; the contribution of more posterior 

neocortical areas, instead, has generally been less explored. 

 

In this thesis, I investigate the role of Retrosplenial cortex (RSC) in learning and 

uncover its previously unknown contribution to behavioural flexibility. Using 

chemogenetic tools in combination with viral tracing techniques, neuronal tagging 

methods and diverse behavioural tasks, I will show how learning and updating 

affect RSC in terms of neuronal plasticity and memory allocation, and what are 

the specific impairments caused by learning without RSC. Finally, I will explore 

the role of the connections between RSC, the thalamus and the basal ganglia 

system in the implementation of its function. 
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• AAV Adeno-Associated Virus  

• ACC Anterior Cingulate Cortex 

• AD Anterodorsal nucleus of the thalamus 

• AM Anteromedial nucleus of the thalamus 

• AMP Adenosine MonoPhosphate 

• AMPA Alpha-Amino-3-Hydroxy-5-Methyl-4-Isoxazole Propionic Acid 

• APV ((2R)-Amino5-Phosphonopentanoate) 

• ASST Attentional Set Shifting Task 

• AV Anteroventral nucleus of the thalamus 

• BDNF Brain-Derived Neurotrophic Factor 

• BG Basal Ganglia 

• BSA Bovine Serum Albumin 

• CA Cornu Ammonis  

• CaMKII Ca2+/Calmodulin-Dependent Protein Kinase II 

• CD Complex Discrimination 

• cFC Contextual Fear Conditioning 

• ChR2 Channelrhodopsin 2 

• CREB cAMP Responsive Element Binding 

• CS Conditioned Stimulus 

• DG Dentate Gyrus 

• Dhp Dorsal Hippocampus 

• DLS Dorsolateral Striatum 

• DMS Dorsomedial Striatum  

• EDS Extradimensional Shift 

• fMRI Functional Magnetic Resonance Imaging 

• FOR Familiar Object Recognition 

• GABA γ-amino Butyric Acid 

• GP Globus Pallidus 

• GPe Globus Pallidus External Segment 

• GPi Globus Pallidus Internal Segment 

• IDS Intra-Dimentional Shift 

• IDSRe Intradimentional-Shift Reversal 
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• IEG Immediate Early Gene 

• IL Infralimbic Cortex 

• LD Laterodorsal nucleus of the thalamus 

• LP Lateroposterior nucleus of the thalamus 

• LSM Laser Scanning Microscope 

• LTD Long-Term Potentiation 

• LTP Long-Term Depression 

• MAPK Mitogen-Activated protein kinase 

• mPFC  Medial Prefrontal cortex 

• MSNs Medium Spiny neurons 

• MWM Morris Water Maze 

• NMDA N-Methyl-D-Aspartate 

• OFC Orbitofrontal Cortex 

• PBS Phosphate-buffered saline 

• PC Parietal Cortex 

• PF Parafascicular nucleus of the thalamus 

• PFA Paraformaldehyde 

• PKA Protein Kinase A 

• PKC Protein Kinase C 

• PreL Prelimbic cortex 

• PSAM Pharmacologically Selective Actuator Module 

• PSEM Pharmacologically Selective Effector Molecule 

• PV Parvalbumin 

• RSC Retrosplenial Cortex 

• SD Simple Discimination 

• SNc Substantia Nigra Pars Compacta 

• SNr Substantia Nigra Pars Reticulata 

• STN Subthalamic Nucleus 

• TRAP Targeted Recombination in Active Populations 

• US Unconditioned stimulus 

• WCST Wisconsin Card Sorting Test 

• WPRE Woodchuck Posttranscriptional Regulatory Element  
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2.Introduction 
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2.1 The neural basis of learning and memory 

Learning is the process by which we acquire new knowledge, and memory is its 

result: it allows us to maintain and build on that knowledge throughout our life. As 

a great part of what we know about the world around us is learned and not innate, 

our identity lies in what we have learned and what we are able to remember.  

Once learning is triggered, however, what follows is not a fixed sequence of 

events that terminate with the formation of an immutable long-term memory, but 

a set of dynamic processes: encoding of new information, consolidation of this 

information from short to long-term memory, and reconsolidation after retrieving 

and updating a previous memory based on new acquired information1.  

We now know, thanks to years of research, that these processes begin with 

molecular and cellular modifications at the level of single synapses and continue 

with more global changes across multiple synaptic connections and selected 

neurons that become part of large-scale neuronal networks2. In this section, I will 

summarize the key discoveries that brought to our current understanding of these 

phenomena and draw attention to the new set of question that they gave rise to. 

Synaptic plasticity 

The idea that memory is stored as an anatomical change in the strength of 

synaptic connections originated from Cajal’s “cellular connectionist” approach, 

later renamed synaptic plasticity.  

Pioneering studies using habituation and sensitization of the gill-withdrawal reflex 

of Aplysia and the tail-flick response of crayfish demonstrated that the formation 

of short-term memory indeed results from changes in the strength of a subset of 

critical synapses, through modulation of the release of neurotransmitters from the 

presynaptic neuron3–5. 

It is now a well-established view that learning involves what is known as Hebbian 

plasticity, based on Donald Hebb’s influential proposal in 1949, which stated that 

a synaptic input can be strengthened when activity in the presynaptic neuron co-

occurs with activity in the postsynaptic neuron: the notorious “neurons that fire 

together wire together”6. Therefore, associative learning occus if a strong 

presynaptic input depolarizes the postsynaptic neuron at the same time as 



11 

 

another presynaptic input weakly stimulates the neuron, and as a result, this weak 

input is strengthened by its temporal association with the strong one.  

Several years later, Bliss and Lomo discovered long-term potentiation (LTP), a 

cellular mechanism for experience-dependent plasticity: they found that high-

frequency electrical stimulation of the perforant path input to the hippocampus 

results in an increase in the strength of the stimulated synapses that lasts for 

many days.7 LTP satisfies the properties of associability and specificity 

formulated by Hebb, because only synapses that are active when the 

postsynaptic neuron is strongly depolarized are specifically potentiated, while the 

silent synapses are not. This constitutes a mechanism for linking ensembles of 

neurons encoding different environmental features that are presented together, 

and therefore to produce memory associations.  

Most forms of LTP are dependent on the activation of N-methyl-d-aspartate 

receptors (NMDARs), which are known to be coincidence detectors: they are both 

voltage and ligand gated, so to let Ca2+ in they require depolarization of the 

postsynaptic membrane in which they reside, as well as concurrent release of 

glutamate from on the presynaptic terminal. The Ca2+ signal can then activate a 

wide range of signaling pathways including CaMKII, PKC, PKA, and MAPK, that 

have all been implicated in the induction of LTP (most prominently this leads to 

an insertion and clustering of AMPA receptors and hence to an increase in 

synaptic efficiency)8,9. Importantly, this form of plasticity can also be regulated by 

attention, motivational state and reward through the action of neuromodulators 

such as dopamine, which act on the same molecular pathways. If the order of 

activation is reversed, and the presynaptic stimulation follows the postsynaptic 

action potential, the synaptic strength will be depressed and result in an NMDA-

dependent form of plasticity called long-term depression (LTD)10,11. 

The role of LTP and LTD in learning has been extensively studied, in order to 

establish a causal link between these synaptic processes and memory. One of 

the first direct tests of the role of LTP in hippocampal-dependent forms of learning 

is a study by Morris, in which using the NMDA receptor antagonist APV in rats 

blocks their ability to learn new spatial location of the platform in the water maze12. 

After him, Tonegawa and his colleagues generated mice carrying a deletion of 

the CaMKII gene and tested them for LTP and memory: the knockout mice were 

viable but lacked hippocampal LTP and showed severe deficits in several 
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hippocampal-dependent forms of learning13. Finally, and more recently, the lab of 

Roberto Malinow showed, with the use of optogenetics, that a fear memory can 

be inactivated and reactivated by inducing LTD and LTP, respectively, in the 

amygdala14. 

 

 

It is important to keep in mind, however, that in addition to modifications of 

synaptic weights, learning leads to both structural rearrangements of pre-existing 

synapses and to a remodelling of connectivity 15, through the formation of new 

synapses and the elimination of existing ones. This type of plasticity is referred 

to as structural plasticity, and these synapse dynamics have been showed to 

correlate with and be necessary for new learning and memory storage in a vast 

number of models and brain regions. For instance, motor skill training results in 

the formation and elimination of spines in the primary motor cortex, affecting 

Figure 2.1 Key molecular mechanisms involved in NMDAR-mediated LTP. Under 
basal conditions, calcium (Ca2+) ion influx through NMDA receptors is blocked by 
magnesium (Mg2+) ions in the pore. Increased neural activity cause by a specific 
stimulus pattern leads to enhanced glutamate release from the presynaptic terminal. 
Glutamate binds to NMDARs on the post-synaptic side, resulting in an influx of Ca2+ 
and the activation of downstream signaling molecules including CaMKII and PKA 
promoting the exocytosis and lateral diffusion of AMPARs to the synapse. (Adapted from 
F McLeod and PC Salinas 2018) 
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different sets of synapses for different motor skills 16,17, and optical erasure of 

spines potentiated upon motor training impairs the acquired motor skill18. This 

demonstrated that acquired memories depend on the formation of task-specific 

synaptic ensembles. These task-specific rearrangements also seem to have 

spatial specificity: spines induced by related learning events tend to occur in 

clusters on the same stretch of a dendrite, while distinct associations induce spine 

plasticity at distant sites19,20.  

Memory consolidation 

The mechanisms of synaptic plasticity described so far only represent the first 

steps for the formation of long-lasting memories. As already mentioned, learning 

is a process rather than a discrete event, and the stability and strength of newly 

formed memories normally increase with the passage of time. The term 

consolidation is used to describe these post-learning molecular mechanisms of 

memory stabilization, by which a short-term memory is transformed into a long-

term one. 

The hypothesis that memory undergoes a consolidation phase originated from 

the observation that, in human subjects, interference introduced during a limited 

time after learning disrupted retention of learned information21; the hypothesis 

was later confirmed by studies in which electroconvulsive shock delivered to 

rodents at various time points post-training led to interference of the memory 

traces at early, but not later, time points after learning22,23. Since then, research 

focused on identifying the molecular, cellular, and systems events occurring at 

successive time points post learning, to address the mechanisms of memory 

consolidation. The first clue to understand this conversion came from 

pharmacological studies in vertebrates; Flexner, Agranoff and his colleagues and 

later Barondes and Squire, observed that the formation of long-term, but not 

short-term memory requires de novo protein synthesis24–27. Cellular studies 

conducted in Aplysia revealed the molecular cascade involved: the increase in 

cAMP induced upon short term memory formation causes the catalytic subunit of 

the PKA to recruit MAPK; both kinases then move to the nucleus, where they 

phosphorylate transcription factors and thus activate the gene expression 

required for long-term memory28,29. 
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One important and well-studied consequence of this cascade is the transcription 

of immediate early genes (IEG), which happens within minutes from stimulation30. 

Even though their specific function in memory consolidation is not completely 

understood, IEGs have a wide range of cellular functions, ranging from cellular 

growth and intracellular signaling to synaptic modification and structural 

changes31: functions that are consistent with the types of modifications thought 

to underlie synaptic plasticity, and thus eligible to influence memory consolidation. 

 

For many of those IEGs (most notably, Arc, c-fos and CREB) it was possible to 

determine not only a correlation in their expression profile and memory 

consolidation, but also their necessity. For instance, experiments using Arc 

antisense or Arc knockout mice both showed deficits in long-term synaptic 

plasticity and impaired long-term memory in several behavioural tasks32,33; pre-

training infusion of c-fos antisense molecules into the hippocampus were also 

showed to specifically impair long-term memory for both spatial and pavlovian 

learning30; the overexpression of CREB promotes long-term memory formation 

after protocols that would otherwise only induce short-term memory, indicating its 

proactive role34–36. 

Figure 2.2 The CREB pathway regulating gene expression required for memory 
formation and consolidation. NT: neurotransmitter; GF: growth factor. The activation 
of intracellular signaling pathways involved in long-term memory formation sequentially 
leads to CREB phosphorylation and transcription of regulatory early genes, which control 
the transcription of downstream late response (effector) genes (Adapted from D.A. Frank 
& M.E. Greenberg, 1994). 
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Finally, it is essential to keep in mind that neuromodulators - and dopamine in 

particular - influence the process of memory consolidation; very interestingly, they 

do so within specific time windows after learning. For instance, infusion of a D1D5 

agonist in the rat CA1 was showed to have a positive effect on inhibitory 

avoidance learning only when infused 3 to 6 hours post learning, but not after 9h 

or before training; a D1D5 antagonist had the opposite effect37. An indication for 

the molecular mechanisms underlying the effect of neuromodulators comes from 

experiments in which post-learning infusion of an inverse agonist of D2 receptors 

leads to a decrease in CaMKII from 3 to 12 hours after learning, Zif-268 6 hours 

after learning, and brain-derived neurotrophic factor (BDNF) 12 hours after 

learning38. Moreover, D1D5 receptor signaling is required  to sustain the plasticity 

of parvalbumin neurons, which is also induced by learning with a specific 

temporal pattern, and the expression of c-fos at a 12-14 hours window post 

learning, and hence to ensure successful memory consolidation39. Therefore, 

dopamine modulation has a time-critical role in memory consolidation. 

Memory allocation 

Each neuron in a mouse has thousands of synaptic connections (even more in 

humans), and because LTP can independently modify single synapses, even a 

single neuron has a massive capacity for information storage; therefore, memory 

could be in principle mediated only by LTP2,40.  

However, the process of memory encoding should also be considered at a 

neuronal and circuit level: although connectivity (which is defined during 

development) is obviously a constraint on the function of brain circuits, they can 

still represent many different external events and encode a wide range of 

memories. Conversely, only a subset of the neurons that could possibly become 

part of a memory trace based on their connectivity is actually recruited to that 

memory.  

So how are different neurons within those circuits differentially selected during 

memory encoding?  

There is accumulating evidence that synapse-specific changes are not the only 

type of neuronal rearrangement necessary for learning and memory, but that 

modification of global neuronal properties also play an important role to determine 
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which neurons are incorporated into a memory trace, a phenomenon referred to 

as memory allocation41.  

Significant progress has been made in understanding the neural mechanisms 

underlying this process, thanks to recent technological advances that allow direct 

visualization and manipulation of cells mediating memory storage. These 

methods take advantage of the knowledge that cells active during memory 

formation induce elevated levels of immediate early genes such as cFos and 

arc21: their expression is therefore exploited, with different but conceptually 

analogous approaches, to identify the memory trace cells42. 

With the use of these tools, for the first time it was possible to target and 

functionally interrogate the so-called “engram”; this term was introduced in 1908 

by Richard Semon in his physical theory of human memory “The Mneme” and is 

considered equivalent to “memory trace”, although he had made no assumption 

about the biological basis of it43. 

Specifically, it was possible to confirm whether the engram cells were really the 

substrate and the neuronal correlate of memory, by performing gain and loss of 

function experiments; several studies have achieved that, in different areas and 

using different learning paradigms. For instance, using an inducible system based 

on the promoter of Arc and a Cre recombinase activated by Tamoxifen, Denny 

and colleagues labeled neurons that were activated in either the DG or CA3 of 

the hippocampus upon the acquisition of a contextual fear memory and 

subsequently inactivated these cells using optogenetics44. They were able to 

show that this resulted in a memory impairment, and hence that the engram was 

necessary for recall of the CS-US association. What about sufficiency? Is it 

possible to elicit memory recall by directly activating a population of neurons that 

was active during learning? Among others, a study by Liu et al showed that a 

population of hippocampal dentate gyrus neurons active during fear learning and 

labelled with channelrhodopsin-2 (ChR2) was able to induce freezing when 

reactivated in a different context45.  
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The question that remained to be addressed is what mechanisms lead to the 

selection and recruitment of neurons into an engram. A well-studied pathway 

affecting memory allocation involves CREB (cAMP response element-binding 

protein), a transcription factor that first attracted attention in the field of memory 

because of its phosphorylation-dependent activation following LTP induction and 

learning (an activation that persists for hours). In studies of fear conditioning, the 

introduction of excess or constitutively active CREB into a sparse subset of 

neurons increased the probability that those cells would be incorporated into the 

memory trace, whereas decreasing the levels of CREB had the opposite effect.46 

By what mechanism does CREB control memory allocation? 

Studies performing intracellular recordings demonstrated that administration of 

current pulses of the same magnitude produced more action potentials in neurons 

overexpressing CREB than in nearby neurons that did not overexpress it: this 

suggested that CREB affects allocation by enhancing neuronal excitability47. And 

modifying the excitability of a cell is sufficient to bias its incorporation into a 

memory trace: when viral vectors were used to enhance excitability through 

Figure 2.3 Schematic illustrating the tag and manipulation of engram cells based 
on IEG expression. (a) DG neurons activated during contextual fear conditioning (CFC) 
training in a conditioned context (context A) labeled with either Channelrhodopsin 2 
(ChR2; b) or Archaerhodopsin (Arch-T; c), whose expression is controlled by IEG 
promoters. (b) Fear conditioned mice show freezing responses in a new context 
(context B) only when the c-Fos+ ensemble expressing ChR2 was reactivated by blue 
light (Liu et al., 2012). (c) Fear conditioned mice show no freezing responses to 
conditioned context A when neuronal activity of the Arc-positive ensemble expressing 
Arch-T was inhibited by green light illumination (Denny et al 2014). (Modified from 
Minatohara et al 2016). 
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reduction of K+ channel function, cells expressing the mutant channels were 

preferentially allocated to the memory trace, as indicated by their increased levels 

of arc compared to those in nearby not infected neurons48. The opposite result 

can be obtained by reducing excitability with the expression of Kir2.1, an inwardly 

rectifying K+ channel48. 

These studies demonstrated that the particular group of neurons recruited to any 

given memory is not pre-determined, and that the resting state of each neuron 

during learning affects the probability that it will be recruited. At the same time, 

memory assemblies induced artificially are overall comparable in size to 

physiological ones, suggesting the existence of competitive mechanisms acting 

together with excitability to regulate memory allocation.  
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2.2 Action selection and flexible learning  

As already stated, the ability to learn and form stable memories is an essential 

function for every living organism. Probably the main reason why memory is so 

important for life is its connection to behaviour: the associations that we and all 

other animals form between stimuli in the environment and their outcomes are 

ultimately used to guide our actions, and hence to make meaningful choices. 

Because multiple associations are of course learned and stored at the same time, 

not only memories themselves, but also this connection between memory and 

selected actions must be adjusted based on current contingencies.  

Since the last part of my thesis deals with how memories in RSC might be used 

to guide goal-directed behaviour, in the following section I will discuss the basic 

anatomical and functional properties of the basal ganglia system, which is thought 

to act as a bridge between goals, memories and their outcomes. 

The Basal ganglia  

The term ‘Basal ganglia’ (BG) is used to describe a group of seven subcortical 

nuclei that, together with their main input and output targets, play an essential 

role in movement control, action selection and decision making. Initially, clinical 

observations led to the intuition that the basal ganglia are involved in the control 

of movement49,50: pathological signs in these nuclei were always identified in 

postmortem examination of patients with motor-related diseases (some, like 

Parkinson disease, characterized by diminished movements without paralysis, 

and others, like Huntington disease, by the opposite problem: excessive and 

involuntary movement) 51. While this still holds true, years of research have 

showed how in addition to these movement disorders, damage to the basal 

ganglia is associated with complex behavioural impairments, suggesting a wider 

role of these nuclei in learning and high cognitive functions52. 
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Anatomy of the BG: the cortico-basal ganglia-thalamo-cortical loops 

The four principal nuclei of the basal ganglia are the striatum, the globus pallidus 

(GP), the substantia nigra pars compacta (SNc) and pars reticulata (SNr), and 

the subthalamic nucleus (STN); to better understand their anatomy, these 

components can be subdivided into input, intrinsic and output nuclei. The input 

station of the Basal ganglia system is represented by the striatum (caudate, 

putamen and nucleus accumbens), the largest subcortical structure in mammals’ 

brain. The striatum receives heterogenous information from two main excitatory 

input sources, the cortex and the thalamus, and projects to specific downstream 

pathways. Based on the source of its input, the striatum is further divided into 

three functional domains: sensorimotor, associative and limbic (roughly 

corresponding to the dorsolateral, dorsomedial and ventral part, respectively). 

The output nuclei, that send information outside of the basal ganglia, include the 

internal segment of the globus pallidus (GPi) and the substantia nigra pars 

reticulata (SNr). They both contain tonically active inhibitory GABAergic neurons 

that project to downstream target neurons in the thalamus and brainstem. Finally, 

the external segment of the globus pallidus (GPe), the subthalamic nucleus (STN) 

and the substantia nigra pars compacta (SNc) are located in between input and 

output in the relay of information and are therefore considered as intrinsic 

nuclei52,53. 

Projection neurons in the striatum are called medium spiny neurons (MSNs) 

because of the size of their somata and their dendritic spines; like most other 

neurons in the basal ganglia system, they are inhibitory GABAergic cells (the only 

excitatory projections of the basal ganglia are represented by the glutaminergic 

cells of the STN). The MSNs are not a homogeneous population: some target the 

intrinsic nuclei, while others project directly to the output nuclei. Therefore, the 

final output of the Basal ganglia is controlled by these two parallel pathways from 

the striatum, one direct and one indirect; the classical working model for the BG 

network was formulated based on this anatomical observation. According to this 

model, when excitatory inputs activate the direct pathway, the tonically active 

neurons in the pallidum are momentarily suppressed, reducing the inhibition onto 

the thalamus and ultimately the cortex; on the other hand, transient activation of 

the indirect pathway increases inhibition of the thalamus and cortex54,55. Thus, 
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the direct pathway is thought to provide a positive feedback in this loop between 

the basal ganglia and the thalamus/cortex and result in movement initiation, while 

the indirect pathway provides negative feedback and results in reduction of 

movements. Moreover, the two striatal output pathways are differentially affected 

by dopaminergic projections from the SN: MSNs that project directly to the output 

nuclei have D1 dopamine receptors that facilitate transmission, while those that 

project indirectly to the intrinsic nuclei have D2 receptors that reduce 

transmission.  

 

 Beyond the classic model 

The classic direct/indirect pathways model has been without any doubt very 

useful to explain experimental findings, elaborate models of basal ganglia 

disorders such as Parkinson or Huntington disease, and explain the mechanisms 

of action of pharmacological treatments and surgical interventions. It is essential 

to mention, however, that its functional validity is still controversial, and a matter 

of debate56; for instance, a relatively recent study using Ca2+ imaging in D1 and 

A2A-Cre (indirect pathway specific) mice showed that neural activity in both 

Figure 2.4 Basal Ganglia anatomy. The classic model of the Basal ganglia network is 
composed of a corticostriatal projection, two major striatofugal projection systems, giving 
rise to the direct and indirect pathways, and the efferent pallido–thalamo–cortical 
projections to close the loop. (Modified from Lanciego et al 2018)  
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pathway MSNs is transiently increased when animals initiate actions57, in contrast 

with the classical model suggesting opposing roles for the two pathways. 

Moreover, although in the framework of the classic model the direct and indirect 

pathways are described as anatomically segregated, evidence suggests the 

existence of several crosstalk mechanisms between them, the most prominent 

being represented by the so called “bridging collaterals” from the direct pathway 

MSNs to the GPe58,59. Regulating the size and activity of these collaterals could 

be a mechanism by which the two pathways modulate each other, achieving 

behavioural balance. Indeed, an interaction between the direct and indirect 

pathways has been hypothesized for the role of the basal ganglia in action 

selection: according to this model, both pathways are active during movement 

selection and the integration of the two outputs could decide on the ultimate 

selection of motor programs on the base of the outcomes obtained from previous 

actions60. Relevant to this aspect, the striatum has been highly implicated in both 

reinforcement and punishment processes, and the activation of the direct and 

indirect pathways was found to be sufficient to modify the probability of 

performing future actions: in mice, optogenetic activation of D1-expressing 

neurons has been showed to cause persistent reinforcement, whereas activation 

of D2-expressing neurons induced transient punishment61,62. 

Taken together, these evidences suggest that the direct and indirect pathways 

should not be seen as separate parallel systems, as hypothesized in the classical 

interpretation of the model, but as structurally and functionally integrated, working 

together to appropriately regulate behaviour. 

 

Functional segregation within the dorsal striatum 

As hinted at the beginning of this section, the traditional view of the basal ganglia 

system as a purely motor structure has long been revised, due to evidence 

pointing to a role for the BG (and especially for the striatum) in a wide range of 

cognitive functions. This plethora of functions, all associated with the 

performance of reward/punishment-related actions, are organized in two main 

categories: one controlling the acquisition of goal-directed actions, and the other 

the acquisition of habits. The difference between the two lies in the fact that 
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actions under goal-directed control are performed with regard to their 

consequences, whereas those under habitual control are more reflexive in 

nature, and controlled purely by stimulus-response associations without any 

associative link to outcome63. Soon, a distinction became evident within the 

striatum, with the dorsomedial portion (DMS) involved in controlling the first 

category of actions, and the dorsolateral part (DLS) in controlling the second64.  

For instance, lesions or muscimol inactivations of the DMS prevents goal-directed 

learning in an operant conditioning task, rendering performance habitual even 

during the early stages of training. On the other hand, the same manipulations 

done to the DLS disrupt habitual learning: in a level pressing task, rats remain 

goal-directed upon outcome devaluation even after extensive training, which in 

controls leads to clear habituation65,66. These separate roles likely reflect the 

heterogeneity of the inputs received by DMS and DLS; as already mentioned, the 

striatum is subdivided in functional domains based on its input sources, with the 

DMS belonging to the associative, and the DLS to the sensorimotor domain. A 

recent study investigated this hypothesis by recording from both DMS, DLS and 

the orbitofrontal cortex (OFC) (which is selectively connected to DMS) while mice 

shift between goal-directed and habitual lever pressing. They show that during 

performance of this task, DMS and OFC become more engaged during goal-

directed actions, while DLS becomes less engaged; moreover, chemogenetic 

inhibition of OFC specifically disrupts goal-directed actions67. Finally, two 

separate studies used functional disconnections experiments and found that 

prelimbic (preL) to DMS connectivity is required for both the acquisition of goal-

directed actions68, and cue-guided behavioural switching and flexibility69. 

 

Thus, when considering the role of the BG in learning and action selection, it is 

essential to take into account both the distinction between the direct and indirect 

pathways and the functional subdivisions existing within the striatum, its input 

station. 
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2.3 The Retrosplenial cortex 

Relatively little research has been carried out over the years focusing on the 

function of RSC, especially if compared with other brain regions involved in 

learning and memory processes such as the hippocampus and the amygdala.  

Available data mainly come from the study of human patients with RSC lesion, 

imaging studies in humans and monkeys, and lesion studies in rats. A more 

recent (but substantially smaller) body of work involves molecular and 

electrophysiological studies in rodents. 

In this section I will describe in detail the anatomy and connectivity of the 

Retrosplenial cortex, and I will try to comprehensively review what has been done 

so far, what the current view regarding the role of RSC is and, most importantly, 

which questions still need to be answered 

Anatomy of the Retrosplenial cortex 

As the name suggests, the Retrosplenial cortex (RSC) is a brain structure located 

directly behind the splenium of the corpus callosum. In human and non-human 

primates, the cingulate cortex (the strip of cortex surrounding the corpus 

callosum) is divided into an anterior and a posterior part, and RSC constitutes the 

most caudoventral portion of the posterior cingulate; in rodents instead, the whole 

posterior cingulate cortex is considered as RSC. Therefore, although the whole 

region is highly conserved across mammals, it is located more dorsally in rodents, 

reaching the brain surface and occupying a larger area70. 

Figure 2.5 The Retrosplenial cortex across species. Schematic of the RSC as seen 
in midsagittal section in humans, rhesus monkeys and rats. (Modified from Mitchell et 
at 2017) 
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RSC is not a uniform structure: it corresponds to the cortical regions that 

Brodmann identified as areas 29 and 30 - also called granular and dysgranular 

RSC - that are differentiated based on cytoarchitectonic features. The granular 

subdivision was further subdivided by Vogt and Peters into three areas - A29a, -

b and, -c - based on termination patterns of callosal fibers.  

Cytoarchitectonically, there is a clear gradient along the dorsoventral axis: A29a 

(the most ventral subdivision) lacks a fully differentiated layered structure, with 

homogeneous layer II/III and almost absent layers IV and VI. More dorsally, A29b  

 

has a well-defined layer II/III, with a thin superficial densely packed zone and a 

less packed deeper zone, but almost absent layer IV. A29c has more 

differentiated layer V and VI, but like all the previous nearly lacks layer IV; finally 

and most dorsally, A30 has a more canonical neocortical structure, with a wider 

and less dense layer II/III, fully developed layers IV and VI, and larger cell bodies 

in layer V71. 

 

Figure 2.6 Cytoarchitecture of the Retrosplenial cortex. Photomicrograph of a 
coronal section stained for NeuN showing the cytoarchitectonic characteristics of A29a, 
A29b, A29c, and A30. (Adapted from Sugar, Witter et al 2011). 
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Retrosplenial connectivity 

The RSC appears to bridge between the hippocampal formation and the 

neocortex; this is reflected not only in its already described cytoarchitectonic 

structure (transitioning between the 3-layer archicortex of the hippocampus and 

the 6-layer neocortex), but also in its connectivity pattern. 

Only few anatomical studies have analyzed the projections to and from the 

various subdivisions of RSC systematically and in detail72,73; available data show 

that there are some shared features along with some interesting differences 

across regions, the most prominent being between granular and dysgranular 

RSC. As a general principle, RSC interacts reciprocally with several brain regions, 

especially within the neocortex and thalamus; the first include visuo-spatial 

cortical association areas such as the parietal and secondary visual cortices, and 

prefrontal areas such as the anterior-cingulate and orbito-frontal cortices. 

Subcortically, RSC has major reciprocal connections with the para-hippocampal 

formation, as well as with the anterior and lateral thalamic complex. 

Some connections are instead unidirectional: notably, those received from the 

CA1 subdivision of the hippocampus, the subiculum, the locus coeruleus and the 

claustrum. Also unidirectional are efferent projections to the intralaminar thalamic 

nuclei, the medial pulvinar and the dorsal striatum. 

But as mentioned, there are some important differences between granular and 

dysgranular RSC to keep in mind; the first lies in the fact that the granular RSC 

is more closely connected with the hippocampal system compared to the 

dysgranular: it is the only one to receive the direct inputs from the CA1 field of 

the hippocampus and from the subiculum, and has reciprocal connections with 

pre-subiculum, para-subiculum and post-subiculum. 

Conversely, the dysgranular RSC has closer connections with neocortex: 

although both regions receive inputs from anterior-cingulate (ACC) and parietal 

cortex (PC), only for the dysgranular RSC those connections are reciprocal; 

moreover, connections with orbitofrontal (OFC) and primary visual cortex (V1) are 

exclusive to this sub-region. 

The second major difference discriminating between granular and dysgranular 

RSC is which of the nuclei in the thalamus they are connected to: The first mainly 

projects to the latero-dorsal (LD) and antero-ventral (AV) nuclei, and receives 
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projections back from them and from the antero-dorsal (AD) nucleus; The second 

mainly projects to the antero-medial (AM), latero-posterior (LP) and LD nuclei and 

receives projections back from all of them. 

Taken together, these connections certainly point to RSC as an information hub, 

located at the interface between systems involved in memory, sensory processing 

and higher cognitive functions. 

 

 
Figure 2.7 Retrosplenial connectivity. Schematic diagram illustrating RSC’s general 
connectivity; RSC serves as an interconnected hub for neocortical, hippocampal, 
parahippocampal and thalamic regions important for episodic memory, landmarks 
processing and navigation. (Modified from Mitchell et al 2017) 

 

Functional roles of the RSC: an overview 

Human studies 

In humans, damage to the RSC can be caused by tumors or cerebral 

hemorrhages in the splenium of the corpus callosum, and studying  these patients 

has allowed for the first characterizations of RSC’s function; the consequence of 

this damage very often consists in topographical disorientation74 - the inability to 

describe or perform routes between locations - despite a preserved familiarity for 

individual landmarks and visual scenes. The sense of allocentric space, which is 
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based on external cues and the relationship between them, is compromised in 

those patients. Egocentric representations on the other hand are spared: for 

instance, although they not able to position buildings inside the map of their own 

city, when given the name and place of a specific location, patients with RSC 

lesions can recall the names and positions of buildings visible from the one 

mentioned75,76. Hence the idea that RSC is needed to create and recall a 

coherent spatial representation of the environment from navigational cues and 

landmarks. However, disorientation is not the only consequence of impaired RSC 

function: RSC damage causes amnesia for episodic memory that is comparable 

to that seen after temporal lobe damage, with severe anterograde amnesia - the 

difficulty to acquire new information, presented verbally or visually - and 

temporally graded retrograde amnesia77,78. Interestingly, unilateral lesions can 

produce either topographical disorientation or memory impairments only 

depending on the side involved, suggesting that spatial and episodic functions of 

RSC could be lateralized, at least in the human brain76,79. 

Neuroimaging studies using functional magnetic resonance (fMRI) in humans 

also point to an involvement of RSC in both spatial processing and memory-

related tasks; regarding the first function, the RSC is consistently engaged by a 

wide array of spatial navigation tasks, including learning to navigate a new 

environment, passive viewing of navigation videos, interactive navigation in 

virtual environments and mental navigation80–82. But under what specific 

circumstances is RSC important in this context? A study showed that during a 

virtual-reality simulation of central London, the activity in RSC increased 

specifically when the topographical representation needed to be updated, 

integrated or manipulated in order to plan a new route83. However, an interesting 

theory suggests that RSC could be important not for navigation per se, but more 

generally for processing relevant relationships between objects and their context: 

in support of this, the RSC of healthy subjects was showed to have a stronger 

response to objects strongly associated with a specific context (such as a sea 

shell) compared to more “generic” objects (such as a chair)84,85. There is therefore 

no clear consensus.  

In a different set of studies testing episodic memories, RSC shows consistent 

activation during autobiographical memory retrieval86; although some of them 

suggests a more specific involvement during recent rather than remote 



29 

 

experiences87–89, this is controversial, and the activity of RSC is detected in 

different studies during both recent, remote, neutral and emotional 

autobiographical memories81,90,91.  

Finally, it is important to mention that RSC is part, together with mPFC, medial 

temporal lobe regions and the parietal cortex, of a core network of structures 

found to be active during “resting brain states” (periods of rest between tasks), 

known as the “default mode network”70,92. The precise function of this network is 

not clear, but it is thought to underlie several cognitive functions such as recalling 

of past experiences, imagining future possible scenarios, theory of mind and 

daydreaming93–96: all types of processing that are not exclusively mnemonic in 

nature. One suggestion is that this network might support “scene construction”, 

which would then underpin functions such as planning, thinking about the future, 

autobiographical memory and navigation95. 

Animal studies 

A - still growing - body of work conducted in rodents has allowed to access and 

reveal important features of RSC that inform us about its function; for instance, 

thanks to electrophysiological studies, we know that approximately 10% of RSC 

cells in the rat are “head direction cells”, neurons whose firing is modulated by 

heading direction97–99. They are equally distributed between the granular and 

dysgranular subdivisions (but also found in other structures such as the post-

subiculum and the anterior-dorsal and latero-dorsal thalamic nuclei), and together 

with ‘place cells’ and ‘grid cells’ of the hippocampus and entorhinal cortex, are 

thought to constitute the spatial navigation system of the brain. Although the head 

direction signal does not seem to be generated within the RSC itself, its presence 

is one of the hints pointing to a role in spatial processing and navigation; in 

support of this view, temporary inactivation of RSC in mice can also lead to a 

remapping of place cells in the hippocampus without perturbing other 

electrophysiological properties of those cells100, and impair the directional 

specificity of head-direction cells in the anterior thalamic nuclei101. Furthermore, 

RSC lesions in rodents were shown to impair different forms of spatial memory, 

including learning of the water maze, radial arm maze and more generally of tasks 

involving the use of distal cues102–104; it is crucial to note however that this 

impairments are not as dramatic as the ones seen after hippocampus 
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inactivation105–107, and the most substantial impairments cause by RSC lesions 

emerge when animals are forced to shift spatial strategies107,108. 

Local field potential recordings in RSC show the presence of locally generated 

theta oscillation; this activity is often phase locked with hippocampal theta109,110, 

but unlike it, it is only partially dependent on septal inputs111. The relationship 

between RSC and hippocampal theta is not clear, with some studies showing that 

hippocampal lesions suppress task-evoked theta in RSC and others claiming that 

theta-like activity, at least in some parts of the RSC, is spared and so independent 

from the hippocampus110,111. What is the role of theta oscillations? They are 

thought to play a critical role in organizing activity to enable neural plasticity112–

115 and in coordinating spiking activity between regions116,117, but alternative 

theories suggest that they could also function as a mechanism for animals to 

keep track of their location within the environment118: it could therefore support 

both functions associated with the RSC, spatial learning and episodic memory 

formation. Yet other studies implicate RSC in long term memory storage, through 

a process of hippocampal dependent system consolidation. In a study by Katche 

and colleagues, for instance, the formation of a long-term memory for inhibitory 

avoidance seems to depend on interactions between the hippocampus and the 

RSC occurring around 12 hours after learning, when waves of IEG activation and 

protein synthesis occur in both regions119. Related to this function, RSC was also 

suggested to have a role for the formation of schemas in the neocortex; Tse and 

colleagues used a task in which rats acquired long-term memories for food 

locations that later enabled them to learn and consolidate novel spatial locations 

faster, a facilitating effect that the authors attribute to systems reconsolidation. In 

this task, while IEG activation in hippocampal CA1 increased following any  

learning event, IEG activation in RSC increased only when new locations were 

learned based on of previously acquired memories120. 

It is evident from what previously said that most of lesion/inactivation studies have 

focused on cognitive abilities linked to hippocampal activity, because of its close 

connections with the whole para-hippocampal formation; however, RSC function 

in rodents is not limited to spatial and hippocampus dependent learning. Some 

studies highlight the importance of RSC to simultaneously process and associate 

multiple stimuli, and even to encode the association between a sensory context 

and its behavioural significance. One such study, for instance, shows how RSC 
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is required to identify and act on response conflict during a version for rats of the 

Stroop test: animals were trained in two different instrumental conditional 

discriminations, one auditory and one visual, set in two distinct contexts. Later, 

they were exposed to compound stimuli that either included the auditory and 

visual elements that signal the same or a different lever response (called 

congruent or incongruent, respectively); to solve this conflict, animals had to 

follow the cue that was presented in its right context, but animals with RSC 

lesions failed to disambiguate the conflicting response cues in the incongruent 

trials121. 

Current view and open questions 

After years of clinical observation and research, RSC has emerged as a key node 

within a larger network of brain regions mediating cognitive functions such as 

context representation, episodic memory, navigation, imagination and planning. 

Its peculiar and heterogenous cytoarchitectonic structure and its reciprocal 

connections with neocortical, thalamic and hippocampal regions put it at the 

interface between sensory perception, memory systems and cognitive control. 

The current view about RSC function is controversial and includes different 

theories: some consider RSC as a processing hub, providing sensory information 

to the limbic memory circuit and at the same time storing information during 

consolidation of long-term memories; others postulate that the main role of RSC 

is to use information about cues and heading direction to translate between 

allocentric and egocentric representations, or more generally between different 

reference frames (a function that would explain RSC’s role in constructing  

scenes and imagining new perspectives)122,123. 

Probably because of the highly diverse nature of those findings, a complete 

characterization of the function of RSC that encompasses and explains all these 

aspects is lacking: the hardest challenge is probably to link RSC’s role in 

navigation and spatial learning with its requirement for episodic memory, 

imagination and thinking about the future while at the same time taking into 

account its unique contributions. 

Furthermore, the fact that RSC is often studied and analysed within the 

framework of hippocampal learning, could have led to underestimate more 

general contributions of RSC to higher cognitive functions. 
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2.4 Aim and rationale of the thesis 

Learning is accomplished by the brain thanks to a complex interplay between a 

multitude of structures that have distinct roles, and that can function together or 

antagonistically to finely balance its outcome. 

The Retrosplenial cortex is a very interesting structure from more than one point 

of view: because of its structural heterogeneity, which reflects an intermediate 

position between the neocortex and the paleocortex of the hippocampus; 

because of its connection patterns, which make it  a unique hub for the integration 

of stimuli and information of very different nature; and finally, because of its still 

unclear and highly debated function, despite the increasing number of studies 

focusing on its investigation. 

Most of the previous studies hypothesized that the function of RSC must be tightly 

linked to that of the hippocampus and the thalamic nuclei, to which it is closely 

connected, but a unifying view is still missing. 

In this thesis, I set to address the question of how RSC specifically contributes to 

learning and memory processes: by reversibly silencing the entire region with 

chemogenetics and pharmacology, I could observe and analyze the impact that 

a system functioning without RSC has on behavioural performance and on the 

quality of the resulting memories. By comparing results obtained in tasks of very 

different nature, I was able to deepen the analysis, and formulate a more specific 

hypothesis about the function of RSC.  

I also aimed to investigate the mechanisms of cellular plasticity and memory 

allocation occurring in RSC upon learning and updating, with the goal of 

establishing a causal link between them and knowledge gained about RSC’s 

function. 

Finally, in the last part of my thesis, I studied the circuit through which the function 

described for RSC might be implemented in the mouse. This last part, importantly, 

puts the role of RSC in a broader context and connects it with the processes of 

cognitive control and action selection controlled by the Basal Ganglia. 
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3. Results 
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Introduction 

Despite the large area covered by the Retrosplenial cortex, especially in rodents, 

and its extensive projections to and from a large number of neocortical and 

subcortical targets, the exact role of RSC has remained poorly investigated and 

elusive.  

The interconnection of RSC with the hippocampal and para-hippocampal system 

points to a role for this area in learning and memory processes, while at the same 

time RSC is well suited as a sensory integration hub, being located at the 

interface between visuospatial cortical areas and thalamic regions (anterior and 

lateral thalamic nuclei). Moreover, the Retrosplenial cortex is among the first 

regions to show dysfunctions and reduced activation in patients with Alzheimer’s 

disease124,125, which is characterized by both memory and sensory processing 

impairments. Several studies have set to test these functions in the past, by 

showing for example that RSC is necessary for sensory preconditioning involving 

the association of two sensory stimuli126, and that lesion of RSC affect contextual 

fear conditioning127. Also, both temporary inactivation and lesion of RSC impair 

learning of MWM128,129, to mention a few.  

One interesting study points to a role of RSC in cognitive control, which links the 

functions mentioned above with the process of decision making121. In this study, 

rats are tested in a task analogous to the Stroop test, which examines choice 

behaviour under conditions of cue and response conflict, and RSC is shown to 

be necessary to perform the test. Specifically, RSC is required for the ability to 

select between conflicting responses and inhibit responding to task-irrelevant 

cues, but not to simply discriminate between two contexts. Therefore, there is 

clearly more to be discovered and understood about RSC to have a 

comprehensive picture of its function. 

In my thesis, I combine molecular biology, chemogenetic manipulations, 

behavioural tests and viral tracing techniques to achieve a better understanding 

of the role of RSC and its contribution to the learning process, as well as to 

elucidate the mechanism underlying its involvement and recruitment during 

behaviour, both at the cellular and circuit level. 
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Interfering with RSC impairs behavioural flexibility 

To have a first insight into the function of RSC and its involvement in learning, I 

interfered with its activity and examined the consequences that this perturbation 

had on memory.  

To this end, I used a chemogenetic approach so that silencing of RSC could be 

induced rapidly and reversibly. An AAV virus carrying a Cre-dependent PSAM 

channel was injected in PV-Cre animals bilaterally in the region of interest (Fig 
3.1 a); after viral expression, injecting the PSEM308 ligand molecule for this 

channel leads to the activation of the PV inhibitory neurons130, thereby transiently 

silencing the area39,131. 

Silencing was first tested on contextual fear conditioning (cFC), a form of 

Pavlovian learning extensively used in learning and memory studies and known 

to involve the hippocampal system: RSC was inactivated, in separate cohorts of 

animals, during the acquisition of cFC, during the fear extinction learning or during 

the extinction retention test. 

I found that RSC is required during the extinction phase to successfully extinguish 

the fear memory; animals injected with the PSEM ligand kept showing freezing 

behaviour in the context until the end of the training session (Fig 3.1 b, left 
panel), and maintained those high levels of freezing on the next day during the 

retention test, when RSC was no longer silenced (Fig 3.1 b, right panel). Their 

saline counterparts on the other hand gradually decreased their freezing 

response and started exploring, reaching very low levels of freezing that were 

maintained on the next day.  

Interestingly, in all of the other silencing experiments RSC inhibition did not have 

an effect on behavioural performance as compared to controls. Thus, activity in 

RSC is not necessary to successfully learn or retrieve the original fear memory, 

and not even required to recall what was learned during the extinction learning. 

This last result is noteworthy, because we know from data obtained in the lab that 

the dorsal hippocampus, to whom RSC is closely connected, is required for 

extinction learning as well, but in that case the requirement is seen both for 

training and for retention of extinction: an indication that the two regions have 

distinct functions. (Fig 3.1 c,d). 
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Very interestingly, I could obtain the same result with a different approach that 

does not interfere with online activity and learning, but only with the consolidation 

phase of fear memory formation. A study carried out in the lab39 demonstrated 

that dopamine signalling through its D1 receptor 12 hours after the original 

learning event is necessary to sustain neuronal plasticity and  long-term memory 

consolidation in the hippocampus. 

Taking this into account, I interfered with dopamine D1R signaling by delivering 

an antagonist of the D1D5 dopamine receptor topically in RSC 12 hours after cFC 

acquisition or extinction. The first led, similarly to the previous set of experiments, 

to an impairment of extinction learning and to high freezing levels 24 hours later 

(Fig 3.2 a): an indication that not only the activity of RSC, but a functional memory 

trace in this brain region is necessary to learn extinction. When the D1D5 

antagonist was delivered to RSC 12 hours after the extinction learning session, 

like for acute silencing of RSC, interfering with memory consolidation in RSC did 

not impair the recall of extinction memory. (Fig 3.2 b) 

Figure 3.1 The Retrosplenial cortex is required for fear extinction learning.  
(a) Representative images for delivery to RSC of Cre-dependent AAV9-pharmacogenetic 
activator in PV-Cre mice. Bgtx: visualization of (Bungarotoxin + ) virus infected cells; PV: 
PV immunocytochemistry. Bars:25 um. (b) Silencing RSC during extinction training 
suppresses learning and leads to high freezing levels both at the end of training (left) 
[Two way ANOVA, Interaction F (5, 35) = 2.559 P=0.0448; time F (5, 35) = 33.18 
P<0.0001 group factor F (1, 7) = 15.21 P=0.0059] and 24 hours later (right) [ unpaired t-
test P value 0.0018]. (c) Silencing of RSC during cFC acquisition does not impair 
memory recall 24 hours later (unpaired t-test,  P value = 0.9266 n=5 ). (d) After normal 
extinction training, silencing RSC durind the retention of extinction 24 hours later does 
not have an impact on freezing levels (unpaired t-test,  P value = 0.7063 n = 5). 
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Figure 3.2 Dopamine DR1 signaling in RSC 12 h post cFC is required to learn 
extinction.  (a) Injection of SCH23390 (D1D5 receptor antagonist) in RSC 12 hours after 
cFC suppresses extinction learning and leads to high freezing levels both at the end of 
training (left) [Two way ANOVA, Interaction F (5, 40) = 4.759 P=0.0017; time F (5, 40) = 
21.86 P<0.0001 group factor F (1, 8) = 20.36 P=0.0020 ] and 24 hours later (right) [ 
unpaired t-test P value 0.0005]. (b) Injecting SCH23390 12 hours after extinction learning 
does not impair memory recall 24 hours later (unpaired t-test,  P value = 0.9316 n=3). 
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To investigate the possibility that RSC might be specifically required to modify 

hippocampal memories, I turned to the Morris Water Maze (MWM), a widely used 

incremental spatial learning task which has also been shown to depend on the 

hippocampus. In this task, mice swim in a pool filled with white opaque water and 

are trained to find and memorize the position of a hidden escape platform by 

using allocentric and egocentric cues. The MWM is a trial and error learning task, 

which requires the integration of different sensory stimuli and allows mice to 

choose between different available strategies. 

I aimed to create within the MWM protocol a situation that would resemble and 

expand on the notion of cFC/extinction: learning, followed by a change in the 

external contingencies that forced animals to adjust their behavioural response. 

To achieve this, mice were trained for 7 days, when the latency to reach the 

platform plateaued; 12 hours later, half of the mice were injected with the D1D5 

antagonist, delivered topically to RSC, and half with saline. On the following day, 

the platform was moved to a different quadrant, and the animals were tested on 

how they adjusted to this unexpected change (for this protocol, I will use the term 

“mismatch”). 

Saline-treated control animals adjusted easily, and their latency to reach the 

platform only slightly increased. By contrast, mice treated with D1R dopamine 

antagonist in RSC fell back to latency levels comparable with the very first days 

of training (Fig 3.3 a) Was this due to a poor memory recall of the original platform 

location in treated mice? 

By quantifying the time spent swimming in the different quadrants during the 

mismatch test, I found that this is not the case: mice remembered very well the 

previous platform location, but failed to adjust to the new position. They explored 

the old quadrant longer, while saline-treated controls successfully found the 

platform in the new position and had therefore lower exploration times. (Fig 3.3 
b). 

Therefore, like with cFC/extinction, interfering with D1R signaling during 

consolidation of MWM learning in RSC led to a failure to adjust to a new 

unexpected contingency upon subsequent learning, suggesting that RSC might 

have a critical role in flexible learning. 
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Figure 3.3 D1D5 signaling in RSC 12 h post MWM training is required to adapt to 
platform mismatch. (a)  Injection of SCH23390 (D1D5 receptor antagonist) in RSC 12 
hours after MWM training leads to reduced flexibility during a platform mismatch [Two 
way ANOVA, Interaction F (7, 91) = 2.287 P=0.0342; time F (7, 91) = 13.46 P<0.0001 
group factor F (13, 91) = 4.027 P<0.0001 n=8]. Multiple comparisons, day 8 SALINE vs 
D1D5 P=0.0218. (b) During the mismatch day, D1D5 injected animals spend more time 
searching in the old target location (SE quadrant) [Two way ANOVA, Interaction F (3, 24) 
= 2.53 P=0.0811; tratment factor F (3, 24) = 4.454 P=0.0127]. Multiple comparisons, 
SALINE vs D1D5 SE quadrant P= 0.0136 n=4. 
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RSC is required to learn alternative associations 

So far, my experiments have provided evidence that RSC is required for 

behavioural flexibility during learning of two distinct hippocampal and context-

dependent tasks, but they also generated some follow-up questions: what 

specific aspect of this flexibility is the RSC required for? Would any task 

modification require the activity of RSC to be successfully learned? How does 

RSC function in flexible learning compare to that of medial prefrontal cortex 

(mPFC)? Furthermore, is the role of RSC limited to spatial tasks? 

Since the paradigms that I used so far were not suitable to address these more 

in-depth questions, I turned to a task specifically designed to test for behavioural 

flexibility in all of its different aspects: the attentional set-shifting task (ASST).This 

test has been developed as an adaptation for rodents of the Wisconsin Card 

sorting task (WCST) used in humans, which taps into a number of cognitive 

functions including stimulus/response encoding, attention, error detection and 

conflict resolution132. In ASST mildly food-deprived animals are trained to recover 

a food reward by digging in one of two bowls, that can be discriminated based on 

the association with an odour or texture. The stimulus-reward association 

changes across different phases of the task, and mice go through steps of 

encoding and application of a rule, followed by steps in which the rule is violated 

and has to be broken. More specifically: in the first phase, called simple 

discrimination (SD), the bowls are associated with an odour each, with only one 

associated with the reward. In the second, called complex discrimination (CD), 

odours remain the same but two distracting textures (not relevant for reward) are 

introduced to the bowls. The remaining phases are called shifts because, as 

already mentioned, the rule is modified. The first of them is termed "intra-

dimensional shift" (IDS), because the reward remains within the same sensory 

modality, and the second " extra-dimensional shifts " (EDS), because it switches 

to a different one (e.g. texture as relevant dimension instead of odour). Finally, 

the IDS has a reversal phase (IDSRe), in which the stimulus-reward association 

is inverted, but maintaining the same exact stimuli. 

After initial preliminary experiments, I decided to use a simplified version of the 

complete ASST task that didn’t include the CD phase (Fig3.4a); this made the 

task easier and faster to complete without changing the actual outcome of the 
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results. I employed the same chemogenetic silencing method previously 

described to test whether RSC plays a role in learning and execution of any of 

the phases. 

The resulting data supported our previous hypothesis that RSC is generally 

important for flexibility, but it gave me more information about how exactly: 

silencing RSC leads to perseverance, and thus results in performance 

impairments compared with saline controls, only if induced during the IDS 

reversal phase (Fig3.4 b,g), but not during IDS or EDS. (Fig 3.4 c,d). 

Thus, very interestingly, not all shifts require the activity of RSC, but just reversals: 

situations in which a specific stimulus-reward association that has already been 

learned needs to be altered; in this case, silencing led to more perseverative 

errors (Fig 3.4 g). If the set of odours/textures is new (like in IDS or EDS), shifting 

is RSC-independent. Importantly, if mice that had learned the IDSRe had to revert 

back to the rule of IDS (and thus perform a “reversal of the reversal”), I did not 

detect any impairment caused by RSC silencing. This finding suggested than 

once IDS and IDSRe have become part of the learned repertoire, switching 

between them does not depend on RSC (Fig 3.4 e).  

This finding distinguished the function of RSC from that of the Infralimbic cortex 

(IL), which is also essential for flexibility, but is required in this task every time a 

shift needs to be achieved, regardless of whether the target behaviour had been 

learned previously. 

Finally, mice were also tested during a modified version of the task in which CD 

was followed by CDRe (i.e. opposite odour rewarded), with much the same 

outcome as upon IDS/IDSRe, further supporting the hypothesis that RSC is 

specifically required to learn new alternative associations. (Fig 3.4 f).  
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Figure 3.4 RSC is specifically required for ASST reversals. 
(a) Schematic of the ASST protocol. (b) Silencing RSC during IDS reversal impairs 
performance [Two way anova with Sidak’s multiple comparisons test: saline vs. psem SD 
P= 0.9703, IDS P= 0.9094 IDSRe P= 0.0001]. (c) Silencing RSC during IDS has no 
significant effect [Two way anova with Sidak’s multiple comparisons test: saline vs. psem 
SD P= 0.9589, IDS P= 0.2447]. (d) Silencing RSC during EDS has no significant effect 
[Two way anova with Sidak’s multiple comparisons test: saline vs. psem SD P= 0.9589, 
IDS P= 0.2447, IDSRe P= >0.9999 EDS P= 0.0945 (e) When mice go back to the original 
IDS rule after shifting in the IDSRe, silencing RSC has no effect on performance [Two 
way anova with Sidak’s multiple comparisons test: saline vs. psem SD P= >0.9999, IDS 
P= 0.2485 IDSRe P= 0.9981 IDSRe2 P= 0.9887]. (f) Silencing RSC during the reversal 
of CD impairs behaviour [Two way anova with Sidak’s multiple comparisons test: saline 
vs. psem SD P= 0.9320, CD P= 0.9970 CDRe P= 0.0161]. (g) Representative image 
showing the trial-by-trial performance of IDSRe of saline-injected control and PSEM-
injected animals. 
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Neuronal ensembles in RSC during new learning and updating 

To determine what might be the neural counterpart of the requirement for RSC in 

alternative learning, I focused on the immediate early gene cFos; as already 

mentioned its expression, together with that of other immediate early genes and 

transcription factors, is associated with the formation of memory ensembles. 

Expression levels of cFos were analysed by immunohistochemistry, comparing 

animals that had undergone the recall (5 minutes) or extinction (30 minutes) of 

contextual fear conditioning. While robust cFos induction was detected in both 

conditions, there were substantially more cFos+ cells in RSC upon extinction than 

upon recall of fear extinction. (Fig 3.5 a,c); Interestingly, brain regions involved in 

extinction learning such as dorsal hippocampus (dhp) did not exhibit larger 

numbers of cFos+ cells upon extinction learning (Fig 3.5 d). During extinction, 

mice are exposed to the same chamber where they were fear conditioned but for 

a prolonged period of time (30 minutes), so that as a result they stop freezing to 

that context. 

What could this difference in the cFos induction between recall and extinction 

mean? I reasoned that it could be related to the new evidence associated with 

extinction: the lack of shocks, and the need for an adjustment of the behavioural 

response. Alternatively, it could just be due to the duration difference between the 

two paradigms. To test this idea, the extinction training was modified with the 

insertion of 2 shocks, which eliminated the evidence to stop freezing, while 

maintaining the total time unchanged; following this protocol, mice maintained 

higher levels of freezing and the cFos values were comparable to the ones seen 

for recall, in accordance with the initial hypothesis. (Fig 3.5 b,c). 

Is this pattern of extra cFos+ cells upon alternative learning specific to Pavlovian 

conditioning, or can it be generalized? In order to have an answer to this question, 

I again turned to the Morris Water Maze. 
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The cFos levels were analysed early (after day 4) and late (after day 7) during 

the training protocol of MWM; the results showed an induction of cFos compared 

to swim controls in both cases, but with a pattern that indicated an increase in 

induction with increasing days of learning (and hence performance levels). 

Importantly, introducing a new element that contradicts previous contingencies, 

like removing the platform (probe test) while keeping the swimming time constant, 

was associated with higher cFos levels compared to the respective controls (Fig 
3.6 e,f). 
What is the identity of the cFos+ ensembles induced in RSC upon new learning 

and updating?  

To address this question, I used a method called TRAP (Targeted recombination 

of active populations)42 that allows to permanently label cells expressing cFos 

after a first experience and quantify their overlap with the cFos population induced 

upon a second learning event, visualized by immunohistochemistry (Fig 3.6 a).  

I compared cFos+ cells recruited during cFC acquisition with those induced upon 

recall, extinction and midway through the extinction protocol (15 minutes). The 

results of these experiments revealed that the cFos+ ensemble formed during the 

acquisition of cFC is largely reactivated during recall, whereas extinction is 

associated with a new, different cFos+ population (Fig 3.6 b); this is a second 

strong indication that extinction is treated and computed differently by the 

Retrosplenial cortex. Moreover, as it can be deduced from the overlap value at 

the 15 minutes time point, the update of the ensemble is not an abrupt but a 

Figure 3.5 New evidence associated with extra cFos induction in RSC. 
(a) Representative images of RSC cFos immunoreactivity in controls and upon recall or 
extinction of a cFC memory Bar : 50um. (b) Freezing levels during extinction: the 
insertion of 2 shocks impairs extinction training [Two way anova Interaction F (5, 20) = 
9.774 P<0.0001 time F (5, 20) = 8.088 P=000.3 shocks F (1, 4) = 186.8 P=0.0002]. (c) 
cFos induction in RSC in controls and upon recall, extinction or extinction with 2 shocks. 
[Two way anova with Tukey’s multiple comparison test: CTRL vs REC P=0.0049 CTRL 
vs EXT P= 0.0005 REC vs EXT P= 0.0454]. (d) cFos induction in dhp in controls and 
upon recall or extinction [Two way anova with Tukey’s multiple comparison test: CTRL 
vs REC P=0.0059 CTRL vs EXT P= 0.0120]. (e) cFos induction in RSC in swim controls 
and upon training or probe test at day 4 [Two way anova with Tukey’s multiple 
comparison test: TR vs PR P= 0.0085 SC vs PR P= 0.0004]. (f) cFos induction in RSC 
in swim controls and upon training or probe test at day 7 [Two way anova with Tukey’s 
multiple comparison test: SC vs TR 0.0158 SC vs PR P= 0.0029]. 
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gradual process that goes hand in hand with behaviour, pointing to online 

feedback and regulation in RSC. 

In water maze learning, following a regular training day, most of the cells tagged 

during the previous days were reactivated; if instead the platform was removed 

from the pool, an unexpected event that forces mice to modify their search 

strategy, the overlap between the two ensembles significantly decreased, 

although to a lesser extent (Fig 3.6c). 

 

 

Figure 3.6 Non overlapping ensembles associated with recall and memory update 
in RSC. (a) Representative images of Fos+ neurons TRAPed at acquisition and cFos + 
immunoreactivity upon extinction (15 minutes). (b) Quantification of double labelled cells 
revealed substantial overlap between cFC and recall but not extinction [Two way anova 
with Tukey’s multiple comparison test: cFC/CAGE vs cFC/REC P=0.0108 cFC/CAGE vs 
cFC/EXT P= 0.7989 cFC/RECvs cFC/EXT P= 0.0250]. (c) Quantification of double 
labelled cells revealed significant reduction in overlap between training TRAPed and 
probe test immunolabelled neurons [Two way anova with Tukey’s multiple comparison 
test: CAGE/CAGE vs TR/TR P= 0.0007 CAGE/CAGE vs TR/PR P= 0.0131 TR/TR vs 
TR/PR P= 0.0458]. 
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This set of experiments provided evidence that learning cFC or MWM induced a 

response in RSC that led to a robust expression of the immediate early gene 

cFos. They also showed that this response was significantly higher, for both 

paradigms, in the case in which memory was challenged, requiring a behavioural 

adjustment. In the latter scenario, a new and not overlapping cFos+ ensemble 

substituted the old one in RSC. 

  

Finally, by combining the chemogenetic tools in our hands with the TRAP system 

described above I was able to tag cFos+ ensembles in RSC and manipulate their 

activity, to seek further evidence that these cFos+ cell assemblies are indeed 

linked to behaviour and their activity can affect the outcome of learning. In one 

such experiment, the cFos ensemble formed in RSC during the acquisition of cFC 

was tagged and its activity was silenced during extinction training: treated mice 

showed significantly higher levels of freezing both at the end of training and 24 

hours later, indicating that they failed to learn extinction (Fig3.7 a) . This finding 

suggests that the original memory trace in RSC is needed in order for the second 

learning event to happen and for memory to be updated. In a second experiment, 

I tagged neurons expressing cFos during water maze training and reactivated 

them during a probe test: as already mentioned, the probe test is a new and 

unexpected event that forces animals to change search strategy, leading to a 

worsening in performance on the subsequent training day. When the tagged 

training ensemble was reactivated during the probe test, this worsening didn’t 

occur, suggesting that the “forced” reactivation of training cells interfered with 

learning that normally occurs upon exposure to altered evidence (Fig3.7 b). 



50 

 

 

Figure 3.7 Manipulation of RSC cFos ensembles affects learning. (a) Silencing the 
cFC ensemble in RSC during extinction leads to high freezing levels both during training 
[Two way anova, Interaction F (5, 20) = 45.25 P<0.0001 time F (5, 20) = 199.3 P<0.0001 
group factor  F (1, 4) = 16.66 P=0.0151 subjects F (4, 20) = 16.96 P<0.0001  ] and 24 
hours later [unpaired t test P= 0.0165] n=3]. (b) Artificially reactivating the training cFos 
ensemble in RSC during a probe test prevents performance worsening due to new evi-
dence [unpaired t test P= 0.0169]. 
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Role of RSC to DMS connectivity in RSC-dependent learning 

I next turned to the question of whether RSC might mediate alternative learning 

through connectivity with brain areas known to be essential for flexible learning. 

I created a map of structures sending projection to and receiving projections from 

the RSC, based on data from tracing experiments done in the lab (Matteo Tripodi) 

with the help of anterograde and retrograde viral tools injected topically in RSC 

(Fig 3.8a); an AAV9 flex-syn-GFP was used for the anterograde tracing and a 

retroAAV-Cre-H2BGFP for the retrograde tracing.  

 

 

 

 

Figure 3.8. Schematic illustration of the connectivity to and from the Retrosplenial 
cortex, obtained with anterograde and retrograde tracing (Matteo Tripodi, 
unpublished). Str: striatum CA1: hippocampus, cornu ammonis subfield 1, Sub: 
subiculum LPLR: lateroposterior thalamic nucleus, laterorostral  part LPLM: 
lateroposterior thalamic nucleus, lateromediall  part AD: anteriodorsal thalamic nucleus 
AV anteroventral thalamic nucleus AM: anteromedial thalamic nucleus PF: 
parafascicular thalamic nucleus ZI: zona incerta Cl: claustrum  ACC: anterior cingulate 
cortex IL: infralimbic cortex Vo: ventral orbital cortex Mo: medial orbital cortex 
VTA:ventral tegmental area LC: locus coeruleus. 
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Among all the regions involved, (in particular the ones receiving RSC input) our 

attention was focused on two targets we reasoned could be particularly 

interesting and deserved further investigation: the dorsomedial part of the 

striatum (DMS), and the para-fascicular nucleus of the thalamus (PF). The first 

was selected because of its already well-established role on action selection and 

learning flexibility69,133,134, which made it a promising candidate for our study; the 

second not only constitutes one of the major sources of thalamic input to the DMS 

(and has been implicated in learning flexibility itself) but, very interestingly, it 

shows the very same pattern of cfos expression as RSC upon learning: a 

significantly higher induction associated with extinction learning, compared to 

acquisition or recall of cFC (Matteo Tripodi, data not shown). 

To determine whether DMS and/or PF might be involved RSC-dependent 

learning, I selectively silenced DMS or PF-projecting RSC neurons. To this end, 

an AAV virus, carrying Cre-dependent inhibitory PSAM channel was injected 

bilaterally in the RSC of wild type mice; at the same time, a retro AAV virus (which 

is taken up by the terminals in the injection site and transported back to the cell 

bodies) delivering Cre recombinase was injected bilaterally either in DMS or in 

PF, so that only RSC cells projecting to these regions could then express the first 

(Cre-dependent) virus (Fig 3.9 a). These mice were then tested in the 

cFC/extinction protocol, with a timeline matching the RSC silencing experiments.  

(Fig 3.9 b,c).These experiments revealed that silencing DMS or PF-projecting 

RSC neurons during extinction learning reproduced the effects of RSC’s inhibition 

(Fig3.1b). Importantly, this was not true for every projection starting from RSC: 

for instance, silencing projections from RSC to the lateral part of the dorsomedial 

striatum (which also contains terminals from the RSC but was not implicated in 

learning flexibility) did not influence freezing levels during extinction or on the next 

day (Fig 3.9 b). 
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Subsequently, I also tested mice that underwent the same viral infections for 

performance in the ASST, and again found impairments in reversal learning 

(IDSRe, Fig.3.10). I observed interesting differences between silencing of the two 

projections (with RSC to DMS affecting more strongly extinction, and RSC to PF 

affecting more strongly ASST) but generally, the result of this manipulations is 

decreased flexibility in both cases 

 

 

Figure 3.9. (a) Projections from RSC to DMS are required for extinction learning. 
Representative images for delivery to RSC of Cre-dependent AAV9-pharmacogenetic 
inhibitor and to either DMS, DLS or PF of Cre-delivering retroAAV GFP in Black6 mice.(b) 
Silencing RSC to DMS but not DLS projections during extinction training suppresses 
learning and leads to high freezing levels both at the end of training itself (left) [Two way 
anova, Interaction P=0.2433, Time F (5, 40) = 25.04 P<0.0001, group effect F (2, 8) = 
17.78 P=0.0011, Subjects F (8, 40) = 8.211 P<0.0001, Dunnett's multiple comparisons 
test] and 24 hours later (right) [unpaired t test SALINE vs PSEM DMS P= 0.0014, 
SALINE vs PSEM DLS P= 0.8281]. (c) Silencing RSC to PF projections during extinction 
training suppresses learning and leads to high freezing levels both at the end of training 
itself (left) [Two way anova, Interaction F (5, 35) = 1.616 P=0.1816 Time F (5, 35) = 17.33 
P<0.0001 group factor F (1, 7) = 22.73 P=0.0020 Subjects F (7, 35) = 1.882 P=0.1024] 
and 24 hours later [unpaired t test P= 0.0295]. 
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These findings provided evidence that connections from RSC neurons to DMS 

are necessary for RSC-dependent learning.  

 

 

Figure 3.10 Projections from RSC to DMS are required for IDSRe learning.   
Silencing RSC to DMS projections during the IDSRe phase of ASST impairs 
performance [Two way anova with Sidak’s multiple comparisons test: SALINE vs PSEM  
SD: P= 0.5543 IDS P= 0.9932 IDSRe P= 0.0022]. (b) Silencing RSC to PF projections 
during the IDSRe phase of ASST impairs performance [Two way anova with Sidak’s 
multiple comparisons test: SALINE vs PSEM SD P= 0.8143 IDS P= 0.9932  IDSRe P= 
0.0022]. 
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4. General Discussion and Outlook 
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The main goal of my PhD thesis work has been to gain new insight into the 

contribution of RSC to learning. For which aspect of learning is the activity of RSC 

required and how? This is a question that has recently attracted attention and 

produced a very heterogeneous body of work, implicating RSC in several different 

functions, but a coherent view of its unique roles had been missing. 

 

The results presented in this thesis provide evidence that RSC plays an essential 

role in allowing alternative stimulus-outcome associations to be learned when the 

external contingencies of a task change. This is a new insight that combines the 

idea, long held in the field, that RSC is important for memory processing and must 

work in close connection with the hippocampal formation, with the observation 

that it also seems to be important for higher order sensory processing and 

cognitive control.  

 

In the first part of my thesis, I use chemogenetics to demonstrate that RSC is 

required for behavioural flexibility: without its activity, animals can accomplish 

new learning, but are not able to update the outcome of that learning when 

needed; collectively, the data show that this is true for Pavlovian (cFC and 

subsequent extinction) as well as for incremental learning (MWM and subsequent 

mismatch). 

The fact that experiments using D1R dopamine interference during the 12-hour 

time window for memory consolidation (and before alternative learning) gave us 

the same results as the acute silencing during alternative learning itself, was a 

first hint that integrity of the memory in RSC, and not only its online activity, is 

important to perform its function. Further confirmation came from the cFos 

overlap and manipulation experiments: the same cells that express cFos in RSC 

as a consequence of cFC acquisition (or MWM training) re-induce it after recall 

(or additional training) but not upon extinction (or mismatch), meaning that a 

consistent memory ensemble is formed, re-activated and subsequently updated 

in RSC. Importantly, tagging the original cFC ensemble in RSC and silencing it 

during extinction training prevents learning. A possible mechanism explaining 

these results is that the original memory ensemble in RSC needs to be 

reactivated and compared to the ongoing activity in order for the representation 

to be updated; if the first step doesn’t happen, the second is compromised. That 
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would explain why, although RSC is never required for memory recall in our 

hands, memory formation and consolidation are nonetheless happening and 

required for subsequent learning; a memory of what has been learned must be 

formed and stored in RSC, so that it can subsequently be used to detect relevant 

deviations that demand a change in the behavioural output. 

It is noteworthy, moreover, that in the case of extinction or mismatch the fraction 

of cFos+ cells induced is substantially higher than upon simple recall, despite the 

cFos overlap being almost zero: this means that the total cFos cannot simply be 

the sum of the two ensembles. Evidence for an increased IEG induction in 

response to updating had been reported120, but it was never explored further. One 

possibility is that the “extra cFos” might be related not only to the memory trace 

of the two events per se, but also to the perception of the mismatch, or deviation 

from expectations: it could be the signal that drives memory update. What makes 

this finding particularly interesting is that such a larger induction in response to 

extinction/alternative learning doesn’t occur in almost any of the brain regions 

that we analysed, with the only exception of the para-fascicular nucleus, which, 

as shown by my latest data, participates in RSC-dependent learning. It would be 

extremely interesting, in this regard, to determine whether a similar increase of 

activity in response to a mismatch could be detected by analysing the calcium 

dynamics in RSC during behaviour, and if it would correlate with the expression 

of cFos at the cellular level. Such a result would provide further evidence that 

RSC can detect deviations from previous stimulus-outcome associations and 

would establish a causal link between the expression of cFos and this “mismatch 

signal”. 

 

The results obtained with the Attentional set shifting task are particularly valuable 

to this investigation; first, RSC silencing has rarely been tested in non-spatial 

tasks (especially in rodents), with few notable exceptions135, and never been 

tested with ASST, despite the importance and wide-spread use of this paradigm 

to assess executive functions136 particularly in animal models of neurological 

disorders. Second, those experiments provided me with an entry point to test and 

understand which specific aspect of the mice’s cognitive flexibility was affected in 

the absence of RSC.  
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The resulting data clearly indicated that RSC serves a very different function 

compared to other mPFC regions such as the Infralimbic cortex; a conclusion that 

could have not been drawn by only using the cFC and MWM tasks, where the 

results were to all appearances very similar and hence not discernible. For a 

successful learning of this task, the Infralimbic cortex was shown to be necessary 

for shifting during  rule-breaking steps, independently from previous learning 

hystory137; this reflects a general role of the Infralimbic cortex in encoding the rule 

of a task and influence the decision-making process that culminates into breaking 

rather than following this rule. RSC, on the other hand, is not required for each 

rule-breaking step but only during reversals, when a certain stimulus-outcome 

association (and not a more abstract rule) needs to be modified. A more detailed 

analysis of the performance of control and treated mice on a trial by trial base 

revealed that RSC silencing leads to perseverative errors, and hence to an 

inability to inhibit the old response, which significantly slowed down learning. This 

would be consistent with a more specific role of RSC in detecting a change in the 

saliency of a stimulus or set of stimuli that are associated with a goal/outcome 

and allow for an alternative representation to be formed.  

Such an interpretation would fit very well with the hypothesis described above, 

that a comparison between competing representations might take place in RSC: 

in the absence of a previously encoded memory to update, silencing RSC would 

not cause any impairment because no previous “template” is required.  

Moreover, RSC’s high degree of connectivity with sensory-related areas, the 

thalamus and the hippocampal formation, puts it in an ideal position to readily 

detect any deviation from previously experienced contexts and sensory stimuli. 

 

The role of connectivity for the implementation of RSC-dependent learning is 

investigated in the last part of my thesis. These experiments, which combine viral 

tracing with chemogenetics, provided evidence that connectivity, both direct and 

indirect (through the parafascicular nucleus of the thalamus) between RSC and 

the dorso-medial part of the striatum, is required for RSC-dependent flexible 

learning. These data allowed us to deepen our understanding of how RSC 

contributes to learning and to suggest a plausible circuit for the execution of 

RSC’s function. 
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The role of both these structures, the dorsomedial striatum and the parafascicular 

nucleus of the thalamus, has already been investigated and found to be important 

for flexibility in several studies. For instance, both lesions and inactivations of the 

dorsomedial striatum (but not the dorsolateral striatum or nucleus accumbens!) 

were shown to impair flexibility during reversal learning133,138; moreover, using the 

five-choice serial reaction time task in rats, a recent paper showed that inhibition 

of the PF to DMS projection significantly increased perseverative responses with 

no effect on response accuracy and hence memory recall139. In another study 
140contralateral lesions done in the posterior part of the DMS and PF impaired 

learning of reversals during a lever-pressing task, supporting the notion that the 

use of internal state information to guide goal-directed behaviour is modulated by 

the PF-DMS pathway. Therefore, my results are consistent with literature and the 

well-established role of the PF-DMS circuit in behavioural flexibility: they add a 

new insight by showing the previously not described requirement of the input to 

both DMS and PF from the RSC. 

Yet, several questions remain to be addressed: for instance, I know that the two 

projections to DMS and PF are in part formed by divergent collaterals arising from 

the same cells in RSC and in part segregated (not shown); but the meaning of 

this organization, or the difference between the two was not further explored yet. 

Related to that, the molecular identity of the cells in DMS which are targeted by 

the projection from RSC is an important piece of information, which I’m currently 

working to obtain. As mentioned in the introduction, DMS contains D1 and D2-

expressing MSNs, whose activity has been shown to have different roles during 

behaviour60,62,141, and cholinergic interneurons, together with other minor cell 

types. The presence of any bias towards one of these populations among the 

target cells might be informative; the direct projection from RSC to DMS and the 

indirect one, arising from the PF, could very well target different target cells, and 

knowing this will help to understand their relative contribution to behaviour. 

 

Finally, going back to the RSC itself, another relevant question that still needs to 

be assessed is the relative contribution of the two main parts of the RSC, the 

granular and the dysgranular, to the function that we described; in all of the 

experiments and the analyses shown in this thesis, I purposely used coordinates 

that covered the whole span of RSC, because I first wanted to study this structure 
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as a whole. However, granular and dysgranular RSC have quite different 

connectivity, which would suggest that also their function might be distinct; very 

few studies so far considered the two subregions separately and tried to 

disentangle their roles. One such paper142 found that selective lesions of the 

dysgranular cortex in rats strongly impaired cross-modal object recognition, in 

which rats must switch between different sensory modalities during the 

discrimination phase, but not normal object recognition; the same test for the 

combined granular plus dysgranular lesions gave weaker impairments. 

Interestingly, data from our lab also show that RSC is not required for familiar 

object recognition (FOR) but it becomes necessary for a modification of FOR in 

which only one of the two objects is presented in a new context, thereby receiving 

more attention. Similarly, in our case silencing only the dysgranular cortex gives 

a bigger impairment than combining granular and dysgranular (Melissa Serrano 

and Maria Spolidoro, data not shown).  

Another study143 trained rats on a working memory task in a radial-arm maze, 

either in the light or in the dark, and analysed cfos and zif268 in the two 

subregions, but didn’t find any consistent difference between them. What is 

intriguing, instead, is that they found a significant difference between the rostral 

and the caudal portion of the RSC, with the caudal showing a stronger response 

upon behaviour: an additional possible source of variability which must be sorted 

out in order to produce a more fine-grained view of RSC’s function.  

 

In conclusion, the findings of this thesis work represent a significant advance in 

understanding the role of RSC in learning, and an attempt to place the role of this 

very extended and yet not understood brain region into a larger network of 

regions that support flexible learning in its different facets. How the different 

nodes of this network function together to achieve the formation of long-lasting 

and yet flexible memories, is an important and exciting question likely to be at the 

focus of future investigations. 
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5. Material and methods 
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Mice 

PV-Cre mice (129P2-Pvalbtm1 (Cre)Arbr/J) were from Jackson laboratories, Fos-

CreER (B6.129(Cg)-Fostm1.1 (Cre/ERT2)Luo/J) mice were a kind gift from S. 

Arber (Friedrich Miescher Institut) and C57Bl6/J mice were from Janvier. Before 

the start of behavioural experiments, mice were single housed for 2-3 days and 

had access to water and food ad libitum, unless otherwise stated. All animal 

procedures were approved and performed in accordance with the Veterinary 

Department of the Kanton Basel-Stadt. 

Behavioural procedures 

All behavioural experiments were carried out with mice aged from 2 to 3 months 

(age at the onset of the experiment). 

Contextual fear conditioning: 

Contextual fear conditioning experiments were performed as described in Donato 

et al 2013144. During the acquisition session (total time: 5 minutes) mice were first 

allowed to explore the training context for 2.5 minutes and subsequently received 

5 foot shocks (1s and 0.8mA each, inter-trial interval: 30s). Contextual fear 

memory recall was tested by returning mice to the same conditioning chamber 

for 5 minutes and analyzing freezing (defined as the suppression of all movement 

except that required for respiration) during a test period of 4 minutes (the first 

minute was excluded). For the extinction of fear memory, mice were exposed to 

the conditioning chamber for 30 minutes without shocks, and the freezing 

response was analyzed in 6 consecutive bins of 4 (for the first) or 5 minutes each. 

The retention of extinction learning was tested 24 h after extinction in the same 

chamber for 5 minutes. 

Morris water maze: 

Morris water maze experiments were carried out as described in Ruediger et al 

2012145. The pool used as a maze (140 cm in diameter) was filled with opaque 

water, and three different distal cues were placed around the pool for spatial 
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orientation. The escape platform (10 cm in diameter) was placed just above the 

surface of water for visible trials (day 1) and hidden below its surface for invisible 

trials (from day 2 onwards). Mice were trained to find the platform for 4 trials per 

day, spaced by 5 minutes and each lasting for maximum 60 seconds. On day 1, 

during visible platform training, the platform was shown to the mice if they were 

not able to find it during the 60 seconds; from day 2 onwards, the platform was 

placed in the quadrant opposite to the one used during day 1 and kept invisible. 

The performance level was assessed by quantifying the time spent to reach the 

platform. In probe trials, the platform was removed, and time spent in each of the 

quadrants was measured. Data collection and analysis was performed 

automatically using Viewer2 software (Biobserve, Bonn, Germany).  

Attentional set shifting task: 

In ASST experiments, mice were trained to dig in plastic bowls (internal diameter 

40mm, depth 40mm) filled with bedding material to retrieve a food reward buried 

at the bottom of them and consisting of one-third of a Honey Loop (Kellogg, 

Manchester, UK). The test apparatus consists in a rectangular Plexiglas box with 

a wall containing two doors dividing one-third of its length into two compartments 

of equal size. During both habituation and training, the bowls were placed in these 

compartments and the two doors could be open to give the mouse access to the 

food bowls or closed to prevent access to the other bowl after a wrong initial 

choice. Mice were food restricted from 24 hours before the habituation phase until 

the end of the experiment. Each day after the habituation or training session, mice 

were given access to 1g of a mash made of crushed food pellets mixed with 

water. The habituation phase consisted of 3 days; each habituation day mice 

were given access to 2 bowls filled with bedding material and baited with reward. 

Mice could dig in both the bowls for the reward following which the bowls were 

re-baited for a second time. During training days, trials were initiated by opening 

both doors simultaneously to give the mouse access to the two bowls, only one 

of which was baited. During the first four trials, mice were allowed to dig in both 

the bowls even when they made a mistake and dug in the un-baited bowl first; in 

the latter case the trial was counted as incorrect. On subsequent trials, instead, 

as the mouse began digging in one of the bowls access to the other was 

occluded. A correct trial was recorded when the mouse dug in the baited bowl to 
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collect the reward. A trial was terminated when the mouse dug in the correct bowl 

and collected the reward, or dug in the un-baited bowl and left the chamber. 

Testing continued until the mouse reached the criterion level of 8 correct trials out 

of the last 10 trials. Each training day consisted in a different discrimination; in 

simple discrimination, the bowls differed along the odour dimension only. For 

complex discrimination, a pair of textures were introduced along with the previous 

odours, but with no relevance to the reward location. For intra-dimensional shift 

a new pair of odours and textures were introduced, and the mouse had to learn 

a new odour-reward association using the odour rule learnt previously. For intra-

dimensional shift reversal, the odour and texture cues remained unchanged, but 

the mouse had to learn that the previously correct odour-reward association was 

now incorrect and the previously incorrect odour now predicted reward. 

Finally, for the extra-dimensional shift a new pair of odours and textures were 

introduced and the previously relevant dimension (odour) was now irrelevant 

whereas the previously irrelevant dimension (texture) now predicted reward.  

 

Immunohistochemistry and image processing: 

Antibodies were used as follows: rabbit anti-cFos (Santa Cruz biotechnology, sc-

52) 1:10000; mouse anti-NeuN (Millipore, MAB377) 1:1000; α-Bungarotoxin, 

Alexa 488 Conjugate, to detect the expression of rAAV9-CAGflox-

PSAM(L41FY116F)5HT3-WPRE (Molecular Probes, Life Technologies, B-13422) 

1:500. Mice were transcardially perfused with 4% PFA in PBS (pH7.4); brains 

were collected, kept overnight in 4% PFA at 4°C, and subsequently 40 um coronal 

sections were obtained with a vibratome. The standard procedure for 

immunostainings was as follows: sections were blocked for one hour at room 

temperature with 10% BSA in PBS-T (0.3% Triton X-100 in PBS).  Incubation in 

primary antibody was done overnight in the antibody solution containing 3% BSA 

and 0.3% PBS-T. After three washing steps, sections were incubated in 

secondary antibody solution (also in 3% BSA and 0.3% PBS-T) at room 

temperature for two hours. After another three washing steps, sections were 

mounted in Prolong Gold antifade reagent (Molecular probes) and kept at 4°C 

until imaging.   
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Images for the analyses were taken at 40x using a Zeiss LSM 700 confocal 

microscope equipped with ZEN2010 (Zeiss). All the samples belonging to one 

experimental set were processed in parallel and using the same imaging settings. 

Image analysis was performed using the Imaris 7.0.0 software; all c-Fos and/or 

NeuN immunopositive cells were quantified using an automatic spot-detection 

and cFos induction was quantified as a fraction of cFos positive cells over the 

total neuronal population expressing NeuN. 

Stereotaxic surgery: 

All surgeries were conducted under aseptic conditions using a Stereotaxic 

alignment system (David Kopf instruments). Mice were anaesthetized with 

isoflurane using an OXYMAT3 (4% for induction, 1.5–2.0% during the rest of the 

procedure) and body temperature was maintained stable with a heating pad. 

Topical drug and virus injections were carried out using glass pipettes (tip 

diameter 10–20 μm) connected to a picospritzer (Parker Hannifin Corporation). 

The glass pipette was inserted at the desired coordinate and a maximum of 200nl 

of the virus solution was slowly injected over a period of 5 minutes. After the end 

of the injection the pipette was left in its place for a further 10-15 minutes to allow 

for diffusion of the virus and avoid backflow. For behavioural experiments, all 

drugs and viruses were injected bilaterally, and all injections were paired with 

saline injected control animals to account for any effect due to the surgical 

procedure. 

The coordinates used were as follows. RSC: AP: -1.2mm,-2.2mm,-3mm, ML: ± 

0.35mm DV: -0.55mm. DMS: AP: 0.22mm ML: ± 1.65mm DV: 2.35mm PF: AP: -

2.45mm ML: ± 0.7 DV: - 3.2. DLS: AP: 0.22mm ML: ± 2.3mm DV: -2.8mm 

Pharmacology and pharmacogenetics in vivo: 

Drugs were used as follows: SCH23390, Tocris, 1.5mM in saline (D1-D5 

dopamine receptor antagonist). 

For acute silencing of RSC, floxed PSAM-carrying AAV9 (excitation: rAAV9-CAG-

flox-PSAM(Leu41Phe,Tyr116Phe)5HT3-WPRE) was delivered bilaterally  in the 

RSC of PV-Cre mice39,130,144. To allow for transgene expression, mice were kept 

under home cage conditions for 7-10d before any behavioural experiment. The 
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PSAM agonist, PSEM308 was injected i.p. (5mg/kg) 15-20 minutes before 

behavioural testing to activate the PSAM channels (Magnus et al., 2011).  

For silencing of the projections from RSC, floxed PSAM-carrying AAV9 (inhibition: 

rAAV9-CBA-flox-PSAM(Leu141Phe,Tyr116Phe)GlyR-WPRE) was delivered 

bilaterally in the RSC of C57Bl6/J (wild type) mice, and a retro virus delivering the 

Cre recombinase (retroAAVCre-H2BGFP) was delivered bilaterally to either the 

DMS, DLS or PF of the same animals. Also in this case, mice were kept under 

home cage conditions for 7-10d and then the PSEM308 ligand was injected with 

the same modalities mentioned above before behavioural testing. 

Genetic targeting of active populations: 

FosCreER/tdTomato mice were used for double labeling and overlap analyses of 

memory ensembles, through the TRAP (targeted recombination in active 

populations) method. To label neurons, 4-Hydroxytamoxifen (50 mg/kg in 

sunflower oil, Sigma Adrich) was injected i.p. immediately after the behavioural 

sessions of interest. Mice were kept under control conditions for 5 days to allow 

for the expression of the construct, and they underwent the rest of the behavioural 

protocol. Subsequently, mice were perfused and processed for 

immunohistochemistry as previously described.   

Statistical analysis: 

All statistical analyses were based on two-tailed comparisons and were 

performed using GraphPad Prism 6 (GraphPad software. Inc.); results are 

presented as mean ± s.e.m. Sample sizes for each experiment are mentioned in 

the respective figure legends. Experimental mice were always compared to 

saline-injected controls, unless otherwise stated, and mice were assigned 

randomly to the different groups. 
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