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Abstract 
 

Avoidance behaviour, aimed at escaping dangerous stimuli and threatening situations, can 

become maladaptive when individuals avoid relatively safe situations, a hallmark of anxiety 

disorders. Innate avoidance, a natural aversion to ethologically relevant stimuli, involves a 

neural circuit in which the basolateral amygdala (BLA) and prefrontal cortex (PFC) play a 

central role. We have observed that both the PFC and the BLA send converging 

unidirectional excitatory inputs to the dorsomedial striatum (DMS), which thus may be 

ideally positioned to regulate the output of this circuit. Indeed, the DMS has been 

implicated in learned, and more recently in innate avoidance behaviours. To investigate 

the role of the PFC-DMS and BLA-DMS pathways in innate avoidance, we used a 

chemogenetic approach. CD1 male mice received a bilateral injection of AAVs expressing 

either the inhibitory DREADD hM4D(Gi) or the excitatory DREADD hM3D(Gq) in the PFC 

or BLA. Then, mice were focally injected with CNO or saline into the DMS and tested in 

the elevated plus maze (EPM) 30 minutes later. Inhibiting the PFC-DMS pathway did not 

affect the time spent in open arms of the EPM, but its activation significantly reduced 

anxiety. On the other hand, activation of the BLA-DMS pathway led to a reduction in the 

time spent in the open arms, while its inhibition had a strong anxiolytic effect. To 

understand why the same type of manipulation of two pathways converging in the same 

region generates opposite behavioral responses, we aimed to evaluate the contribution of 

striatal interneurons receiving direct projections from the PFC or the BLA. To this end, 

Ai14 mice were injected in the PFC or BLA with an anterograde virus (AAV1-hSyn-P2A-

Cre-WPRE), capable of crossing the downstream synapse and infecting neurons that 

receive input from neurons at the injection site. Subsequently, brain sections were 

processed with a parvalbumin antibody to identify the percentage of double-positive 

striatal interneurons and verify whether a different percentage of these neurons received 

projections from the PFC or BLA. However, we did not observe significant differences in 

the percentage of parvalbumin-positive striatal interneurons receiving input from the PFC 

or BLA. As a final experiment, to verify how information from the PFC and BLA flows 

downstream of the basal ganglia, CD1 mice were injected with a viral vector expressing 

channelrhodopsin, while optical fibers were implanted in the GPi to specifically manipulate 

this projection during the EPM and OF tests. Activation of this pathway showed a reduction 

in time spent in the open arms of the EPM, suggesting an increase in avoidance behavior, 

without altering locomotion as measured in the OF. These results not only confirm the 

involvement of PFC-DMS and BLA-DMS projecting neurons in mice behaviour in the EPM, 

but also underscore that these pathways exert opposing bidirectional control over innate 

avoidance. Moreover, additional experimental subjects will be necessary to confirm the 

opposite effect of the projections does not involve a different contribution of parvalbumin-

positive interneurons. Finally, this is the first evidence that information arriving in the DMS, 

which mediates avoidance behaviors, flows downstream to the GPi. 
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Abbreviations Table 

 

Abbreviation Meaning

adBNST Anterodorsal Bed Nucleus of Stria Terminalis

BLA Basolateral Amygdala

 CNO Clozapine N-oxide

CEA Central Amygdala

COL Cholinergic

CS Conditioned Stimulus

D1R D1 Dopamine Receptor

D2R D2 Dopamine Receptor

dDG Dorsal Dentate Gyrus

DG Dentate Gyrus

DLS Dorsolateral Striatum

DMS Dorsomedial Striatum

DS Dorsal Striatum

EP Entopeduncolar Nucleus

EPM Elevated Plus Maze

EZM Elevated Zero Maze

GCs Granule cells

GP Globus Pallidus

Gpe external Globus Pallidus

Gpi Internal Globus Pallidus

HYP Hyphothalamus

IA iInhibitory Avoidance

IC Inferior Colliculus

LC Locus Ceruleus

LS Lateral Septum

mGlur Metabotropic Glutamatre Receptor

mPFC medial Prefrontal Cortex

MSN Medium spiny Neuron

OF Open Field

ovBNST Oval Bed Nucleus of Stria Terminalis

PAG Periaqueductal grey

PB Parabrachial Nucleus

PFC Prefrontal Cortex

PV Parvalbumin

RN Raphe Nuclei

SC Superior Colliculus

SN Substantia Nigra

SNc Substantia Nigra compacta

SNr Substantia Nigra reticulata

SOM Somatostatin

THAL Thalamus

TS Tail of the Striatum

US Unconditional Stimulus

vBNST Ventral Bed Nucleus of Stria Terminalis

vDG Ventral Dentate Gyrus

vGP Ventral Pallidum

vHPC Ventral Hippocampus

VS Ventral Striatum

VTA Ventral Tegmental Area
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1 Introduction 

 1.1 Avoidance and anxiety 

Avoidance refers to any behavior aimed at evading dangerous stimuli and 

threatening situations. Adaptive avoidance enhances survival and fitness, 

whereas maladaptive avoidance reduces interaction with relatively safe stimuli, 

impacting social life and cognitive abilities (Arnaudova et al. 2017). Indeed, 

maladaptive avoidance is a cardinal symptom of anxiety disorders and related 

conditions such as post-traumatic stress disorder (Aupperle et al. 2010). 

Anxiety is defined as an emotional reaction to vague, potential threats, 

characterized by prolonged arousal, heightened vigilance, and apprehension. This 

state results in distinct patterns of defensive behavior and autonomic responses, 

such as sweating, dizziness, and increased blood pressure and heart rate 

(Michael Davis et al. 2010; Blanchard et al. 2008; Grupe et al. 2013; Sylvers et al. 

2011). Fear and anxiety can be conceptually understood as brain states triggered 

by external or internal stimuli, leading to specific measurable behavioral, 

physiological, hormonal, and autonomic responses. These responses have 

evolved to help organisms avoid or mitigate harm, thus ensuring survival. Fear 

typically arises from immediate, concrete sensory input, while anxiety is often 

provoked by potential, circumstantial, and anticipated threats (Davis et al. 2001; 

Davis et al. 2010; Blanchard et al. 2008; Grupe et al. 2013). 

Anxiety disorders impact around 12.7% of the U.S. population, based on 12-

month data from the 2012-2013 National Epidemiologic Survey on Alcohol and 

Related Conditions. Earlier research from the 2004 National Comorbidity Study 

indicated a 12-month prevalence of 21% and a lifetime prevalence of 34% 

(Kessler et al. 2012). These disorders are linked to higher healthcare usage, 

diminished quality of life, and impaired daily functioning. Among the most common 
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anxiety disorders are social anxiety disorder (13% lifetime prevalence), 

generalized anxiety disorder (6.2%), panic disorder (5.2%), and agoraphobia 

(2.6%), which often occurs alongside panic disorder. The anxiety disorders usually 

follow a long-term, persistent course (Kessler et al. 2012). Many individuals 

endure symptoms for years before seeking treatment (Bandelow et al.  2015). A 

meta-analysis of 43 studies revealed that anxiety rates spiked during the COVID-

19 pandemic, with roughly 25% of adults reporting symptoms between 2019 and 

August 2020 (Santabárbara et al. 2021). Anxiety disorders rank as the second 

most prevalent psychiatric condition after depression and are associated with an 

average of 4.6 lost workdays per month, contributing to over $4 billion in 

workplace-related costs (Harder et al. 2016). They can also coexist with or 

exacerbate various medical conditions, including cardiovascular, gastrointestinal, 

pulmonary diseases, cancer, chronic pain, and migraines. Studies show that 

between 71% and 97.8% of those with anxiety disorders are misdiagnosed, and 

about 41% remain untreated (Vermani et al. 2011; Kroenke et al. 2007). 

Moreover, a recent epidemiological study has highlighted a global rise in anxiety 

disorder cases. In 2019, the worldwide prevalence of anxiety disorders was 

estimated at 4.05%. The number of affected individuals grew significantly from 

1990 to 2019, increasing from 194.9 million to 301.4 million. Across all mental 

health conditions, the global prevalence was recorded at 12,537 cases per 

100,000 people. Specifically, anxiety disorders accounted for 3,895 cases per 

100,000 individuals. Compared to other major mental health conditions, anxiety 

disorders were considerably more common. For example, bipolar disorder had a 

prevalence of 511 cases, while schizophrenia affected 304 cases per 100,000 

individuals (Javaid et al. 2023). 

In conclusion, continued research into anxiety disorders is essential for improving 

public health outcomes, developing more effective treatments, and addressing the 

significant societal and economic impacts of these pervasive conditions. 



8 
 

Animal models have allowed to make significant progress in understanding the 

neural mechanisms that contribute to dysfunctional avoidance behavior seen in 

anxiety disorders. Although anxiety is a subjective experience that cannot be 

directly measured in animal models, a diverse array of behavioral tests have been 

implemented to quantify anxiety-related behavioral phenotypes. Exploratory-

based tasks exploit rodents' innate avoidance of exposed, illuminated 

environments and their inherent drive to explore novel settings. These tasks, often 

referred to as approach-avoidance conflict tests, involve exposing rodents to an 

arena with "safe" and "aversive" zones. 

 

Figure 1 An elevated plus maze used in behavioral studies to assess avoidance behavior 

in rodents. This test provides valuable insights into the behavioral responses associated 

with anxiety in animal models. The maze consists of two open arms and two enclosed 

arms, elevated from the ground. Rodents are observed for their tendency to explore the 

open arms (indicating reduced anxiety) versus the enclosed arms (indicating increased 

anxiety).  
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One of the most commonly used paradigms based on approach-avoidance 

conflict to assess avoidance and anxiety-like behavior in rodents is the elevated 

plus maze (EPM). The EPM is a plus-shaped maze elevated above the ground, 

consisting of two enclosed arms and two open arms (Fig1). The time spent into 

the open arm and the number of entries into the open arms are quantified, with an 

anxious phenotype indicated by greater avoidance of the open arms (Pellow et al. 

1985). Other common approach-avoidance conflict tasks are the elevated zero 

maze (EZM), open field (OF) and light-dark box. In all these tasks mice with an 

anxious phenotype tend to spend more time in enclosed or ‘safe’ zones compared 

to controls. These tests do not require training because they take advantage of 

these innate tendencies, but are sensitive to locomotor deficits, so it is important 

to assess the effect of any treatments on locomotor activity. These tests have a 

high degree of face validity in that most anxiety disorders include a component of 

avoidance of a potentially hazardous stimulus, and they also have a good 

predictive value since they respond well to pharmacological treatments known to 

modulate anxiety in humans (Calhoon et al. 2015)(Fig2). 

 

 

 

Figure 2 Validated tests to assay innate anxiety through approach-avoidance conflict task. 

From left to right elevated plus maze (EPM), elevated zero maze (EZM), open field (OF), 

light-dark box (adapted from Calhoon & Tye 2015). 
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1.2 Neural circuits underlying avoidance and anxiety 

A substantial body of evidence indicates that avoidance and anxiety are mediated 

by partially overlapping neuronal circuits, which are similar in both humans and 

animals (Aupperle et al. 2010; Ball et al. 2022). Current research, both clinical 

and preclinical, suggests that anxiety disorders stem from dysfunctions within a 

set of highly interconnected neural circuits, with the basolateral amygdala (BLA), 

ventral hippocampus (vHPC), and prefrontal cortex (PFC) being key nodes 

(Calhoon et al. 2015; Duval et al. 2015). Using the approach-avoidance conflict 

task, researchers have extensively examined the roles of PFC, BLA, and vHPC 

activity in driving anxiety-like behavior in rodents, alongside other classic 

methodologies (Fig3). 

 

 

Figure 3 The anxiety network. Anxiety states are mediated by local and long-range 

connections between multiple brain areas. BLA, basolateral amygdala; CEA, central 

amygdala; vBNST, ventral bed nucleus of stria terminalis; adBNST, anterodorsal bed 
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nucleus of the stria terminalis; vHC, ventral hippocampus; VTA, ventral tegmental area; 

HYP, hypothalamus; LC, locus coeruleus; LS, lateral septum; mPFC, medial prefrontal 

cortex; ovBNST, oval BNST; PAG, periaqueductal grey; PB, parabrachial nucleus; RN, 

raphe nuclei (Tovote et al. 2015). 

 

In vivo electrophysiology during approach-avoidance conflicts has shed light on 

changes in PFC neural activity when exposed to anxiety-inducing environments; 

specifically, theta power in the PFC increases as mice explore the enclosed arms 

of the EPM (Adhikari et al. 2010). Moreover, single-unit PFC neural activity has 

been characterized in mice during the approach-avoidance conflict in the EPM. 

Some neurons preferentially fire in the open arms, while others preferentially fire 

in the closed arms or center. Additionally, neurons that fire in the open arm also 

fire when the enclosed arm is made aversive with bright light, indicating that PFC 

neurons encode aversive environmental features rather than just location 

(Adhikari et al. 2011). 

The amygdala was one of the first brain structures implicated in anxiety behaviors.  

Larger amygdala volumes correlate with increased anxiety in humans (Machado-

de-Sousa et al. 2014). Patients with social anxiety disorder show heightened 

amygdala activation during anticipatory anxiety compared to healthy individuals 

(Boehme et al. 2014). In rodents, amygdala activation is observed following 

exposure to anxiogenic contexts (Silveira et al. 1993; Butler et al. 2012), and 

pharmacological inactivation of the amygdala produces an anxiolytic effect in the 

elevated plus-maze (Moreira et al. 2007). Tonic activity in certain BLA neurons 

correlates with anxiety-like behavior in the EPM and OF (Wang et al. 2011). The 

role of the amygdala in avoidance behavior has emerged from optogenetic 

manipulation rather than local pharmacological inactivation and lesion studies. 

Indeed, manipulation of the central nucleus of the amygdala, but not the BLA, is 

required for the avoidance of open spaces (Moreira et al. 2007; Carvalho et al. 



12 
 

2012). However, these results may reflect compensatory changes following drug 

infusion or lesions. Fortunately, new tools like optogenetic manipulation, which is 

quick and reversible, allow researchers to overcome these limitations. 

Optogenetic activation of the entire BLA has been shown to augment anxiety (Tye 

et al. 2011). 

Studies suggest that the vHPC plays a crucial role in the pathogenesis of mood 

and anxiety disorders. The vHPC has long been associated with regulating 

behavior during approach-avoidance conflict (Bryant et al. 2020).  In adult rodents 

and humans, the subgranular zone of the dentate gyrus (DG) continuously 

generates new granule cells (GCs) (Cameron et al. 2001). Recent findings have 

demonstrated the significant role of adult-born and mature GCs in regulating 

anxiety. Increased neurogenesis in the DG reduces corticosteroid-induced 

anxiety-like behaviour (Hill et al. 2015), whereas inhibition of hippocampal 

neurogenesis increases anxiety-related behaviors (Revest et al. 2009). Important 

studies have proposed that adult-born GCs in the ventral DG (vDG), but not the 

dorsal DG (dDG), are key in mediating anxiety-related behaviors. In mice, 

increasing neurogenesis in the vDG prevents social defeat-induced anxiety-like 

behaviors by inhibiting the activity of mature GCs. Conversely, chemogenetic 

silencing of adult-born GCs leads to avoidance behavior in the social interaction 

test and decreased center exploration in the OF (Anacker et al. 2018). However, 

another study from the same group found that optogenetic activation of mature 

vDG GCs relieves anxiety (Kheirbek et al. 2013).  

Furthermore, recent studies highlight the causal role of connectivity between the 

PFC, vHPC, and BLA. The vHPC sends dense projections to the rodent PFC 

(Vertes et al. 2004). Chemogenetic inhibition of these projecting neurons 

decreases anxiety-related avoidance in the EPM and OF. Additionally, optical 

inhibition of vHPC-PFC reduces theta synchrony in this circuit and disrupts PFC 
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task-specific firing patterns in the EPM (Padilla-Coreano et al. 2016; Parfitt et al. 

2017). 

In contrast to the vHPC-PFC circuit, tract-tracing studies have demonstrated 

reciprocal connectivity between the PFC and BLA. Long-range afferent input from 

the amygdala to the PFC comes exclusively from the BLA, whereas the PFC sends 

top-down projections to multiple amygdala nuclei, including the lateral, basal, 

basomedial, and central amygdala (Gabbott et al. 2005; Vertes et al. 2004). 

Similar to the vHPC-PFC circuit, a subset of neurons within the BLA has been 

shown to track anxiety-like behavior in the EPM and OF (Wang et al. 2011). 

Glutamatergic signals from the BLA to pyramidal neurons in the ventral CA1 

control innate anxiety behaviors in the elevated plus maze and open field tests. 

Activation of this pathway increases anxiety, while its inhibition reduces anxiety 

(Degroot et al. 2004; Felix-Ortiz et al. 2016). Furthermore, optical activation of 

BLA terminals in the PFC increases avoidance in the EPM and OF, while inhibition 

produces the opposite effects (Felix-Ortiz et al. 2016). 

Collectively, the studies discussed above strongly suggest that the amygdala and 

vHPC are both involved in mediating anxiety-related behavior. However, the 

contribution of the specific connection between these two regions has been poorly 

understood. To study the BLA-vHPC circuit, light-sensitive opsins were expressed 

in glutamatergic BLA projection neurons, and an optical fiber was positioned 

above BLA axon terminals within the vHPC for precise illumination. Phasic light 

activation of channelrhodopsin-expressing BLA terminals within the vHPC 

transiently and significantly increased anxiety-related behavior in the OF and EPM. 

Conversely, light inhibition of BLA terminals in the vHPC reduced anxiety-like 

behavior in the OF and EPM (Felix-Ortiz et al. 2013). 
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The notion that a distributed network of interconnected brain regions modulates 

anxiety is not new and has been suggested previously (Papez 1995). Nonetheless, 

future studies will identify all the components of this network and dissect the 

function of each projection. 
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1.3 The striatum 

The basal ganglia are a collection of subcortical nuclei that play a role in various 

functions such as motor control, learning, decision-making, and reward (Packard 

et al. 2002; Schultz et al. 1997; Yin et al.  2006). 

In human studies, the name of basal ganglia refers generally to the striatum, the 

subthalamic nucleus and the substantia nigra. From an anatomical perspective, 

the  basal ganglia consist of a group of brain structures that includes the caudate 

nucleus (commonly termed dorsal striatum – DS), putamen, nucleus accumbens 

(Nac – or ventral striatum –VS), globus palludus (GP), subthalamic nucleus and 

substantia nigra (SN)  (Goodman and Packard 2016). Although simplified, the 

same compartimentalization is also observed in rodents. It can be distinguished 

the globus pallidus, corresponding to external GP (GPe), while the internal GP 

(GPi) is equivalent (in terms of inputs and outputs) to the entopeduncolar nucleus 

(EP), (Fig 4). 

 

Figure 4 Schematic representation of basal ganglia circuits (Adapted from Park et al. 

2020). 
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Each individual structure is constituted by macroscopically different subnuclei in 

the human brain (Groenewegen et al. 2003). Thus, the striatum includes the 

caudate nucleus, putamen and nucleus accumbens; the pallidum consist of GPi 

and GPe and the ventral pallidum (vGP); the subthalamic nucleus appears, 

macroscopically, as an undivided morphological unity; the SN has a clearly 

distinguishable pars compacta (SNc) and pars reticulata (SNr) (Groenewegen et 

al. 2003). All these subcortical regions are highly interconnected with each other 

and play an important role in regulating various aspects of psychomotor behavior 

(Charara et al. 2003). 

The reason for including the caudate nucleus, putamen, and Nac in the striatum 

is that all three nuclei have similar histological, neurochemical end connectional 

characteristics (Groenewegen et al. 2003). 

The striatum serves as the primary input structure of the basal ganglia, receiving 

glutamatergic signals from both the cortex and the thalamus (Hunnicutt et al. 

2016). The striatum is characterized by various neuronal populations: the vast 

majority of striatal neurons (95%) correspond to medium spiny neurons (MSN). 

They are GABAergic projecting neurons characterized by high spine density and 

electrophysiologically by a negative resting potential and low firings rates in vivo 

(Cepeda et al. 2008). They are divided in two distinct populations by their D1/D2 

dopamine receptors expression and by their downstream projection targets (Kita 

et al. 1988; Gerfen et al. 2011). Thus, MSNs projecting to the GPe participate in 

the indirect striatoplallidal pathway and are characterized by D2 dopamine (D2R) 

receptor, while MSNs innervating the GPi, or entopeduncular nucleus, and the 

SNr form the direct striatonigral pathway and are characterized by D1 dopamine 

(D1R) receptor. 
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Furhtermore, striatal MSNs  projecting through the indirect pathway are known to 

contain the neuropeptide encephalin, whereas the neuropeptides substance P 

and dynorphin are expressed in those MSNs projecting directly to the GPi and SNr 

(Lanciego et al. 2012). The electrophysiological activity of MSNs depend in part 

from convergent excitatory inputs to become “active” (Groenewegen et al. 2003). 

MSNs process excitatory glutamatergic inputs first through AMPA and kainate 

receptors and then NMDA receptors, once cells are depolarised. Throughout all 

the extension of the striatum MSNs exhibit mostly a common set of membrane 

properties, such as hyperpolarised resting membrane potentials and strong 

inward rectification (Voorn et al. 2004). 

 Furthermore, several classes of GABAergic interneurons have been described. 

Striatal parvalbumin (PV) and somatostatin (SOM) GABAergic interneurons are 

the most studied. They show distinct electrophysiological and morphological 

properties that can be used to identify each class (Tepper et al. 2010). 

Furthermore, PV interneurons are more likely to target direct-pathway MSNs than 

indirect-pathway MSNs, indicating a possible mechanism for quick, pathway-

specific regulation of striatal output pathways (Gittis et al., 2010). Cholinergic 

striatal interneurons (COL) make a further class of inhibitory striatal interneurons 

and like GABAergic interneurons have their own features (Zhou et al. 2002). 

These neuronal populations show a regular distribution along the mediolateral 

Dorsal striatum  axis, except for PV ad COL interneurons that show a higher 

density in the lateral part (Kita et al. 1990; Fino et al. 2018; Gangarossa et al. 

2013; Matamales et al. 2016). Indeed, some recent studies have divided the DS 

in two regions, dorsomedial (DMS) and dorsolateral (DLS) striatum (fig5). 

Classifying DS into DLS and DMS is mainly based on behavioural studies and the 

lack of anatomical boundaries between these regions has led to look for 

differences in terms of connectivity, synaptic plasticity and neuronal distribution. 
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Nevertheless, some electrophysiological and cellular studies have reported that 

the DMS and DLS can be considered as distinct regions. 

 

 

 

Figure 5 Diagram illustrating the division of territories within the dorsal striatum (Hintiryan 

et al. 2016) 

 

Cortes reports how DMS and DLS MSN display distinct electrophysiological 

properties and slow wave oscillation features. These differences are robust 

enough to classify MSNs in DMS or DLS cells with ≈90% accuracy by a machine-
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learning approach in order to predict their position. Furthermore, slow wave 

oscillation activity in DMS and DLS correlate with their own input cortical areas 

suggesting this spontaneous activity heterogeneity within dorsal striatum is partly 

due to cortical afferents (Alegre-Cortés et al. 2021). PV, SOM and COL 

interneurons display characteristics depending on striatal territory. As mentioned 

above, PV and COL interneurons have a higher density in DLS whereas SOM 

show a regular distribution. COL interneurons display different responses in DS 

following SNc dopaminergic neurons stimulation. They show two distinct 

responses: the first one is a pause in spontaneous neuronal activity whereas the 

second one is a brief pause followed by a burst of action potentials. The former 

response is a peculiarity of DMS COL interneurons and it is due to activation of 

D2R following dopamine release from SNc inputs while the second one has been 

described only in DLS and it is due to activation of D2R and metabotropic 

glutamate receptors (mGluR) following co-release of dopamine and glutamate 

from SNc terminals (Cai et al. 2018). This different regulation of DMS and DLS by 

SNc dopaminergic neurons may be fit with the distinct nigrostriatal circuits 

described by Lerner (Lerner et al. 2015). 

These different spontaneous and evoke neuronal activity along mediolateral DS 

axis reflect the different innervations (fig6). Cortical and thalamic projections are 

the most important excitatory inputs into dorsal striatum. Hintiryan has reported 

distinct cortical innervations into DS.  The DMS primarily receives inputs from 

limbic and association cortices, including the PFC while the DLS primarily receives 

inputs from the motor and somatosensory cortices, such as M1/2 and S1/2  

(Hintiryan et al. 2016). Furthermore, the DMS, but not DLS, receives projection 

from BLA (Hintiryan et al. 2021), a region known to be critical for associating 

sensory stimuli with aversive events. 
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Therefore, despite anatomical boundaries are absent between DMS and DLS, 

these regions display sharp features that make them independent territories and 

could explain their heterogeneity in striatal-dependent behaviours.  

The extended demonstrations of anatomical segregated inputs in dorsal striatum 

has suggested that these connections impose a functional organization and its 

anatomical and neurochemical heterogeneity mirrors the heterogeneity of 

functions which the striatum is implicated. Even though many other investigations 

regarding the role of striatum need to be done, most of the evidences reported 

seems to suggest that the two parts of the DS are essential element  of neural 

system involved in processing cognitive informations. Traditionally, most of the 

studies on striatum has been driven by researching the role of this structure in 

relation to motor function and skills (Yin et al. 2009; Cui et al. 2013). However in 

the last decades, new literature reports a more extensive repertoire of functions 

for this brain region, challenging the idea that striatal region is confined to the 

motor domain. In fact, it has been suggested that striatal circuitries are not only 

responsible for the motor learning, but they might be relevant also for learning and 

memory processes as (S-R)/habit learning  (Packard et al. 2002), instrumental 

learning (Yin et al. 2004) spatial memory  (De Leonibus et al. 2003; De Leonibus 

et al. 2005), behavioral/cognitive flexibility (Ragozzino et al. 2002), spatial/non-

spatial navigation (Devan e White 1999; Lee et al. 2008).  
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1.4 Focus on the DMS in avoidance behavior 

The DMS has been thoroughly investigated for its vital role in stimulus-response 

learning, which involves a sensory cue consistently eliciting a motor response 

(Packard and Knowlton 2002).  However, the DMS's role in learned avoidance is 

not completely clear. 

In the inhibitory avoidance (IA) test, animals learn to evade an environment where 

they previously encountered an aversive stimulus (US, such as a foot-shock) by 

staying in the brightly lit side of a two-compartment chamber (passive avoidance 

paradigm) or by moving to the opposite side compartment after a CS presentation 

(active avoidance paradigm). In this paradigm, animals must suppress their 

natural avoidance behavior, i.e., their tendency to avoid bright and open areas. 

The involvement of the DS in IA has been recognized since the 1960s. Various 

studies in rodents have shown that electrolytic or chemical disruption of the 

caudate nucleus impairs the acquisition and retention of the passive IA task 

(Kirkby et al. 1968; Prado-Alcalá et al. 1975; Chavez et al. 1995). A significant 

deficit in the consolidation of a passive IA task has also been observed following 

the inhibition of transcription and translation in DS (Prado-Alcalá et al. 2017). 

Interestingly, while foot-shock alone does not alter the number of dendritic spines 

of MSNs in the DLS and DMS, intensive IA training induces a notable increase in 

spine density proportional to the foot-shock intensity. 
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Figure 6 Different inputs to the medial striatum (left) and lateral striatum (right)(Adapted 

from Hintiryan et al. 2016) 

 

The learning-induced increase in dendritic spines in DS may represent a cellular 

mechanism underlying the consolidation and persistence of memory storage 

(Bello-Medina et al. 2016). 

Lesion studies have also shown that DS plays a crucial role in the active avoidance 

task (Kirkby et al. 1974). Wendler and collegues demonstrated a differential 

involvement of DS subregions since lesions of DLS impaired early acquisition, 

whereas DMS lesions affected the late phases of learning and extinction. The 

exact striatal circuit resulting in active avoidance behavior remains unclear 

(Wendler et al. 2014). Using chemogenetics and optogenetics, Hormigo and 

collaborators  recently discovered that the SNr, the primary DS output, modulates 

the avoidance response to the CS. Inhibition of SNr firing facilitates active 

avoidance during tone presentation, while SNr excitation blocks the response. 

According to their proposed circuit model, the CS-driven avoidance behavior may 

engage a multisynaptic loop that originates within and returns to the superior 
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colliculus via the SNr  (Hormigo et al. 2016). The superior colliculus detects 

sensory stimuli and sends information to the striatum via the posterior intralaminar 

nucleus (Linke et al.1999; Krout et al. 2001). Once activated by CS, the striatal 

direct pathway MSNs may suppress the SNr and consequently disinhibit its 

projections to the superior colliculus and the mesencephalic locomotor central 

pattern generators, thereby promoting active avoidance behavior (MacKay-Lyons 

et al. 2002) 

Emerging evidence suggests that the DMS, particularly the D2R-expressing 

MSNs, plays a significant role in innate avoidance behavior in the EPM and OF. 

Using fiber photometry, LeBlanc and colleagues demonstrated that D2 MSNs 

activity increases as mice enter anxiogenic areas of these tasks. Additionally, they 

showed that optogenetic stimulation of D2 MSNs promotes avoidance of open 

areas in both tasks, while chemogenetic inhibition of D2 MSNs reduces avoidance 

behavior. Interestingly, knocking out the D2R on COL interneurons or dopamine 

neurons did not affect the mice’s performance in exploratory tasks, suggesting 

that DMS indirect pathway neurons are critical for evoking avoidance behavior 

(LeBlanc et al. 2020). 

Recent research indicates that PFC–DMS projections may play a more crucial role 

in regulating avoidance. Using fiber photometry recordings in both male and 

female mice during the EZM task, Loewke and collegues observed heightened 

neural activity in frontostriatal projection neurons during exploration of the 

anxiogenic open arms. Additionally, optogenetic experiments showed that this 

frontostriatal projection preferentially excites postsynaptic D1 receptor-expressing 

neurons in the DMS and causally controls innate avoidance behavior (Loewke et 

al. 2021). Furthermore, the BLA neurons projecting to the DMS, primarily targeting 

dopamine D1 receptor-expressing neurons, significantly overlap with the neuronal 

population that responds to aversive predator stress, a widely used anxiogenic 
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stressor. Specific optogenetic activation of the BLA-DMS circuit induced a strong 

anxiety response followed by compulsive grooming (Lee et al. 2024). 

Furthermore, The DS primarily consists of MSNs that predominantly express either 

D1R or D2R. D1 MSNs project directly to the SNr and are known as direct pathway 

MSNs. These D1 MSN projections to the SNr exhibit a topographical organization, 

with anterior DS D1 MSNs projecting medially, while D1 MSNs from the posterior 

DMS/DLS and TS project laterally (Hedreen et al. 1991). On the other hand, D2 

MSNs indirectly project to the SNr via the GPe and subthalamic nuclei, forming 

the indirect pathway (DeLong et al. 1990; Bertran-Gonzalez et al. 2010).  

Activation of these two MSN populations often results in opposing behavioral 

effects (Lenz and Lobo 2013). Both the GPe and SNr have been implicated in 

avoidance behaviors (Ipser et al. 2013; Hormigo et al. 2016; Almada et al. 2018; 

LeBlanc et al. 2020). The SNr sends projections to various regions involved in the 

fear response, including the superior colliculus, inferior colliculus, and 

periaqueductal gray (Castellan-Baldan et al. 2006). Together, these pathways 

position the DMS to integrate sensory input and aversive stimuli, thereby 

modulating responses to aversive experiences. The administration of 

dopaminergic antagonists of D1R and D2R in the DMS produced respectively 

decrease and an increase in anxiety behaviour (Nguyen et al. 2019).    
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2 Aim of the study 

Avoidance encompasses any behavior intended to evade dangerous stimuli and 

threatening situations. Adaptive avoidance enhances survival and fitness, 

whereas maladaptive avoidance impairs interaction with relatively safe stimuli, 

impacting social life and cognitive functions (Arnaudova et al. 2017). Indeed, 

maladaptive avoidance has been recognized as a key symptom of anxiety 

disorders and related conditions such as post-traumatic stress disorder (Aupperle 

et al. 2010).  

For over a century since the initial discovery that temporal lobe structures regulate 

emotional behaviors, our knowledge of the neural mechanisms underlying anxiety 

and avoidance was primarily derived from insights obtained through lesion and 

inactivation studies. Although these foundational studies identified crucial areas 

involved in the regulation of anxiety, such as the BLA, the bed nucleus of the stria 

terminalis (BNST), the vHPC, and the PFC, advancements in understanding the 

roles of these regional macrocircuits in this emotional state remained limited 

(Calhoon e Tye 2015; Duval et al. 2015; Papez 1995). The ability to expand our 

understanding of the brain regions involved in the network that regulates 

avoidance and anxiety-like behaviors would provide a more comprehensive 

perspective, giving us the way for more targeted and personalized treatments, 

whether pharmacological or therapeutic. To expand a network involved in the 

regulation of a specific behavior, a good starting point could be to determine 

whether certain regions are more interconnected than others with those already 

known to regulate that behavior. In this regard, the DS appears to be a particularly 

interesting candidate, as it seems to be anatomically well integrated within the 

classical network that regulate anxiety-like behavior and innate avoidance. From 

a functional point of view, the DS has been extensively studied for its essential role 
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in stimulus-response learning, but whether the DS contributes to avoidance 

behavior is not fully understood.  

The DS is composed of DMS, DLS and a posterior portion (tail of the striatum, TS) 

(Hunnicutt et al. 2016). The DLS receive inputs primarily from motor and 

somatosensory cortices. The TS receives primary information from sensory 

cortices (Hunnicutt et al. 2016; Hintiryan et al. 2016). Interestingly, the DMS 

subdivision receives direct excitatory projection from BLA and PFC, regions 

implicated in anxiety (Hunnicutt et al. 2016; Hintiryan et al. 2016; 2021). The DMS 

is predominantly composed of MSNs that project to SN and GP. Both GP and SN 

have been shown to play a role in aversive behavior (Ipser et al. 2013; Hormigo et 

al. 2016; Almada et al. 2018). Furthermore, recent evidences suggest that the 

DMS could integrate sensory and aversive informations and modulate aversive 

response (Leblank et al., 2020; Loewke et al. 2021; Lee et al. 2024).  

With the aim to identify new regions that integrate into the established network 

responsible for regulating innate avoidance and anxiety-like behaviors, we 

focused on the DMS, rather than other striatal subregions such as the DLS or the 

tail of the striatum. The DMS was chosen first of all due to its anatomical inputs 

from the BLA and the PFC, and its outputs to the GP and SN. From a functional 

point of view, the DMS is known to play a role in learning the association between 

stimuli and outcomes and in decision-making (Packard et al. 2002; Balleine et al. 

2007). DMS lesions impair goal-directed behavior, leaving the animal’s behavior 

stimulus-driven and habitual. In contrast, DLS lesions inhibit the formation of 

habits, leaving the animal’s behavior under the control of anticipated goals 

(Burton, Nakamura, and Roesch 2015), potentially the DMS playing a central role 

in modulating decision and goal-oriented action to avoid new and learned 

situations. Recent evidence suggest also a possible role of DMS in avoidance 

behavior (Nguyen et al. 2019; LeBlanc et al. 2020; Loewke et al. 2021).  
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Based on these anatomical and functional evidence, we set out to investigate the 

role of specific inputs from PFC and BLA to DMS in innate avoidance behavior in 

CD1 outbred mice. Mice are one of the most widely used animal models in 

scientific research. Their genetic similarity to humans makes them a tool for 

studying biological processes and diseases. Furthermore, within the broader 

category of mice used in research, outbred strains play an important role. They 

show higher genetic variability that enhances the reliability and applicability of 

research findings. This variability makes them more representative of natural 

populations, which is particularly useful for studies requiring a range of genetic 

responses.  

Our first aim was to confirm whether PFC and BLA projecting neurons converge 

in the DMS and identify the specific subregion of the DMS that receives these 

converging projections. To this aim, CD1 mice were injected in DMS with 

retrograde tracers and the presence of labelled neurons was evaluated in PFC 

and BLA.  

The second aim was to investigate the role of PFC-DMS and BLA-DMS pathways 

in avoidance behavior. We employed a chemogenetic approach to specifically 

manipulate PFC-DMS and BLA-DMS projecting neurons and measured anxiety-

like behaviour in the EPM. Furthermore, to evaluate if these projections interact in 

differentially with striatal interneurons, Ai14 mice were injected in PFC or BLA with 

an anterograde transynaptic tracer and then, immunohistochemistry for 

Parvalbumin interneurons was performed in striatal region. 

The third aim was to explore the role of downstream DMS pathways in innate 

avoidance behavior. The DMS can engage connections with the midbrain 

neurotransmitter system indirectly by projecting to the GPi, thereby regulating the 

activity of the Lateral Habenula. The Lateral Habenula is known for its role in 

modulating neurotransmitter systems in the midbrain (Wallace et al. 2017; Zhao 



28 
 

et al. 2015). These midbrain nuclei are particularly noteworthy because they not 

only contribute to avoidance behavior but also have significant projections to the 

PFC and the BLA (Muller et al. 2009; Tang et al. 2020; Bariselli et al. 2016; Albert 

et al. 2014). This forms a potential closed feedback system, where the interactions 

between the DMS, midbrain nuclei, and regions such as the PFC and BLA 

continuously influence each other. For this reasons, we focused on the GPi, using 

an optogenetic approach to specifically manipulate DMS-GPi projecting neurons, 

measuring anxiety-like behaviour in the EPM. 
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3 Materials and methods 

3.1 Subjects 

Male outbred CD1 mice, 8-15 weeks old, weighing 40-60g were used for 

anatomical, chemogenetic and optogenetic experiments. They were supplied from 

a colony maintained at Sapienza University of Rome, obtained from Charles River 

breeding pairs. Mice were housed in groups of 2-4 per cage (26.8 x 21.5 x 14.1 

cm) or 5-8 per cage (42.5 x 26.6 x 18.5 cm) in the animal facility of the Department 

of Biology and Biotechnology “Charles Darwin”, Sapienza University of Rome, 

Italy. Only male mice were used for behavioral experiments to compare our result 

with the current literature. Male and female Ai14 Cre-reporter mice (B6.Cg-

Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J; The Jackson Laboratory), 8-15 

weeks old, weighing 30-40g, were used to study parvalbumin-positive 

interneurons. They were supplied from a colony maintained at Sapienza University 

of Rome and housed in groups of 2-4 mice per cage (26.8 x 21.5 x 14.1 cm). All 

animals were maintained at a constant temperature (21±2°C) and humidity (45-

60%), on a 12h light/dark cycle (lights on at 07:30) with ad libitum access to food 

(Global Rodent Diet, Envigo) and water. All behavioral procedures were performed 

during the light period (9:00-18:00). Procedures were conducted under the 

authorization N. 967/2018-PR and N.843/2023-PR from the Italian Ministry of 

Health, according to Italian (DL.116/92) and European laws and regulations on 

the use of animals in research, and NIH guidelines on animal care. The 

experimental unit in all the experiments is the animal. Mice  were assigned to the 

different experimental groups in a randomized manner. 
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3.2 Stereotaxic surgery procedures 

 

Stereotaxic injections were performed on 7 to 9 weeks old CD1 male mice 

anesthetized with isoflurane (4%) (Iso-Vet, Piramal) using a tabletop isoflurane 

anaesthesia system (Harvard Apparatus, USA) and secured on a stereotaxic 

apparatus (David Kopf Instruments, USA). Isoflurane (3-5%) was delivered 

together with 0.6 L of oxygen per minute produced by an oxygen generator. Waste 

gases were evacuated through an active scavenger (Harvard Apparatus, USA) 

provided with a canister of activated charcoal to absorb the excess anaesthetic 

gas. Charcoal canisters were weighed before and after surgery and replaced as 

needed. Animal’s eyes were protected with a drop of Recugel (Bausch and Lomb 

GmbH, Berlin) and a warming lamp (230W) was placed 50cm above the mouse 

to avoid hypothermia due to anaesthesia. The respiration rate and general 

conditions of the mice were constantly monitored during surgeries. Once the head 

was secured, the scalp of the mouse was disinfected with Betadine (10%, 

Medapharma, Italy) and then longitudinally incised with a scalpel to expose the 

skull. The stereotaxic coordinates of lambda and bregma, two skull reference 

points created by the intersection of the sagittal suture with, the lambdoid and 

coronal sutures, respectively, were measured and kept on the same horizontal 

plane (±0.2 mm). Bregma coordinates were then used to calculate the 

coordinates of the injection or implant site according to the mouse brain atlas 

(Paxinos and Franklin, 2019). A small hole was then drilled in the skull at the 

intended injection/implant site to allow access to the brain. Paracetamol 

(Tachipirina, Angelini), as an anti-inflammatory treatment, was administered via 

the drinking water on the day of surgery and for the following two days, at a dose 

of 2 mg/kg, to ensure analgesia. 

 



31 
 

3.2.1 Striatal input characterization 

 

CD1 male mice were unilaterally injected with a retrograde AAV vector expressing 

mCherry under control of the synapsin promoter (AAVrg-hSyn-mCherry) or 

fluorogold (Cas 223769-64-0, Santa Cruz Biotechnology) in DMS (Injection 

coordinates relative to bregma: AP= +0.9mm; ML= ±1.3 mm; DV= -3.1 mm). 

Fluorogold is a fluorescent dye used to trace neural circuits and study neuronal 

connectivity. When Fluorogold is administered in a brain area, it is absorbed by 

neurons and axon terminals at the injection site. After absorption, it is transported 

retrogradely along the axons to the neuron's cell body, allowing for the tracing of 

the input pathways of that brain area (Schmued et al. 1986).The volume of 

injection was 0.20 µL per side. The injection was performed with the use of 

calibrated glass micropipettes connected to a syringe, with slow manual pressure 

applied over 2 minutes. Following the infusion, the pipettes were kept in place for 

an additional 5 minutes, allowing viral diffusion and preventing backflow, before 

being slowly retracted. Afterward, the scalp was sutured with a surgical thread 

and then animals were allowed to recover for 3 weeks before perfusion. 

 

3.2.2 Chemogenetics 

 
CD1 male mice were bilaterally injected with an AAV vector expressing either the 

inhibitory DREADD hM4D(Gi) (AAV2-hSyn-hM4D(Gi)-mCherry) or the excitatory 

DREADD hM3D(Gq) (AAV2-hSyn-hM3D(Gq)-mCherry) under control of the 

synapsin promoter in PFC (Injection coordinates relative to bregma: AP= +1.8mm; 

ML= ±0.4 mm; DV= -2.3 mm) or BLA (Injection coordinates relative to bregma: 

AP= -1.4 mm; ML= ±3.3 mm; DV= -4.9 mm). The volume of injection was 0.20 µL 

per side. Control mice were injected with saline (NaCl 0.9%). The injection was 

performed with the use of calibrated glass micropipettes connected to a syringe, 
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with slow manual pressure applied over 2 minutes. Following the infusion, the 

pipettes were kept in place for an additional 5 minutes, allowing viral diffusion and 

preventing backflow, before being slowly retracted. Afterward, the scalp was 

sutured with a surgical thread and the animals were allowed to recover for 3 weeks 

before undergoing cannulas implant surgery. Two stainless-steel guide cannulas 

(diameter 0.50/0.25 x 7mm) were bilaterally implanted in DMS at the following 

coordinates relative to bregma: AP= +0.9 mm; ML= ±1.3 mm; DV= -1.2 mm. The 

guide cannulas were anchored to the skull using dental acrylic cement (Ilic, Italy). 

Mice were allowed to recover for 1 week before the behavioral procedures. 

 

3.2.3 Optogenetics 

CD1 male mice were bilaterally injected with an AAV vector expressing the 

excitatory opsin Channelrhodopsine under the control of the synapsin 

promoter (AAV5-hSyn-hChR2(H134R)-EYFP) in DMS (Injection coordinates 

relative to bregma: AP= +0.9mm; ML= ±1.3 mm; DV= -3.1 mm). The volume of 

injection was 0.20 µL per side. The viral injection was performed with the use of 

calibrated glass micropipettes connected to a syringe, with slow manual pressure 

applied over 2 minutes. Following the infusion, the pipettes were kept in place for 

an additional 5 minutes, allowing viral diffusion and preventing backflow, before 

being slowly retracted. After the infusion, custom-made optic fiber cannulas (200-

nm core diameter; 0.39NA, Thorlabs) were lowered over the internal globus 

pallidum (AP=-0.9 mm, ML=±2.0 mm, DV=-4.6 mm) and secured to the skull with 

dental cement (Lang Jet Repair, Ravell). A screw (diameter 1mm x length 2mm, 

Ruglamzhip) was fixed to the animal's skull to secure the stability of the head cap. 

Mice were allowed to recover for 3 weeks before the behavioral procedures. 

https://www.addgene.org/26973/
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3.2.4 Striatal interneurons characterization 

 

Ai14 mice were unilaterally injected with an anterograde AAV vector expressing 

Cre under control of the synapsin promoter (AAV1-hSyn-P2A-Cre-WPRE) in PFC 

(Injection coordinates relative to bregma: AP= +1.8mm; ML= ±0.4 mm; DV= -2.3 

mm) or BLA (Injection coordinates relative to bregma: AP= -1.4 mm; ML= ±3.3 

mm; DV= -4.9 mm). The volume of injection was 0.20 µL per side. The injection 

was performed with the use of calibrated glass micropipettes connected to a 

syringe, with slow manual pressure applied over 2 minutes. Following the infusion, 

the pipettes were kept in place for an additional 5 minutes, allowing viral diffusion 

and preventing backflow, before being slowly retracted. Afterward, the scalp was 

sutured with a surgical thread and the animals were allowed to recover for 3 weeks 

before perfusion. 

 

3.2.5 Viral vectors 

 

For the striatal input characterization, we used an adeno associated virus of 

serotype 2-retro (AAVrg), a modified AAV2 serotype able to infect terminal axons 

and go back to soma (Tervo et al. 2016), to express the reporter mCherry (AAVrg-

hSyn-mCherry; 7×10¹² vg/mL). It was obtained from Addgene repository 

(#114472-AAVrg; Addgene, MA, USA, https://www.addgene.org/114472; Fig7).  

For chemogenetic manipulations, we used an adeno associated virus of serotype 

2 (AAV2) expressing the inhibitory DREADD hM4D(Gi) fused with mCherry 

(AAV2-hSyn-hM4D(Gi)-mCherry; 7×10¹² vg/mL; gift from Brian Roth) or excitatory 

DREADD hM3D(Gq) (AAV2-hSyn-hM3D(Gq)-mCherry; 3×10¹² vg/mL; gift from 

Brian Roth), obtained from Addgene repository (#50475-AAV2 and #50474-

AAV2; Addgene, MA, USA, https://www.addgene.org/50475; 

https://www.addgene.org/50474; Fig8).  

https://www.addgene.org/114472
https://www.addgene.org/50475
https://www.addgene.org/50474
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For optogenetic manipulations, we used an adeno associated virus of serotype 5 

(AAV5) expressing the excitatory channelrodopsin (AAV5-hSyn- hChR2(H134R)-

EYFP; 7×10¹² vg/mL; gift from Karl Deisseroth), obtained from Addgene repository 

(#26973-AAV5; Addgene, MA, USA, https://www.addgene.org/26973; Fig 9). The 

H134R mutation of Channelrhodopsin enhances the channel’s ionic conductance 

and reduces desensitization, resulting in a stronger and more sustained current in 

response to light. This allows for more efficient and prolonged neuron 

depolarization. By slowing the channel’s closing after activation, the mutation 

extends the duration of the channel’s opening, thereby increasing the length of 

neuronal depolarization. With greater light sensitivity, it provides a more robust 

and sustained response, making it an ideal tool for optogenetic experiments that 

require continuous or long-lasting stimulation. In short, Channelrhodopsin H134R 

is an optimized version of the native protein, designed to improve channel stability 

and efficiency under light exposure, making it especially useful for experiments 

involving optogenetic neuromodulation (Nagel et al. 2005).  

Different AAV serotypes have revealed distinct patterns of transduction within the 

nervous system. In general, AAV1,2 and 5 exhibit higher transduction frequencies 

than other serotypes in all regions injected within the CNS (Asokan et al. 2006). 

These serotypes are known to also have the ability to infect glial cells. However, 

the use of the hSyn promoter helps to limit expression to neurons, reducing 

expression outside of neuronal cells (Kügler et al. 2003).  

For characterization of striatal microcircuits, we used an adeno associated virus 

of serotype 1 (AAV1-hSyn-Cre-WPRE.hGH; 7×10¹² vg/mL; gift from James M. 

Wilson (#105553-AAV1; Addgene, MA, USA, https://www.addgene.org/105553; 

Fig10). AAV1 vectors exhibit anterograde trans-synaptic spread properties. 

AAV1-Cre from transduced presynaptic neurons effectively and specifically drives 

Cre-dependent transgene expression in selected postsynaptic neuronal targets, 

thus allowing axonal tracing and functional manipulations of the latter input-

https://www.addgene.org/26973
https://www.addgene.org/105553
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defined neuronal population. AAV1 appears not to spread beyond the first-order 

downstream neurons, thus facilitating a more conclusive interpretation of  

 

 

Figure 7 Viral construct of AAVrg-hSyn-mCherry used in anatomical experiment 

anatomical connectivity results. One limitation of using AAV1 for anterograde 

trans-neuronal studies, however, is the fact that AAV1-Cre can be also 

transported in the retrograde direction, as has been reported. Application should 

therefore be limited to pathways that do not contain reciprocal connections 

between targeted pre- and postsynaptic regions (Zingg et al. 2017). 
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A 

 

B  

 

Figure 8 (A) Viral construct of AAV2-hSyn-hM4D(Gi)-mCherry used in chemogenetic 

inhibition (B) Viral construct of AAV2-hSyn-hM3D(Gq)-mCherry used in chemogenetic 

activation. 
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Figure 9 Viral construct of AAV5-hSyn-hChR2(H134R)-EYFP used in optogenetic 

activation 

 

Figure 10 Viral construct of AAV1-hSyn-Cre-WPRE.hGH used in striatal interneurons 

characterization 
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3.3 CNO Focal injection 

 

Clozapine N-oxide (CNO) is a synthetic drug used as a ligand to activate DREADD 

receptors (Armbruster et al. 2007). To specifically manipulate PFC-DMS and BLA-

DMS projections, CNO (Sigma Aldrich, USA) was diluted at a concentration of 10 

mM in saline 0.9%, and focally administered 30min before testing in the elevated 

plus maze, based on previous evidence showing that CNO delivered on axon 

terminals robustly silences synaptic release within minutes, without significantly 

reducing axonal action potential propagation, and this reverses within 1–4 hr 

(Stachniak et al. 2014). Mice were gently restrained to insert into the guide 

cannulas an injection needle (length: 7.0 mm; diameter: 0.25 mm) connected with 

a plastic tube to a 1 µL Hamilton syringe. The dose was chosen based on previous 

literature (Torromino et al. 2019). The volume of injection was 0.2 µL per side, 

administered over two minutes. During CNO infusion, mice were free to move in 

the holding cage. After the injection, the needle was kept in place for an additional 

minute. Control mice were subjected to the same procedure, but were 

administered with saline at physiological concentration (NaCl 0.9%). 

 

3.4 Elevated plus maze (EPM) 

 

The EPM is often regarded as a straightforward technique for evaluating the 

anxiety response and approach-avoidance conflict of rodents. There is a wide 

range of possible applications for the elevated plus maze. For example, it can be 

utilized for the prescreening of newly developed pharmacological agents intended 

for the treatment of anxiety-related disorders. Additionally, the anxiolytic and 

anxiogenic effects of various pharmacological agents, substances of abuse, and 

hormones can be explored. Furthermore, the elevated plus maze is a useful 

behavioral assay to investigate the brain regions and mechanisms that underlie 
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anxiety behavior. In fact, this apparatus has been employed as a model for 

unconditioned anxiety for more than two decades, and currently, there are over 

2,000 research papers associated with this subject (Walf et al. 2007). 

The apparatus was made of black Plexiglas and consisted of two open and two 

closed arms connected by a central square platform (5 x 5 cm); each arm was 5 

cm wide and 35 cm long and the closed arms were surrounded by 15 cm high 

black walls. Furthermore, the open arms have a small outer edge of approximately 

2 mm in height to provide tactile feedback to the animal during the test. (Fig 11 

A). The maze was positioned 50 cm from the ground and placed in a mildly lit room 

(100lux), with white curtains all around. Each mouse was placed on the central 

platform facing the open arm and allowed to freely explore the apparatus. Between 

consecutive tests, the apparatus was cleaned with 70% ethanol solution. The time 

spent in open and closed arms and total distance were later manually scored from 

the recorded videotapes using ANY-maze (ANY-maze v.7.1, Stoelting Co., USA). 

The mouse was considered inside a specific compartment when all four paws 

were inside the compartment. 

 

Figure 11 Images of EPM (A) and OF (B) apparatus used in these experiments. 
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3.4.1 Chemogenetics 

 

All animals were handled for 5 minutes each day for the 5 days leading up to the 

test. On the day of the test, they were allowed to acclimate in the testing room for 

30 minutes. Each mouse was isolated in a waiting cage for 30 minutes following 

CNO administration, then it was placed on the central platform of the EPM facing 

the open arm and allowed to freely explore for 5 minutes.  

 

3.4.2 Optogenetics 

 

All animals were handled for 5 minutes each day for the 5 days leading up to the 

test. On the day of the test, they were allowed to acclimate in the testing room for 

30 minutes. Each mouse was isolated in a waiting cage for 30 minutes, then the 

implanted optic fiber cannulas were connected to a blue-light laser (CNI laser 100 

mW – laser optogenetics 470 + 594 nm) through a 2-m optic fiber (Thorlabs) and  

1x2 rotary joint splitter (RJ2 – Thorlabs). The optical fibers conductance were 

measured using a digital optic power and energy meter (PM100D - Thorlabs) 

before the animal's surgery.  The animal was then placed on the central platform 

of the EPM facing the open arm and allowed to freely explore for 14 minutes. The 

stimulation protocol consisted of a 2 min baseline laser-off period followed by three 

2 min-epochs alternating laser on/off (1–1.5 mW, 10 Hz, 5 ms pulse width, 

PulserPlus TTl Pulse Generator, Prizmatix). Between consecutive tests, the 

apparatus was cleaned with 70% ethanol solution. 
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3.5 Open field (OF)  

 

The OF is widely used to assess exploratory behavior and overall activity in both 

mice and rats, allowing for the measurement of both the quality and quantity of 

activity. Several behavior can be recorded and analyzed, such as the distance 

traveled, the duration of movement, instances of rearing, and fluctuations in 

activity over time. Additionally, the OF is frequently utilized to evaluate the 

sedative, toxic, or stimulant effects of various drugs. Consequently, the OF 

assesses multiple aspects of behavior beyond mere locomotion. The OF allows for 

the measurement of various behavioral parameters that are indicative of the level 

of anxiety in mice. In particular, it is possible to measure the time spent in the 

center of the apparatus and the time spent near the walls. Anxious animals tend 

to remain along the edges of the arena, avoiding exploring the central area, which 

is perceived as a more exposed zone and, therefore, where they are more 

vulnerable. (Gould et al. 2009).  

The apparatus was made of Plexiglas and consisted of rectangular arena (35 x 50 

cm) with a black floor surrounded by 40 cm-high white walls (Fig 11 B). The 

apparatus was placed in a mildly lit room (100lux), with white curtains all around. 

Each mouse was placed in the center of the apparatus and allowed to freely 

explore it for 14min. Between consecutive tests, the apparatus was cleaned with 

70% ethanol solution. The time spent in center and in the periphery of the arena 

(7 cm from the wall) and the total distance travelled by the animals were 

automatically scored from the recorded videotapes using ANY-maze (ANY-maze, 

Stoelting Co., USA). The mouse was considered inside a specific compartment 

when all four paws were inside the compartment. All animals were handled for 5 

minutes each day for the 5 days leading up to the test. On the day of the test, they 

were allowed to acclimate in the testing room for 30 minutes. Each mouse was 

isolated in a waiting cage for 30 minutes, then the implanted optic fiber cannulas 
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were connected to a blue-light laser (CNI laser 100 mW – laser optogenetics 470 

+ 594 nm) through a 2-m optic fiber (Thorlabs) and 1x2 rotary joint splitter (RJ2 – 

Thorlabs). The optical fibers were measured using a digital optic power and energy 

meter (PM100D - Thorlabs) before the animal's surgery.  The animal was placed 

in the center of the apparatus and allowed to freely explore for 14 minutes. The 

stimulation protocol consisted of a 2 min baseline laser-off period followed by three 

2 min-epochs alternating laser on/off (1–1.5 mW, 10 Hz, 5 ms pulse width, 

PulserPlus TTl Pulse Generator, Prizmatix). 

 

3.6 Brain tissue collection and sectioning 

 

To visualize virus expression for chemogenetic, optogenetic and striatal input 

characterization, animals were deeply anesthetized and quickly transcardially 

perfused with 50mL of saline solution (0,9%) followed by 50mL of formaldehyde 

solution (50-00-0, Sigma-Aldrich, USA) 4% in saline phosphate buffer 0.1M 

(PBS). Brains were removed, stored overnight in formaldehyde solution (4%) at 4° 

C and then transferred to a 30% sucrose solution (57-50-1, Sigma-Aldrich, USA) 

for at least 48h. Subsequently, 40µm coronal sections were cut with a cryostat 

and stored at -20°C in anti-freezing solution (NaH2PO4-H2O 1.59 ml/mL, Na2HPO4  

5,47 mg/mL, NaCl 9 mg/mL, PVP-40 10 mg/mL, sucrose 300mg/mL, and ethylene 

glycol 0.3 ml/L in distilled H2O). Brain sections were cryo-preserved in 24 well-

plates until the immunofluorescence analysis was performed. Brains of mice that 

underwent stereotaxic viral infusion were collected and sectioned in the same 

way, but during sectioning, one in two slices were mounted on gelatin-coated 

slides and coverslipped with Fluoromont with dapi (F6057, Sigma-Aldrich, USA) 

to evaluate viral expression or fluorogold spread throughout the brain. 

 



43 
 

3.7 Images acquisition 

 

To visualize viral expression for chemogenetic, optogenetic and striatal input 

characterization, as well as fluorogold, when perfectly dry and cleaned from the 

excess of mounting medium, the slides were analyzed using a Nikon Eclipse 

TE300 fluorescence microscope. Images of the regions of interest (PFC, BLA, 

DMS) were acquired at 2X (Nikon Plan UW 2x/0.06, 696x520 pixel) magnification. 

For the striatal input characterization the regions of interest were acquired at both 

2x (Nikon Plan UW 2x/0.06, 696x520 pixel) and 10x (Nikon S Fluor 10x/0.50, 

2560x1920 pixel) magnification. For the expression of the AAV2 retrograde tracer 

in striatal input characterization the acquisition has been performed also at 40x 

(Nikon Plan Fluor 40x/1.30 magnification. A minimum of 10 images per animal 

were acquired every 80 µm for the TRITC, FITC and DAPI channels. Sections from 

the striatal interneurons characterization experiment were analyzed using a ZEISS 

LSM900 confocal microscope. Images of the DMS were acquired at 20X (Plan 

Apocrhomat 20x/0.8 M27) magnification and pinhole 1.00AU/22 um. To capture 

the entire region, 20 images per hemisphere were acquired, which were then 

stiched to create a single image (1526x2539 pixel). For each animal, a minimum 

of 4 sections spaced 80 µm apart were acquired for the Tomato, AlexaFluor488 

and DAPI channels and 7 seven consecutive optical slices (z-stacks) were taken 

per hemisphere, with each slice in the z-stack spaced 4–4.5 µm apart. 
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3.8 Histological verification of viral expression and cannula/fiber optic 

placement 

 

After collecting the sections, the correct positioning of the injection, as well as the 

viral diffusion, were verified. Viral placement was schematized for each subject on 

coronal sections of the mouse brain atlas (Paxinos and Franklin 2019) with the 

use of Adobe Illustrator (Adobe Systems Incorporated, USA). Viral expression 

quantification was performed for each subject on the section with the highest 

fluorescent signal. Firstly, we defined a set of regions of interest (ROIs), using as 

a template the schematic drawings of the mouse brain atlas at different antero-

posterior coordinates (Paxinos and Franklin 2019). Each ROI delineated the area 

of the target regions (PFC, BLA or DMS). Then, with Adobe Illustrator software 

(Adobe Systems Incorporated, USA) we overlaid the image of the section with the 

highest fluorescent signal with onto the ROI of the corresponding antero-posterior 

coordinate, to calculate the percentage of virus expression within and outside the 

target area. Mice were included only if robust bilateral expression (>50% of the 

total region of interest) was observed inside the ROI. For animals injected in the 

PFC, only those showing virus expression outside the ROI that covered no more 

than 10% of the total area of the primary motor cortex were included, as this is a 

region projecting to the DMS. Expression outside the ROI in regions that do not 

project to the DMS was considered irrelevant for the experimental results. 

Regarding the placement of cannulas in DMS, only animals meeting all the 

following criteria were included: antero-posterior coordinate between bregma 

+1.10 and +0.38; medio-lateral coordinate between bregma +/- 1.0 and +/- 2.0; 

dorso-ventral coordinate between bregma -2.0 and -4.0. 

Regarding the placement of the optic fiber in the GPi, only animals meeting all the 

following criteria were included: antero-posterior coordinate between bregma -

1.06 and -1.58; medio-lateral  and dorso-ventral coordinate: only animals with the 
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optic fiber placement positioned outside the GPi but no more than 0.1 µm from 

the dorsal perimeter of the structure were included. 

 

 

3.9 Immunofluorescence staining for striatal interneurons characterization 

 

To remove the anti-freezing solution from brain slice of Ai14 mime, sections were 

rinsed in PBS 0.1M (6 x 10 min). The following immunofluorescence protocol was 

then applied: 

1. 1h at room temperature in PBS 0.1M-Triton-100 0.2% (PBST); 

2. 1h at room temperature in PBST-Normal Goat Serum (NGS) 5%;  

3. Incubation with mouse anti-Parvalbumin primary antibody (P3088, Sigma-

Aldrich) 1:2000 in PBST-NGS 5%, overnight at 4°C; 

4. 3x5 min washes in PBST; 

5. Incubation with goat anti-mouse secondary antibody conjugated with 

Alexa Fluor 488 1:500 in PBST-NGS 5%  (#4488, Jackson 

Immunoresearch) for 1h at room temperature;  

6. 3x5 min washes in PBS 0.1M. 

The sections were then mounted on gelatin-coated or polarazied slides, 

coverslipped with Fluoromont with Dapi (F6057, Sigma-Aldrich, USA) and left to 

dry.  

 

3.10 Cell counting for striatal interneuron characterization characterization 

 

For each animal we acquired a z-stack on 4 sections of DMS and for both 

emisphere. We used Fiji software for image analysis. As each z-stack was made 
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of 7 seven consecutive optical slices spaced 4–4.5 µm apart, each stack was 

converted into a single image using the Zproject plugin based on the max intensity 

tool. Double labelled cell whitin the DMS were manually counted. The number of 

double-labelled cells was reported as percentage of total Tomato positive cells. 

 

3.11 Statistical analysis 

 

Based on the inclusion criteria mentioned above for the neuroanatomical analysis, 

the rate of inclusion for each experimental group is reported in Table 1. Exclusion 

rates were primarily linked to the technical complexity of the experimental design. 

Specifically, in chemogenetic experiments, the dual surgery requirement and the 

natural variability in virus expression resulted in inclusion rates lower than 

expected. Furthermore, only animals that covered a total distance of more than 3 

meters in the EPM for chemogenetic and optogenetic experiments were included. 

All statistical analysis was performed using GraphPad Prism software 8.4.3 

(TIBCO Software Inc., USA). Comparison between control and experimental 

groups for open, center and closed arm time in EPM as well as distance travelled 

in EPM and OF were analyzed using independent student’s t-test or one-way 

anova for repeated measure. Regarding the statistical analysis of cell counts for 

the striatal interneuron characterization experiment, the percentage of double-

positive cells in the DMS was compared between animals injected with the 

anterograde virus in the BLA and PFC using an independent student’s t-test. To 

assess whether the data were normally distributed, the Graphpad Prism 8.4.3 

Shapiro-Wilk normality test was used, before proceeding to the parametric 

statistical analysis. Data collection and analysis were conducted with the 

experimenter blinded to experimental groups to prevent bias. The level of 

significance was set at p<0.05.  
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A summary timeline of the temporal frequency of the experiments conducted in 

this study is shown in Figure 12. 

 

 

Figure 12 A temporal schematic representation of the experiments. 

 

TABLE 1

Table1 Total and included animals for each experimental groups 

  

Group Total animals Included animals Description

Striatal input characterization 6 n=3 Fluorogold injection in DMS

Striatal input characterization 6 n=3 AAV2rg injection in DMS

Chemogenetic experiment 41 n=8 inhibitory DREADD + CNO in PFC

Chemogenetic experiment 42 n=10 inhibitory DREADD + Saline in PFC

Chemogenetic experiment 40 n=10 excitatory DREADD + CNO in PFC

Chemogenetic experiment 41 n=7 excitatory DREADD + Saline in PFC

Chemogenetic experiment 30 n=9 inhibitory DREADD + CNO in BLA

Chemogenetic experiment 30 n=7 inhibitory DREADD + Saline in BLA

Chemogenetic experiment 34 n=7 excitatory DREADD + CNO in BLA

Chemogenetic experiment 34 n=7 excitatory DREADD + Saline in BLA

Striatal interneuron characterization 4 n=3 AAV1 injection in PFC

Striatal interneuron characterization 7 n=2 AAV1 injection in BLA

Optogenetic experiment 19 n=4 AAV5 injection in PFC + EPM test

Optogenetic experiment 19 n=3 AAV5 injection in PFC + OF test
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4 Results 
 

4.1 Striatal input characterization: DMS receives converging inputs from 

PFC and BLA in CD1 mice 

In recent years, significant efforts have been made to characterize striatal inputs 

from various cortical and subcortical regions. In particular, it is now clear that the 

DMS receives unidirectional projections from both the PFC and the BLA (Hintiryan 

et al. 2016; 2021; Hunnicutt et al. 2016). However, most of the literature has 

produced these findings by focusing on inbred C57Bl/6J strains, limiting the 

understanding of the striatal network to this specific model. In particular, the use 

of outbred strains allows for greater genetic variability, thereby reducing the 

influence of specific effects that might arise from a particular genetic background. 

This approach is more likely to reflect what could occur within a heterogeneous 

population. Firstly, we aimed to confirm that the DMS receives projections from 

the PFC and the BLA in the outbred CD1 strain. Furthermore, given that the DMS 

receives inputs from various brain regions along its anteroposterior axis (Hintiryan 

et al. 2016), it was important to identify the specific region of the DMS that receives 

converging projections from both the PFC and the BLA. To confirm that the 

intermediate DMS in CD1 mice receives inputs from both the PFC and BLA, we 

used several retrograde tracers (Fig 13).  
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Figure 13 Experimental timeline for the striatal inputs characterization. 

 

First, mice were bilaterally injected with fluorogold in DMS and labelled cells were 

detected both in PFC and BLA (Fig 14). 

 

 

Figure 14 Representative image showing fluorogold diffusion in DMS (A, 2x magnification, 

n=3) and labelled cell in PFC and BLA (B, 10x magnification). A schematic drawing of the 

corresponding section from the PFC and BLA was superimposed onto the image. 
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To confirm the pathways showed by fluorogold and to restrict transgene 

expression exclusively to neurons that could be targeted in subsequent 

chemogenetic experiment, we injected in DMS a retrograde viral vector (AAV2rg-

hSyn-mCherry) to express mCherry under the control of hSyn promoter (Kügler, 

Kilic, and Bähr 2003) and we assessed the presence of labelled neurons in  PFC 

and BLA. In agreement with the data obtained with the fluorogold tracer, labelled 

neurons were detected in both regions (Fig15). Together, these data confirm that 

both PFC and BLA projecting neurons send convergent projections within the 

DMS. 

 

 

 

  

Figure 15 Representative mCherry expression in DMS (A, 2x magnification, n=3) and labelled 

neurons in PFC and BLA (B, 40x magnification). A schematic drawing of the corresponding 

section from the PFC and BLA was superimposed onto the image. 
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4.2 Chemogenetic activation of PFC–DMS projection neurons reduces 

approach–avoidance behaviour, while inhibition has no effect 

From the literature, we know that optogenetic inhibition of the PFC-DMS pathway 

induces an increase in anxiety-like behavior as tested in the EZM, whereas its 

activation produces an anxiolytic effect (Loewke et al. 2021). However, these 

findings present some critical issues. In fact, the use of optogenetic in a test like 

the elevated zero maze could induce learning mechanisms typical of conditional 

place preference due to pathway stimulation within the experimental apparatus. 

For this reason, we opted for an approach that allowed us to manipulate the 

pathway continuously during the test delivering CNO 30 minutes before the 

beginning of the test, avoiding the occurrence of aversive or approach behaviors 

toward a specific area of the apparatus. Additionally, the study by Loewke and 

colleagues used inbred C57Bl/6J strains while we tested the effect of PFC-DMS 

manipulation in CD1 mice. Therefore, to evaluate the role of PFC-DMS projecting 

neurons in innate avoidance behavior, mice were bilaterally injected with inhibitory 

or excitatory DREADDs in the PFC, and guide cannulas were implanted in the 

DMS. This approach allowed us to specifically manipulate PFC terminals in DMS 

by delivering CNO directly into the DMS, 30 minutes before the elevated plus 

maze test (fig16). 
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Figure 16 (A) Schematic diagrams of the experimental timeline used in this study. (B) 

Representative image viral expression in PFC. (C) Representative image of CNO injection 

site in DMS. 

 

The inhibition of the PFC-DMS pathway (Fig. 17 A) did not affect avoidance 

behavior. There were no significant differences in the time spent in the open and 

closed arms, the center, or the distance travelled in the CNO group compared to 

the control group (Fig17 B-F; OA time, t=0.08179, df=16, p=0.935; CA time, 

t=0.3270, df=16, p=0.747; Center time t=0.7675, df=16, p=0.454; Distance, 

t=0.6274, df=16, p=0.539; unpaired two-tailed t-test). 
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Figure 17 (A) Schematic representation of the experimental approach used to inhibit the 

PFC-DMS pathway. (B) Representative tracking plot of distance travelled by saline and 

CNO animals in the EPM. (C-E) The saline and CNO groups spent the same amount of 

time in the various zones of the apparatus. (F) There were no differences in distance 

travelled between the two groups.  Bars represent mean ± SEM, while the dots indicate 

the values for each individual animal. 

 

In contrast, the activation of the same pathway (Fig18 A) led mice to spend 

significant more time in the open arms and spend less time in the center of the 

apparatus; however, this data did not reach statistical significance (Fig18 C-E; OA 

time, t=2.670, df=15, p=0.017; CA time, t=0.6610, df=15, p=0.518; Center time, 

t=2.018, df=15, p=0.061; unpaired two-tailed t-test). Although the CNO group 

travelled a greater distance than the control group, this effect seems to be specific 

to the open arms, indicating that the manipulation likely doesn't affect overall 

movement or locomotion (Fig18 F-H; Distance,  t=2.633, df=15, p=0.018; OA 

Distance,  t=2.348, df=15, p=0.033; CA Distance, t=0.7276, df=15, p=0.478). 
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Taken together, these findings suggest that the PFC-DMS pathway plays a role in 

regulating innate avoidance behavior without impacting overall locomotion. 

 

 

Figure 18 (A) Schematic representation of the experimental approach used to stimulate 

the PFC-DMS pathway. (B) Representative tracking plot of distance travelled by saline and 

CNO animals in EPM. (C-E) The CNO group spent more time in OA and less in the center 

(# p=0.06) of the apparatus compared to the control group. (F-H) Differences in distance 

travelled between the two groups were specific for the OA. *p<0.05 (t-test). Bars represent 

mean ± SEM, while the dots indicate the values for each individual animal. 
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4.3 Chemogenetic manipulation of BLA–DMS projection neurons 

bidirectionally controls avoidance behaviour 

 

Given the well-established role of the BLA in modulating avoidance behaviors 

(Machado-de-Sousa et al., 2014; Boehme et al., 2014; Silveira et al. 1993; 

Moreira et al., 2007), we hypothesized that the BLA-DMS pathway might also 

contribute to this behavior. To test this hypothesis, we employed chemogenetics 

to manipulate the BLA-DMS pathway in CD1 mice, assessing their behavior in the 

EPM. While recent work using optogenetic activation of this pathway 

demonstrated increased avoidance behaviors in the EPM (Lee et al., 2024), at the 

time we conceived and conducted our experiment, there was no evidence in the 

literature linking the BLA-DMS pathway to innate approach-avoidance behavior. 

For this reason, we decided to evaluate the involvement of the BLA-DMS 

projection in innate avoidance behavior using a chemogenetic approach, 

leveraging inhibitory and excitatory DREADDs.  

Briefly, mice were bilaterally injected with inhibitory or excitatory DREADDs in the 

BLA, and guide cannulas were implanted in the DMS. CNO was delivered into the 

DMS 30 minutes before the EPM test (fig19 A). 

The inhibition of the BLA-DMS pathway (Fig20 A) significantly increased the time 

spent in the open arms and reduced the time spent in the closed arm (Fig 20 C-

D; OA time, t=2.230, df=14, p=0.042; CA time, t=2.636, df=14, p=0.019, unpaired 

two-tailed t-test). There were no significant differences in the time spent in the 

center, or the distance travelled between the CNO group and the control group 

(Fig20 E-F; Center time, , t=0.8147, df=14, p=0.428; Distance, t=0.4852, df=14, 

p=0.635, unpaired two-tailed t-test). 
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Figure 19 (A) Schematic diagrams of the experimental timelines used in this study. (B) 

Representative image of viral expression in BLA. (C) Representative image of CNO 

injection site in DMS. 
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Figure 20 (A) Schematic representation of the experimental approach used to inhibit the 

BLA-DMS pathway. (B) Representative tracking plot of distance travelled by saline and 

CNO animals in the EPM. (C-D) The CNO group spent more time in OA and less in the 

closed arms of the apparatus compared to the control group. (E-F) There were no 

differences in the time spent in the center and distance travelled between the two groups. 

*p<0.05 (t-test). Bars represent mean ± SEM, while the dots indicate the values for each 

individual animal. 

 

In contrast, the activation of the same pathway (Fig21 A) led the mice to spend 

significant less time in the open arms (Fig21 C; OA time, t=2.756, df=12, p=0.017, 

unpaired two-tailed t-test). There were no significant differences in the time spent 

in the closed arms, in the center, or the distance travelled between CNO Group 

and the control group, despite the time spent in CA is very close to statistical 

significant (Fig21 D-F; CA time, t=1.998, df=12, p=0.068; Center time, t=0.7178, 

df=12, p=0.486,; Distance, t=1.601, df=12, p=0.135, unpaired two-tailed t-test).  
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Together, these data suggest that the BLA-DMS pathway bidirectionally affects 

anxiety-like behavior in EPM. 

 

 

  

 

Figure 21 (A) A schematic representation of the experimental approach used to stimulate 

the BLA-DMS pathway. (B) Representative tracking plot of distance travelled by saline and 

CNO animals in the EPM. (C-D) The CNO group spent significantly less time in OA and 

more in the CA (# p=0.06) of the apparatus. (E-F) There were no differences in the time 

spent in the center, nor in the distance travelled between the two groups. *p<0.05 (t-test). 

Bars represent mean ± SEM, while the dots indicate the values for each individual animal. 
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4.4 Both PFC-DMS and BLA-DMS pathways contact Parvalbumin 

interneurons in DMS  

 

 
The results from the chemogenetic experiments, suggest that BLA-DMS and PFC-

DMS projections could influence avoidance behavior acting on the same circuit, 

but in opposite directions. While it has been shown that both pathways principally 

contact D1-MSNs, rather than D2-MSNs, indicating their prevalent engagement 

with the direct striatal pathway (Loewke et al. 2021; Lee et al. 2024), it remains 

unclear why they produce opposing behavioral effects. One possible explanation 

is that striatal interneurons may play distinct roles in modulating this pathway.  

The striatum comprises four major classes of interneurons: (1) cholinergic 

neurons; (2) GABAergic neurons containing calretinin (CR); (3) GABAergic 

neurons containing parvalbumin (PV); and (4) GABAergic neurons containing 

somatostatin (SOM), neuropeptide Y (NPY), and neuronal nitric oxide synthase 

(NOS) (Marı́n, Anderson, and Rubenstein 2000). In particular, parvalbumin 

interneurons preferentially target direct-pathway MSNs over indirect-pathway 

MSNs, suggesting a potential mechanism for rapid pathway-specific regulation of 

striatal output pathways (Gittis et al. 2010). Our aim was to determine whether 

this class of interneurons could be differently involved in the PFC-DMS and BLA-

DMS circuits within the DMS. 

Ai14 mice were unilaterally injected in either the PFC or the BLA with the 

anterograde viral vector AAV1-hSyn-P2A-Cre-WPRE, a trans-synaptic serotype. 

This experimental approach allowed labelling of DMS neurons that receive 

projections from BLA or PFC by expressing the Cre-dependent reporter dtTomato. 

Brain sections from these mice were then processed for immunofluorescent 

labelling of parvalbumin interneurons in DMS (Fig 22). Finally, neurons with double 

labelling for dtTomato and parvalbumin were identified and counted.  
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Figure 22 (A) Schematic diagrams of the experimental timelines used in this study. (B) A 

schematic representation of the technique used to obtain double-labeled cells. AAV1 is 

capable of being transported in an anterograde manner and crossing the synapse, 

allowing it to infect postsynaptic cells, which will appear red thanks to the Tomato reporter. 

Subsequently, immunohistochemistry for parvalbumin allows green labeling (using 

AlexaFluor488) of parvalbumin-positive cells. Parvalbumin-positive cells that are also 

labeled in red by the Tomato gene will then be considered double-labeled cells. 

 

 

The percentage of Tomato positive cells also positive for parvalbumin showed no 

significant differences between animals injected with AAV1-hSyn-P2A-Cre-WPRE 

in PFC or BLA  (Fig23 A-C;  t=2,901, df=3, p=0.062, unpaired two-tailed t-test). 

Nonetheless, the data is very close to significance; therefore, it will be essential to 

increase the number of experimental subjects. 
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Figure 23 (A) Representative images of neurons that receive direct projection from the 

PFC (red), parvalbumin positive cells (green) and double labelled cells (yellow) in DMS. 

(B) Representative images of neurons that receive direct projection from the BLA (red), 

Parvalbumin positive cells (green) and double labelled cells (yellow) in DMS (20x 

Magnification). White arrows indicate double-labelled cells (C) The percentage of Tomato 

positive cells also positive for parvalbumin was not significantly different between animals 

injected with AAV1-hSyn-P2A-Cre-WPRE in PFC, despite the data is very close to 

statistical significant (#p=0.06), (n=3) or BLA (n=2). 
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4.5 Optogenetic activation of the DMS-GPi pathway increased avoidance 

behavior 

 
Our data suggest that the signals mediating avoidance behavior originating from 

the PFC and BLA reach the striatum, which plays a role in controlling avoidance 

behavior. To further understand how this information is within downstream circuits 

once it reaches the basal ganglia, we aimed to explore the role of subsequent 

pathways in approach-avoidance behavior. 

MSNs of the direct pathway express D1R and primarily project to the substantia 

SNr, while also providing strong inputs to the EP, the rodent equivalent of the GPi. 

In contrast, indirect-pathway MSNs express D2R and primarily project to the GPe 

(Wall et al. 2013). Specifically, the D1 pathway projecting to the GPi is particularly 

interesting because it has been shown that GPi neurons receiving striatal 

projections then project to the lateral habenula, thereby modulating its activity 

(Wallace et al. 2017). The activation of the LHb promotes active, passive, and 

conditioned behavioral avoidance by modulating GABAergic nuclei in the 

midbrain, suggesting that the endogenous activity of LHb glutamatergic inputs 

transmits information related to aversion (Stamatakis et al. 2012). For this reason, 

we focused specifically on DMS-GPi projections.  

Mice were bilaterally injected with AAV5-hSyn-hChR2(H134R)-EYFP in the DMS, and 

optic fibers were implanted in the GPi, delivering laser stimulation during testing in 

the elevated plus maze and open field (Fig. 24). Since the stimulation of this 

pathway will lead to the activation of the striatal projections of the MSNs to the 

GPi, the final effect on the modulation of the downstream region will be inhibition, 

as GABA is released from the MSN terminals in the GPi. 
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Figure 24 (A) Schematic diagrams of the experimental timelines used in this study. (B) 

Representative image of viral vector expression in DMS. (C) Representative image of fiber 

optic placement in GPi. 

 

Preliminary results showed that the activation of the DMS-GPi pathway (Fig25 A) 

on avoidance behavior strengthens as the intervals progress, suggesting a 

potential cumulative effect of the manipulation. Additionally, laser stimulation 

significantly reduced the time spent in the open arms compare to baseline. In 

contrast, despite the closed arm time it very close, it doesn’t reach statistical 
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significant. Therefore, more animals may be needed to achieve statistical 

significance. (Fig 25 B-F; OA time F(6,18) = 6.662, p = 0.035; Tukey’s posthoc: 

p= 0.016 (Baseline vs On3); CA time F(6,18) = 4.402, p= 0.059, One-way RM 

ANOVA; Total OA, t=6.024, df=3, p=0.009; Total CA time, t=0.5028, df=3, 

p=0.649; Total Center time, t=1.707, df=3, p=0.186, paired two-tailed t-test). 

There were no significant differences in the total distance travelled during the ON 

intervals compared to OFF intervals, suggesting that the activation of DMS-GPi 

pathway is not affecting locomotion. (Fig25 G; Total distance paired two-tailed t-

test, t=2.232, df=3, p=0.111). 
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Figure 25 (A) Schematic representation of the experimental approach used to manipulate 

the DMS-GPi pathway. (B-E) During stimulation, mice spent less time in OA and the data 

shows a tendency to increase the time spent in closed arms of the apparatus (p=0.0598). 

(F-G) No differences were observed in the time spent in the center and the distance 

travelled. One-way RM ANOVA, Tukey’s posthoc *p<0.05; Paired two-tailed t-test 

**p<0.01. Bars represent mean ± SEM. 
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To confirm that DMS-GPi pathway activation did not affect locomotion, mice were 

tested in the OF 24h after the end of the EPM. In according with the distance 

travelled detected during EPM, mice did not alter their locomotion during 

stimulation, and as expected the distance travelled progressively decreased with 

habituation to the OF (Fig26 A; Distance One-way RM ANOVA F(6,12) = 9.422, 

p=0.048). Furthermore, there were no differences in the total distance travelled in 

OF (Fig26 B; Total distance paired two-tailed t-test, t=0.8315, df=2, p=0.493). 

These data suggest that the information guiding avoidance behavior, could flow 

from the DMS to the GPi, and that, in particular, the activation of this projection 

may stimulate avoidance behavior in rodents. 

 

 

 

Figure 26 (A) During the test, locomotor activity in the OF decreased progressively. 
(B) Laser stimulation did not affect the total distance travelled in the OF. Bars represent 

mean ± SEM, 

 



67 
 

5 Discussion 

In this study, we showed that in male CD1 mice, the PFC and BLA send 

converging projections to the DMS and that these projections are involved in the 

regulation of innate avoidance behavior. Specifically, excitation of the PFC-DMS 

pathway reduced avoidance behaviors toward the open arms in the EPM. In 

contrast, activation of the BLA-DMS pathway increased avoidance behaviors, 

while inhibition of this pathway induced an anxiolytic effect. Additionally, we 

collected preliminary evidence that the two pathways might contact differentially 

parvalbumin-positive striatal interneurons in Ai14 mice. Finally, we showed that a 

downstream striatal output, the DMS-GPi projection, could play a role in the 

regulation of innate avoidance behavior in CD1 mice as its activation exhibited an 

anxiogenic effect. 

The knowledge of projections from the PFC and BLA to the DMS is well-

established in the literature. In recent years, Hintirayan and collaborators have 

shown that the DMS primarily receives inputs from limbic and association cortices, 

including the PFC, while the DLS mainly receives inputs from motor and 

somatosensory cortices, such as M1/2 and S1/2 (Hintiryan et al. 2016). 

Additionally, the DMS, but not the DLS, receives projections from the BLA 

(Hintiryan et al. 2021). To verify if our target region within the DMS receives inputs 

from both the PFC and BLA, we used several retrograde tracers. Our results 

confirmed and extended the existing literature by showing not only that both PFC 

and BLA neurons project to the DMS in CD1 mice, but also that they project to 

the same subregion within the DMS. The dorsomedial striatum has a considerable 

anteroposterior extent, and the regions projecting into the DMS are quite diverse 

along this axis. We observed that inputs from the PFC and BLA reach the 

intermediate portion of the dorsal striatum, confirming data already present in the 

literature on different mouse strains (Hintiryan et al. 2016). This is a relevant 
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aspect from an anatomical perspective, as it becomes evident that inputs from 

regions of interest for avoidance behavior converge within the same area of the 

DMS. 

Inhibiting the PFC-DMS pathway did not alter avoidance behavior in the EPM, 

whereas activating the same pathway significantly increased the time spent in the 

open arms. These results were only in part consistent with a previous study by  

Loewke and collaborators, which demonstrated that optogenetic stimulation of the 

PFC-DMS pathway increased the time spent in the open sections of the EZM while 

inhibition of the same pathway decreased time in the open sections, thereby 

increasing anxiety-like behavior (Loewke et al. 2021). While activation of the PFC-

DMS pathway showed similar effects on anxiety-like behavior in both studies, 

inhibition did not yield the same results. The discrepancies observed with inhibition 

of the PFC-DMS pathway could be due to methodological differences. Indeed, 

optogenetic allows real-time neuronal manipulation, but the animal’s position in 

the apparatus during light stimulation may have affected behavior, potentially 

leading to a conditional place preference rather than modulating innate avoidance 

behavior, an aspect that is not explored in the experiment by Loewke and 

colleagues (Loewke et al. 2021). In particular, it would be necessary to verify 

whether the animals were light-stimulated always when they were in the closed 

arms or in the open arms, to evaluate if stimulation within a specific area could 

induce aversion or approach behaviors toward that area. 

However, the technique we employed also presents some limitations. Using focal 

CNO does not rule out the possibility of affecting passing fibers in the DMS. To 

address this issue and demonstrate that manipulating the PFC-DMS pathway 

specifically impacts anxiety-like behavior, further experiments are needed. These 

should employ viral vector-based approaches that selectively target projections 

from the prefrontal cortex terminating in the DMS. For instance, injecting 
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retrograde viral vectors expressing Cre in the DMS, along with Cre-dependent 

DREADDs in the PFC, followed by focal administration of CNO, would allow for 

specific manipulation of the pathways of interest. 

Inhibiting the BLA-DMS pathway significantly increased the time spent in the open 

arms, while activating the same pathway led to significantly less time spent in the 

open arms. These findings indicate that the BLA-DMS pathway bidirectionally 

affects avoidance behavior in the EPM. Our results were confirmed by a study 

published very recently, which showed that optogenetic activation of the BLA-

DMS pathway reduced the time spent in the open arms in the EPM (Lee et al. 

2024), and provided the first evidence that inhibition of this pathway reduces 

anxiety-like behavior. 

It is also important to emphasize how the data produced by chemogenetic 

experiments can be integrated into the existing literature about D1R and D2R. The 

administration of dopaminergic antagonists of D1R and D2R in the DMS produced 

respectively decrease and an increase in anxiety behaviour (Nguyen et al. 2019).  

These data suggest a clear distinction between the effects of the direct and 

indirect striatal pathways on avoidance behavior. However, it is crucial to note that 

focal administration of antagonists does not clarify whether the action is at the pre- 

or post-synaptic level, making it challenging to determine if the direct and indirect 

pathways are genuinely involved or if the modulation occurs presynaptically, 

indirectly affecting both pathways. Indeed, some studies indicate that the 

presence of dopaminergic innervation at the presynaptic level in the striatum 

significantly modulate inputs in the striatum (Wang et al. 2002; Tritsch et al. 2012). 

In fact, if modulation occurs at the presynaptic level, the effects observed by 

Nguyen following the administration of dopaminergic antagonists would align with 

the results from our experiments since the chemogenetic manipulation in our 

experiments occurs exclusively at the presynaptic level. This would not be 
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surprising, given that DREADDs are modified muscarinic metabotropic receptors, 

and although they exhibit different intracellular signaling pathways, it has been 

observed that some of these pathways are shared with dopaminergic 

metabotropic receptors. Some DREADDs, can activate the adenylate cyclase 

pathway, increasing cyclic AMP levels and leading to enhanced cellular 

excitability. Other DREADDs can activate pathways that reduce cAMP levels, 

similar to D2 receptors, resulting in opposite effects (Armbruster et al. 2007; 

Farrell et al. 2013; Urban et al. 2015). 

The data presented, along with existing literature, indicate that both the PFC-DMS 

and BLA-DMS pathways are involved in anxiety-like behavior. However, it remains 

unclear why the same manipulation of two projections terminating in the same 

region results in opposite behavioral effects. A first hypothesis is that the pathways 

could act on different types of DMS neurons, namely the D1-MSN and D2-MSN. 

However, it has been shown that activation of the PFC-DMS and BLA-DMS 

pathways both lead to activation of D1-MSNs rather than D2-MSNs, suggesting 

that they primarily engage the direct striatal pathway (Loewke et al. 2021; Lee et 

al. 2024). Furthermore, D1-MSNs of mice that underwent prolonged activation of 

the BLA-DMS circuit exhibited a significantly higher AMPA/NMDA ratio, 

suggesting changes in the synaptic plasticity of these connections and thus their 

direct involvement (Lee et al. 2024). We therefore hypothesized that the 

contrasting effects of these two pathways on anxiety-like behavior might be due 

to different contributions of striatal interneurons in modulating these projections. If 

one of the two pathways, both glutamatergic, makes contact with a larger number 

of interneurons, the opposite effect on the direct striatal pathway could be justified, 

as a greater contribution from the interneurons might lead to reduced 

depolarization of the MSNs. In our preliminary experiment the difference between 

the percentage of parvalbumin-positive neurons that receive projection from PFC 

or BLA did not reach significance despite the p-value being close to 0.05 
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(p=0.062), thus our data does not allow to draw a definitive conclusion about the 

possible role of parvalbumin interneurons. Our study has important technical 

limitations that could explain the lack of a significant effect. Firstly, our 

experimental groups were too small, so it would be necessary to increase the 

sample size to determine if the observed difference is truly insignificant. Another 

important factor is the uneven distribution of males and females in the two groups. 

In fact, while the PFC group consists entirely of male mice, the BLA group is made 

of one male and one female. As there are no data in the literature about sex 

differences in interneuron numbers, we cannot rule out that this variable may 

affect the validity of our findings. Finally, our analysis focused on only one class of 

striatal interneurons, the parvalbumin-positive interneurons, because they show a 

preference for targeting the direct-pathway rather than indirect-pathway MSNs, 

indicating a possible mechanism for the rapid, pathway-specific regulation of 

striatal output pathways (Gittis et al. 2010). Without evaluating other classes of 

striatal interneurons, we cannot exclude the possibility that other cells may play a 

significant role in modulating the two pathways. 

Activation of the DMS-GPi pathway significantly reduced the time spent in the 

open arms. These preliminary findings suggest that information related to 

avoidance behavior, once reaching the basal ganglia, flows from the DMS to the 

GPi, and that activation of this projection may increase innate avoidance behavior 

in rodents. This study provides the first evidence suggesting that the DMS-GPi 

projection may be involved in regulating anxiety-like behavior. However, it is 

important to emphasize that the significant difference between the ON and OFF 

intervals alone is insufficient to conclusively establish the role of this projection in 

anxiety-like behavior. First of all, introducing a reporter-only control group will be 

necessary to verify these findings. Additionally, it will be important to determine if 

stimulation in a particular area of the apparatus will provoke aversion or approach 

behaviors, inducing a like-conditional place preference effect (Tzschentke et al. 
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1998; Huston et al. 2013). To achieve this, light stimulation will be applied to the 

animals while they occupy either the closed or the open arms, and their behavioral 

responses will be subsequently assessed. 

In 2020 LeBlanc also demonstrated the potential role of the DMS downstream 

pathways  (LeBlanc et al. 2020). In particular, removing D2Rs from iMSNs (but 

not dopaminergic or cholinergic neurons) decreased the time mice spent in the 

open areas of the EZM and OF in Drd2KO mice. Disrupting the output of iMSNs 

with low levels of optogenetic stimulation also increased avoidance, while 

inhibition of iMSNs via DREADD receptors reduced it. These data, clearly showing 

the involvement of the DMS-GPe pathway and thus the D2-MSNs, although they 

may seem inconsistent with our experiments about DMS-GPi pathway, actually 

further enrich the picture that places the DMS at a crucial point for the control of 

innate avoidance behavior. In fact, the data produced by LeBlanc about DMS-

GPe and our experiment on DMS-GPi are not mutually exclusive; on the contrary, 

it becomes clear how the DMS can integrate in the anxiety network in multiple 

ways, giving rise to various circuits that can integrate external information and 

generate the correct behavioral output. 

In conclusion, our experiment provides additional support for the involvement of 

the DMS in avoidance behavior and further integrates this structure into the 

canonical circuits that have long been considered key in the regulation of anxiety-

like behavior. Specifically, the DMS may act as a connecting structure between 

the PFC and the BLA, which project to the DMS, and certain midbrain nuclei that 

are also involved in avoidance behaviors (Challis et al. 2013; Bortolanza et al. 

2010; C. Nguyen et al. 2021). In fact, the DMS could connect to these nuclei both 

directly, via the direct pathway such as the SN, and indirectly by sending 

projections to the GPi, thereby modulating the activity of the lateral habenula. 

(Wallace et al. 2017), known for its modulatory activity on the dopaminergic, 
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serotonergic, and GABAergic nuclei of the midbrain, such as the SN, VTA, and 

Raphe nuclei (Zhao et al. 2015; Hu et al. 2020). These nuclei are particularly 

interesting because, in addition to being involved in avoidance behaviors, they 

project to the PFC and the BLA (Muller et al. 2009; Tang et al. 2020; Bariselli et 

al. 2016; Albert et al. 2014). In this way, the DMS could integrate into the network, 

facilitating the formation of a closed circuit in which all the involved regions are 

highly interconnected and modulated by one another, allowing the midbrain nuclei 

to influence the higher centers. 

The role of the striatum in avoidance behaviors integrates with its other functions 

through its participation in complex neural circuits that regulate not only the 

response to avoidance but also motivation, motor control, and decision-making. 

The striatum receives input from various brain areas, including the PFC and the 

BLA(Hintiryan et al. 2016; 2021), which are involved in risk assessment and 

emotions (Dixon et al. 2017; Davis et al. 2001). This allows the striatum to 

integrate information related to adverse situations and adapt behavior 

accordingly. The striatum plays a fundamental role in learning associations 

between stimuli and outcomes (Packard and Knowlton 2002). In avoidance 

behaviors, negative experiences can be stored, influencing future decisions and 

enhancing the ability to avoid similar situations. Furthermore, the striatum is crucial 

for motor control (Vink et al. 2005), facilitating the behavioral responses necessary 

for avoidance. This implies that, in addition to decision-making, the striatum also 

coordinates physical actions to implement those decisions. In summary, the role 

of the striatum in avoidance behaviors is deeply interconnected with its other 

functions, allowing for effective integration of emotional, cognitive, and motor 

information to respond appropriately to potentially harmful situations.  

Since the DMS is involved in controlling behaviors related to dangerous situations, 

its activity can influence emotional responses, contributing to increased avoidance 

and anxiety. Understanding this mechanism could contribute toward the 
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development of therapeutic interventions for anxiety disorders. In fact, research 

on the DMS in avoidance behaviors may have significant clinical implications, 

particularly for the treatment of anxiety disorders, making the modulation of the 

DMS a therapeutic target.  

 Additionally, DMS activity might also influence social behaviors, as avoidance 

may manifest in social contexts. Understanding the role of the DMS in these 

dynamics could provide valuable insights for addressing anxiety-related social 

issues. 
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6 Appendix 

6.1 Specific patterns of neural activity in the hippocampus after massed or 

distributed spatial training 

 

Centofante E, Fralleoni L, Lupascu CA, Migliore M, Rinaldi A, Mele A. Specific patterns of 

neural activity in the hippocampus after massed or distributed spatial training. Sci Rep. 

2023 Aug 16;13(1):13357. doi: 10.1038/s41598-023-39882-0. PMID: 37587232; 

PMCID: PMC10432541. 
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6.2 Gene Silencing of circRmst in Primary Cortical Neuron Cultures: 

Functional and Morphometric Analyses 
 

6.2.1 Introduction 

In the last decade, circular RNAs (circRNAs) have become a subject of growing 

interest. Thanks to advancements in molecular biology techniques and the 

development of new sequencing methodologies, these transcripts have been 

rediscovered as potential regulators of gene expression. Their expression levels, 

localization, and functions have been associated with various physiological and 

pathological phenotypes. Despite numerous studies, the potential functions of 

circRNAs remain to be fully understood and characterized. Several studies have 

detected the expression of circular RNAs in human biofluids and extracellular 

vesicles (Lasda and Parker 2016). Due to their high stability, they could be used 

as biomarkers for diagnosing conditions that currently require invasive 

procedures. Moreover, recent proposals from the scientific community suggest 

the use of circRNAs as therapeutic agents or targets (He et al. 2021). Therefore, 

studies on circular RNAs could have significant implications in the clinical field. 

Our study has been focused on characterizing these molecules in neuronal 

differentiation. 

The Rmst gene locus undergoes significant splicing events, resulting in various 

linear isoforms (long non-coding Rmst, lncRmst) and several circular isoforms 

(circRmst). Molecular characterization analyses allowed us to define the size (1.5 

Kb) and structure of circRmst. Additionally, we identified a smaller variant, which 

we have named circRmst 0.8 Kb. Expression studies during neuronal 

differentiation and mouse brain development revealed a fine regulation of the 

expression of these molecules. Through bioinformatics analyses and biochemical 

assays, we were able to confirm the in vivo interaction of both circRmst isoforms 
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with the transcription factor Sox2. The Sox2 protein acts as a regulator of the 

pluripotent state of stem cells and is involved in activating the neurogenic 

differentiation program in neural progenitors. In pathological conditions, such as 

glioblastoma, Sox2 is highly expressed and used as a diagnostic marker. 

Considering that several studies attribute to circRNAs the ability to bind proteins 

and microRNAs, but knowledge of the functional significance of such interactions 

is still limited, we have begun studying the role of the circRmst/Sox2 complex 

during neu,.ronal differentiation. 

We have been able to identify a cell line in which to conduct gene silencing 

experiments. Additionally, we observe a new cytoplasmic localization of Sox2 in 

primary cortical neuron cultures. These findings suggest that there may be a 

regulation of the Sox2 protein mediated by its interaction with circRmst in the 

cytoplasm of cortical neurons. For this reason, we aim to investigate this newly 

identified localization of Sox2 and characterize a new functional role in the 

cytoplasm. The proposed functional and morphometric studies will allow us to 

explore the biological significance of the decoy activity exerted by circRmst during 

neuronal differentiation. The results of this study could contribute to research in 

the biomedical field. Indeed, there are various proposals for using circular RNAs 

as therapeutic agents. 

 

6.2.2 Aim of the study 

 

The results obtained from previous research validated the in vivo interaction 

between circRmst and Sox2 in both mouse brain tissues and murine cortical 

neuronal cultures. Additionally, we confirmed the expression of the Sox2 protein 
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in cytoplasmic compartments of neuronal cultures. Therefore, We propose the 

following functional characterization experiments: 

1. Gene Silencing of circRmst 1.5 Kb and circRmst 0.8 Kb in Cortical 

Neuronal Cultures (Knockdown Experiments, KD): The goal of this 

experiment is to evaluate the decoy function of circRmst in relation to Sox2 

protein. This interaction could regulate Sox2 localization and/or turnover. 

By assessing the expression of Sox2 target genes, I will evaluate any 

deregulation in its transcriptional activity. Immunofluorescence 

experiments will allow me to study changes in the differentiation process, 

particularly by using glial and neuronal markers to analyze variations in the 

cellular composition of the culture. Neuron-specific markers will be used 

to investigate the differentiation status of cortical neurons. Morphometric 

parameters such as neurite length, thickness, diameter, and spine density 

will be analyzed to quantitatively study alterations in differentiation. 

 

2. Co-localization Experiments of the circRmst/Sox2 Complex in Control and 

KD Conditions: Observing the interaction between circRmst and Sox2 

would provide experimental evidence supporting the interaction observed 

through RIP. Additionally, we could evaluate the effectiveness of gene 

silencing of circRmst molecules and characterize the decoy role of circular 

transcripts on Sox2 activity. The proposed experiments are necessary 

functional studies to validate the molecular mechanism and support the 

hypothesis of the involvement of the circRmst/Sox2 complex in the 

neuronal differentiation process. 

CircRNAs are covalently closed molecules generated by an alternative splicing 

mechanism known as back-splicing. Initially considered a byproduct of alternative 
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splicing, circRNAs are now recognized as key regulatory molecules in 

physiological processes. Several studies suggest that circRNAs can bind to and 

regulate the activity of proteins and microRNAs, possess codogenic capabilities, 

and modulate the immune response. They are evolutionarily conserved molecules, 

and despite being expressed at lower levels than linear coding transcripts, many 

circRNAs are highly enriched in the mammalian nervous system. During 

neurogenesis and synaptogenesis, circRNA expression levels vary significantly, 

suggesting their potential involvement in synapse formation and activity 

processes. Moreover, altered circRNA expression profiles have been detected in 

various nervous system disorders. 

The Rmst gene locus is of particular interest as it is highly regulated during 

neuronal differentiation. Several circular RNA molecules are produced during this 

process, but their function is still unknown. In contrast, the linear isoform of the 

Rmst locus, lncRmst, regulates the neurogenesis process in neural progenitors. 

This molecule acts as a molecular scaffold in recruiting the transcription factor 

Sox2 to neurogenic gene promoters through direct interaction. 

Initial structural and sequence studies allowed us to identify two circular RNA 

transcripts from the murine Rmst locus. The first isoform, 1.5 Kb in length, already 

characterized in other studies, originates from two alternative splicing events, a 

back-splicing and a trans-splicing, involving two linear transcripts. The second, 

identified for the first time, is composed of a single back-splicing event and is 0.8 

Kb in length. Expression studies of these two isoforms and lncRmst in cortical 

neuron cultures and mouse neural tissues at various developmental stages 

revealed strong regulation of these molecules during neuronal differentiation and 

pre- and post-natal development. Furthermore, subcellular fractionation 

experiments in cortical cells showed an enrichment of these molecules' expression 
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in the cytoplasm. Various functions have been suggested for circular RNAs in the 

cytoplasm. We, therefore, sought potential interactors. 

Literature analyses, bioinformatic studies, and structural analysis allowed us to 

identify Sox2 binding sites in the exons that compose both circRmst 1.5 Kb and 

circRmst 0.8 Kb transcripts. Initially, we validated the predicted interaction in vivo 

through RNA immunoprecipitation (RIP) experiments conducted on cytoplasmic 

lysates from mouse brains, which confirmed the binding of these isoforms to the 

Sox2 protein. Since the interaction was observed in cytoplasmic fractions, we 

investigated the novel localization of Sox2 in compartments outside the nucleus. 

Immunofluorescence experiments in primary cortical neuron cultures identified 

Sox2 localization in neuronal processes for the first time, as well as an increase in 

the cytoplasmic expression of the protein over time. 

We hypothesize a role for circRmst 1.5 Kb and circRmst 0.8 Kb in regulating Sox2 

molecules in the cytoplasm. Considering that nuclear Sox2 levels must be finely 

regulated during neuronal differentiation, circular RNAs may act as decoys and 

modulate Sox2 localization and/or function in the cytoplasm. We, therefore, aim to 

study the biological significance of the observed interaction in the cytoplasm and 

the localization of Sox2 in neuronal processes. We will perform gene silencing 

experiments to evaluate the functional role of the circRmst/Sox2 interaction in 

neuronal differentiation. 

Preliminary data have allowed us to identify a murine cell line to test the 

effectiveness of siRNA molecules constructed on the back-splicing junction to 

uniquely silence circRmst 1.5 Kb and circRmst 0.8 Kb isoforms. We will also 

silence the linear isoform as a control to ensure no off-target effects. After 

determining the appropriate dose and type of siRNA to use, we will transfect the 

interfering siRNA molecules into primary cortical neuron cultures. Transfection will 
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occur in the early days of neuronal differentiation, and various analyses will be 

conducted to evaluate changes in the culture's differentiation capacity. 

Subsequently, we will perform immunofluorescence experiments for neuronal and 

glial markers. These analyses will allow us to study variations in the percentage of 

cell types that compose the culture. 

We hypothesize that an imbalance in Sox2 levels due to the loss of circRmst-

mediated regulation may affect the transcriptional activity of the protein in the 

nucleus and activate glial differentiation genes. We will evaluate Sox2 protein 

expression levels and localization through Western blot and immunofluorescence 

analyses. These experiments will allow us to determine whether the circRmst/Sox2 

interaction influences protein stability and localization. Morphometric analyses will 

be useful for assessing changes in the culture's differentiation capacity. We will 

use markers for neuronal extensions, such as axons and dendrites, and measure 

length, thickness, and density using targeted quantitative analysis programs. 

Finally, we aim to conduct co-localization experiments of the circRmst/Sox2 

complex to validate RIP experiments and assess the effects of KD. 

 

6.2.3 Materials and methods 

 

Primary cultures of cortical neurons from CD1 mouse embryos harvested at 

embryonic day 17/18 (E17, E18). 

Neuronal tissues from CD1 mice (hippocampus, cerebellum, cortex) harvested at 

various embryonic stages (E14, E17, E18), at different postnatal days (P0, P10, 

P30), and in adulthood (P45, P90). 

Whole brains from CD1 mice harvested on embryonic days E17, E18, and 

postnatal day 0. 
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6.2.4 Results 

 

 

Figure 27 Expression studies of circRmst 1.5 and circRmst 0.8 in neuronal differentiation 

circRmst 1.5 and circRmst 0.8 levels increase progressively during neuronal differentiation 

and accumulate in mature neurons, with circRmst 1.5 the most abundant in DIV21 

neurons. circRmst 1.5 and circRmst 0.8 are enriched in the cytoplasm, with an enhanced 

cytoplasmic localization at DIV21.  A. RT-qPCR analysis was performed on whole-cell 

lysates of CNs at DIV4, DIV11 and DIV21. Relative expressions of circular and linear 

isoforms are reported. Fold Change = 2^-DDCt; GAPDH as endogenous control; Unpaired 

two-tailed t-test *P ≤ 0,05; **P ≤ 0,01; ***P ≤ 0,001; (B) 2^-DCt for relative expression of 

each isoform. C -D The relative abundance of circRmst 1.5, circRmst 0.8 and lncRmst in 

the cytoplasmic and nuclear fractions are reported. RT-qPCR analysis was performed on 

CNs at DIV4 (C) and DIV 21(D). n = 4 cultures (DIV4), n = 2 cultures (DIV11 and DIV21), 

Data are shown as means ± SD.  
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Figure 28 circRmst 1.5 and circRmst 0.8 interacts with cytoplasmic SOX2. RIP analysis 

was performed in cytoplasmic fractions from P0 mouse whole brain  A) RNA levels are 

analyzed by RT-qPCR and data are expressed  as  relative enrichment of Rmst isoform 

levels between SOX2 IP and Input. n = 3 P0 mouse whole brain lysate. Data are shown as 

means ± SD; Unpaired two-tailed t-test *P ≤ 0,05; **P ≤ 0,01; ***P ≤ 0,001;  B)WB analysis 

of cytoplasmic SOX2 expression in Input, IP and IgG samples (brain RIP). C) The 

abundances of circular and linear transcripts in the Input fractions of brain RIP experiments 

are reported. Data are expressed as 2^-DCt and shown as means ± SD; transcript levels 

were normalized to GAPDH. 
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Figure 29 Knock-Down of circRmst 1.5 on primary cortical neurons. The KD of circRmst 

1.5 in primary CNs affect neuronal morphology and network A) BSJ -directed siRNAs 

specifically reduce circRmst 1.5 levels. Analysis by RT-qPCR in DIV7 CNs, 72 hrs from 

siRNA transfection. n = 2 cultures (DIV4), Data are shown as means ± SD; Unpaired two-

tailed t-test *P ≤ 0,05; **P ≤ 0,01; ***P ≤ 0,001 B) IF staining for MAP2 (green) or GFAP 

(red), of DIV7 CNs  transfected with scramble siRNAs (control)  or si_circRmst1.5 

(circRmst1.5 KD). C) Quantitative analysis on MAP2+ and GFAP+ cells indicates a 

reduced neuronal network. Data are expressed in um2 and normalized on cell number 
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detected in each field (n=15). Two-way ANOVA followed by Tukey's multiple comparisons 

test, ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05; data are plotted as mean ± SD).  
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6.3 Effect of different stress paradigms on innate avoidance behavior in 

CD1 male mice 
 

6.3.1 Introduction 

 

Organisms encounter a range of environmental conditions that can disrupt their 

internal balance. To effectively address these internal and external "stressors," 

organisms must activate a coordinated physiological and psychological response, 

choosing the most suitable behavioral strategies. This reaction is referred to as 

the stress response and involves a complex and highly conserved network of 

systems. Stress is inherently subjective, and the types of stressful situations an 

organism faces can vary widely. Stressors may be acute and intense (e.g., 

predation), chronic and severe (e.g., drought), or mild (e.g., brief exposure to 

light), with each type requiring a distinct adaptive response. On a systemic level, 

the physiological stress response includes: 1) an immediate reaction mediated by 

the autonomic nervous system (ANS) and the hypothalamic-pituitary-adrenal 

(HPA) axis, and 2) a delayed response essential for recovery and adaptation (De 

Kloet et al. 2005; 2008). When faced with stressors, the initial response is 

triggered by the ANS, activated by sensory inputs, brainstem pathways conveying 

these stimuli, and limbic system pathways responding to psychological stressors. 

The sympathetic nervous system, through activation of the splanchnic nerve, 

stimulates adrenomedullary cells to release catecholamines (epinephrine and 

norepinephrine). These hormones bind to adrenergic receptors, causing 

increases in respiration, blood pressure, and heart rate, as well as activation of 

catabolic pathways. This reaction, known as the "fight or flight response," is 

generally short-lived due to reflex parasympathetic activation (Berger et al. 2019). 

Additionally, external and internal sensory information is processed by the brain 

and converted into endocrine responses within the paraventricular nucleus of the 

hypothalamus (PVN). Neurons in the PVN produce and release corticotropin-
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releasing hormone (CRH), which then prompts the pituitary gland to release 

adrenocorticotropic hormone (ACTH) into the bloodstream. ACTH acts on the 

adrenal glands, leading to the release of glucocorticoids (GCs; corticosterone in 

rodents and cortisol in humans) from the adrenal cortices. GCs affect various body 

tissues to either mobilize or store energy to address the stress challenge (De Kloet 

et al. 2004). The ability to end the stress response relies on glucocorticoid 

negative feedback targeting key neural regions such as the PVN, anterior pituitary 

gland, medial prefrontal cortex (mPFC), amygdala, and hippocampus. There are 

two types of GCs receptors: (1) the high-affinity mineralocorticoid receptor (MR), 

found mainly in the hippocampus, and (2) the low-affinity glucocorticoid receptor 

(GR), which is widely distributed across the brain, especially in the hippocampus, 

amygdala, and prefrontal cortex—regions essential for negative feedback 

mechanisms regulating HPA axis activation (Reul et al. 1985; Roozendaal et al. 

2002). In the absence of stressors and when the body is at rest, MRs are typically 

occupied, while GC levels are too low to bind to GRs. However, elevated GC levels 

during stress can activate GRs as well (De Kloet et al. 2004). MRs and GRs exert 

both (1) slow, genomic effects and (2) fast, non-genomic effects. Genomic actions 

involve binding to GC receptors, which act as transcription factors to induce long-

term changes in gene expression (De Kloet et al. 1998). Non-genomic effects 

occur within minutes of glucocorticoid release and likely involve actions at the cell 

membrane. As transcriptional regulators, the initial effects on adaptive behavior 

involve altered gene expression related to enzymes and receptors for biogenic 

amines and neuropeptides (Sabban et al. 2001), growth factors (Schaaf et al. 

1997; Hansson et al. 2000), and cell-adhesion factors (Sandi, 2004). 

Corticosteroids, particularly through GRs, have minimal impact on cellular 

properties under resting conditions. However, when cells deviate from their resting 

state, the effects become apparent, and GR activation can reverse noradrenaline-

induced excitation (Joëls et al. 1989). Non-genomic signaling provides a rapid 

negative feedback mechanism for the hypothalamic-pituitary-adrenal axis. The 
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production and release of CRH by PVN neurons are subject to both fast and 

delayed negative control by corticosterone. The rapid effects of corticosteroid 

hormones in the hippocampus exert a swift negative control over CRH and ACTH 

release (Dallman 2005). This effect is temporary; once corticosteroid levels 

stabilize, the negative influence dissipates, only to return later with the onset of 

genomic actions. During the initial phase of the central stress response, increasing 

corticosterone levels enhance hippocampal excitability and amplify the effects of 

other stress hormones. These permissive effects of corticosterone may aid in the 

quick encoding of stress-related information, appraisal processes, and selection 

of behavioral responses to stressors (McGaugh et al. 2002; Oitzl et al. 1992; Oitzl 

et al. 1994). Overall, MR activity helps maintain cellular communication, 

excitability, and network stability. In contrast, GR activation, in addition to MR, 

leads to a delayed suppression or normalization of network activity, contributing 

to the regulation of GC levels within physiological ranges (Erdmann et al. 2008; 

Kretz et al. 1999), through both genomic and non-genomic mechanisms. For 

instance, basal corticosteroid levels facilitate the induction of long-term 

potentiation (LTP) in the hippocampus (Diamond et al. 1992). In contrast, elevated 

corticosterone levels, stress, or exposure to new environments can impair LTP 

and promote long-term depression (LTD) (Kim et al. 2002; Pavlides et al. 1996; 

Xu et al. 1998). 

Although the physiological stress response is highly conserved, scientific literature 

reveals considerable variability in stress responses depending on strain in 

laboratory mouse models (Cappucci et al. 2018).  
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6.3.2 Aim of the study 

 

Although the physiological stress response is evolutionarily conserved, there is 

significant variability in behavioral responses to stressful experiences in mice, 

which can depend on both the type of stress and the strain of the animal 

(Cappucci et al. 2018). To address this, we aimed to evaluate the effect of different 

stress paradigms in CD1 male mice.  

While much of the scientific literature is based on data from C57 mice, the 

literature about the behavioral stress response in CD1 mice shows considerable 

contradictions, and it remains unclear which coping strategies these animals 

employ following a stressful experience (Almatroudi et al. 2018; Ota et al. 2015; 

Scheich et al. 2017).  

To this aim, male CD1 mice were subjected to various restraint stress paradigm 

and we assessed the impact of these stressors on their innate avoidance behavior 

by testing the animals in the EPM assay. 

 

6.3.3 Materials and methods 

 

Animals: Male outbred CD1 mice, 8-15 weeks old, weighing 40-60g were supplied 

from a colony maintained at Sapienza University of Rome, obtained from Charles 

River breeding pairs. Mice were housed in groups of 2-4 mice per cage (26.8 x 

21.5 x 14.1 cm) or 5-8 mice per cage (42.5 x 26.6 x 18.5 cm) allocated in the 

animal facility of the Department of Biology and Biotechnology “Charles Darwin”, 

Sapienza University of Rome, Italy. Male Wistar rats of 3-9 months supplied from 

Charles River, housed in couple in standard rat cages (42.5 x 26.6 x 18.5 cm), 

were used for the predator exposure procedure. All animals were maintained at a 

constant temperature (21±2°C) and umidity (45-60%), on a 12h light/dark cycle 
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(lights on at 07:30) with ad libitum access to food and water. All behavioral 

procedures were performed during the light period (9:00-18:00). Procedures were 

conducted under the authorization N. 796/2017-PR and N.967/2018-PR from the 

Italian Ministry of Health, according to Italian (DL.116/92) and European laws and 

regulations on the use of animals in research, and NIH guidelines on animal care. 

Stress paradigms: The animals were randomly assigned to different experimental 

groups. The stress protocol involves a period of restraint, in which the animal is 

placed inside a black, ventilated plexiglass tube (3 cm in diameter; 15 cm in 

length) that prevents the animal from moving freely. All groups were weighed and 

gently handled for 3 minutes a day during the 4-5 days preceding the start of the 

stress protocol. Before the start of each session, the animals were allowed to 

acclimate in the room for about 1 hour, then they were briefly handled and 

weighed. The chronic stress group was subjected to restraint for two hours per 

day for 10 consecutive days. The acute stress group was subjected to restraint 

stress for 2 hours or 30 minutes.  

Prior to the initiation of the predator exposure paradigm, animals were handled by 

an experienced experimenter for either 3 minutes per day over 5 days, or for 4 

minutes twice daily over 2 days. The testing apparatus consisted of a transparent 

box (42.5 × 26.6 × 18.5 cm) that housed a protective cylinder (13 cm in diameter; 

13 cm in length), featuring a 3 cm opening on one end and metal bars spaced 0.8 

cm apart on the curved surface. The procedure included 4 habituation sessions, 

which were conducted either once daily over 4 consecutive days) or twice daily 

over 2 days, followed by an exposure session on the fifth day. Before each session, 

mice were brought into the experimental room and given 30 minutes to acclimate. 

During each habituation session, mice were allowed to explore the apparatus 

freely for 10 minutes, with the protective cylinder positioned so that the opening 

faced upwards, facilitating unrestricted exploration of the stress environment. The 
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chamber was lined with fresh animal bedding. Upon completion of the habituation 

phase, on the following day, mice were exposed to a rat for a single 10-minute 

session. During this exposure session, the stress chamber was lined with a mix of 

50% clean bedding and 50% rat litter. Mice were placed inside the protective 

cylinder, which was then inverted to close the opening, and a rat was swiftly 

introduced into the chamber. The rat was free to move around the cylinder and 

interact with the mouse. The chamber was secured with a metal grid lid, and the 

cylinder was fastened to prevent displacement by the predator. After 10 minutes, 

the predator was removed and returned to its home cage to rest for at least 15 

minutes before the next exposure. The exposed mice were then placed back in 

their home cage, the bedding in the apparatus was changed, and the equipment 

was cleaned with 70% ethanol. Control mice underwent the same procedure 

without the presence of the predator and always had clean bedding. Additionally, 

controls were always tested before stressed mice to ensure they were not 

exposed to any olfactory cues left by the rat in the testing room. 

The rats also underwent a habituation process before the testing phase. Initially, 

they were acclimated to the experimental room for 15 minutes each day over two 

days. They were then food-restricted for two days, receiving only 20g of standard 

rodent food per day. To prevent the predator from becoming accustomed to the 

mice, each rat was subjected to a maximum of three exposures per day per week. 

All stress sessions were conducted between 10 AM and 4 PM. The animals in the 

control group were briefly handled and returned to their cages before the start of 

the restraint session for the acute, chronic and predator exposure stress groups. 

Elevated plus maze: The apparatus was made of black Plexiglas and consisted of 

two open and two closed arms connected by a central square platform (5 x 5 cm); 

each arm was 5 cm wide and 35 cm long and the closed arms were surrounded 
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by 15 cm high black walls. The maze was positioned 50 cm from the ground and 

placed in a mildly lit room (100lux), with white curtains all around. Each mouse 

was placed on the central platform facing the open arm and allowed to freely 

explore the apparatus. Between consecutive tests, the apparatus was cleaned 

with 70% ethanol solution. The time spent in open and closed arms and total 

distance were later manually scored from the recorded videotapes using ANY-

maze (ANY-maze, Stoelting Co., USA). The mouse was considered inside a 

specific compartment when all four paws were inside the compartment. Each 

mouse was isolated for 30 minutes, then it was placed on the central platform 

facing the open arm and allowed to freely explore for 5 minutes. Elevated plus 

maze was performed 24h later the end of chronic and predator exposure stress 

and 30 minutes later the end of acute restraint. 

 

6.3.4 Results 

 

To evaluate the effect of different stress paradigms on innate avoidance behavior, 

different groups of CD1 male mice were subjected to acute or chronic restraint 

stress or predator exposure stress protocols. The chronic restraint stress 

paradigm does not affect time spent in open arms and distance travelled in 

elevated plus maze (Fig 30 A-B; OA time t=0.5674, df=22, p=0.576; Distance, 

t=1.857, df=22, p=0.076, unpaired two-tailed t-test). Similarly, 2h or 30min of 

acute restraint stress do not affect time spent in open arms and distance travelled 

in elevated plus maze (Fig 30 C-F; OA time following 2h of acute restraint stress, 

t=0.4931, df=19, p=0.627; Distance, t=0.7753, df=19, p=0.447; OA time following 

30min of acute restraint stress, t=0.2881, df=16, p=0.776; Distance, t=0.1757, 

df=16, p=0.862, unpaired two-tailed t-test). Furthermore, predator exposure 

stress paradigm do not affect time spent in open arms and distance travelled in 
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EPM (Fig 30 G-H; OA time, t=0.4761, df=10 p=0.644; Distance, t=1.735, df=10, 

p=0.113, unpaired two-tailed t-test). 

Together, these data suggest that Chronic and acute restraint and predator 

exposure stress paradigms are not able to affect innate avoidance behavior tested 

in EPM in adult CD1 male mice. Anyway, it will be appropriate to increase the 

number of experimental subjects to compensate for the high variability present in 

the outbred strain. 
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Figure 30 Different stress paradigms do not affect anxiety-like behaviour and distance 

travelled in EPM in adult CD1 male mice. (A-B) Chronic restraint stress protocol, (C-D) 2h 

of the acute restraint stress protocol, (E-F) 30 minutes of the acute restraint stress protocol 

and (G-H) Predator exposure stress protocol. Bars represent mean ± SEM, while the dots 

indicate the values for each individual animal. 
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6.3.5 Discussion 

 

In this experiment, the effect of different stress protocols on anxiety-like behavior 

in male outbred CD1 mice was evaluated. Specifically, the chronic stress group 

was subjected to restraint stress for two hours per day for 10 consecutive days 

and tested in the EPM 24 hours later, while the acute stress group was subjected 

to restraint stress for either 2 hours or 30 minutes and tested in the EPM after 30 

minutes. As for the group subjected to predator exposure stress, it was tested in 

the EPM 24 hours after the end of the stress exposure. The absence of an effect 

of stress on CD1 outbred male mice is a topic that has attracted attention in 

neuroscientific and behavioral research. CD1 mice are an outbred genetic line, 

meaning they are not selected for specific genetic traits, which makes them 

genetically more variable compared to inbred lines. This genetic variability could 

be one reason why the effects of stress on this population are not uniform or may 

not be observed at all. Scientific literature has documented well-defined effects of 

chronic or acute stress on various aspects of behavior and physiology in rodents, 

including alterations in anxiety, depression, memory, and neurogenesis (de Kloet 

et al., 2005; Nestler et al., 2010). However, studies on CD1 mice have shown 

contrasting results, with some reporting no significant effect of chronic stress on 

anxiety or depression-related behaviors, while others observe effects in specific 

subgroups (Almatroudi et al. 2018; Ota et al. 2015; Scheich et al. 2017). Studies 

on inbred mice such as C57BL/6 have shown that chronic stress can lead to 

increased anxiety-like behavior (de Kloet et al., 2005; Nestler et al., 2010). 

However, studies on CD1 mice do not always replicate these results, suggesting 

that genetic and environmental heterogeneity may play a critical role in modulating 

stress effects. This phenomenon has also been observed in studies using stress 

paradigms such as "chronic social defeat stress" or "restraint stress," where 

behavioral effects can vary significantly among individuals within the same outbred 

population (Almatroudi et al. 2018; Ota et al. 2015; Scheich et al. 2017). In this 
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study, we have indeed observed that protocols of acute or chronic restraint stress, 

as well as predator exposure stress, do not influence anxiety behavior in adult CD1 

male mice tested in the elevated plus maze. The absence of an effect of stress in 

CD1 outbred mice may be attributed to their high genetic variability, which can 

lead to different stress responses. For this reason, it will be appropriate to increase 

the number of experimental subjects to compensate for the high variability present 

in the outbred strain. This suggests that outbred animal models, while useful for 

studying the diversity of physiological and behavioral responses, may present 

challenges in detecting specific effects compared to more homogeneous inbred 

models. 
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8 Other activities and scientific contribution  

 

8.1 Summary 

In addition to the laboratory activities and other experimental work, I had the 

opportunity to attend numerous seminars in the fields of neuroscience and 

neurobiology. I also engaged in tutoring activities for undergraduate and master's 

students in the Master’s degree program in Neurobiology and conducted teaching 

activities during practical lessons in the courses “Behavioral Neuroscience 

Methods” and “Psychobiology and Elements of Pharmacology” for the Master’s 

degree program in Neurobiology at Sapienza University of Rome. Additionally, I 

was awarded a collaboration grant to tutor students in the “Foundations of 

Neuroscience” course for the degree program in “Mathematical Sciences for 

Artificial Intelligence.” Finally, I contributed to a scientific publication and 

presented some of the data produced during my Ph.D. at an international 

conference in the field of neuroscience. 

 

8.2 Seminars 

JØRGEN JENNUM. A WINDOW FOR UNDERSTANDING 

NEURODEGENERATIVE DISEASE. WEBINAR. 25/01/2022 

MARTA MOREY RAMONELL. DEVELOPMENTAL WIRING AND ADULT 

PLASTICITY OF NEURAL CIRCUITS. SAPIENZA UNIVERSITÀ DI ROMA AULA 

BOVET. 25/03/2022 

RAFFAELE FERRI. CLINICAL NEUROPHYSIOLOGY OF ISOLATED REM SLEEP 

BEHAVIOR DISORDER: A WINDOW ON NEURODEGENERATION. WEBINAR. 

24/01/2022. 
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GRAZIANO FIORITO. L'ESPRESSIONE DELLE EMOZIONI. AULA RM111 - AULA 

MAGNA, EDIFICIO C, REGINA ELENA. 22/04/2022 

ALFONSO ARAQUE. TRIPARTITE SYNAPSES: ASTROCYTE REGULATION OF 

SYNAPTIC AND NETWORK FUNCTION. AULA ODEION, MUSEO DELL’ARTE 

(BUILDING CU003). 01/04/2022 

MARTINE AMMASSARI-TEULE. AUTISM, AUTOPHAGY AND GENDER. 

WEBINAR. 17/06/2022 

MATTHEW HILL. CANNABINOIDS, THE AMYGDALA AND STRESS. WEBINAR. 

23/09/2022 

KAREL SVOBODA. NEURAL CIRCUITS AND MECHANISMS UNDERLYING 

PLANNING AND MOVEMENT. WEBINAR. 23/09/2022 

SILVIA SPADACENTA. THE COMMON MARMOSET AS A MODEL OF HUMAN 

SOCIAL INTERACTIONS. AULA MAGNA – RM111 (EDIFICIO C REGINA ELENA). 

20/12/2022 

GISELLA VETERE. DECODING MEMORY ACQUISITION AND CONSOLIDATION 

IN MICE. AULA BOVET, EDIFICIO EX FISIOLOGIA GENERALE, CU026, 

DIPARTIMENTO BBCD, SAPIENZA UNIVERSITÀ DI ROMA. 19/12/2022 

ALFREDO BERARDELLI E ALBERTO OLIVERIO. IL CERVELLO E I SUOI 

MECCANISMI COGNITIVI. PALAZZO DEL RETTORATO DELLA SAPIENZA 

UNIVERSITÀ DI ROMA. 19/01/2023 

MARIO CARTA. THE CELLULAR CODING OF TEMPERATURE IN THE 

MAMMALIAN CORTEX. AULA LUCIANI CU027. 05/05/2023 

RAY DOLAN. INFERENCE, NEURAL REPLAY AND COGNITIVE MAPS. AULA 

ODEION. 25/05/2023 
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MARILENA GRIGUOLI. ROLE OF SEPTAL CHOLINERGIC NEURONS AND 

NEUROLIGIN 3 IN SOCIAL NOVELTY DISCRIMINATION. WEBINAR. 14/07/2023 

 

8.3 Training courses 

IZSLER. LEGISLAZIONE NAZIONALE ED ETICA. Virtual. 28/10/2022 

IZSLER. BIOLOGIA E GESTIONE DEGLI ANIMALI DA LABORATORIO. Virtual. 

28/10/2022 

Esperto Radiazioni Ottiche Artificiali (ROA) e Tecnico sicurezza laser (TSL). 

Formazione generale sull’uso e sulla sicurezza di laser da laboratorio. La 

Sapienza. 11/1/2024 

UnitelmaSapienza. Formazione generale salute e sicurezza sul lavoro per 

lavoratori ed equiparati. 19/3/2024 

Training course on confocal microscope. 25-16/1/2024. La Sapienza. 

 

8.4 Event organization  

Organization of the site visit of the advisory board at the Charles Darwin 

Department of Biology and Biotechnology. 21-23 September 2022 

 

8.5 Tutoring activities 

Alessia Frenza. Master’s student in the Neurobiology program. 2021-2023 

Caterina Virginia Addario Chieco. Bachelor's student in biological sciences and 

Master’s student in the Neurobiology program. 2021-2024 

Francesco Gregorio. Master’s student in the Neurobiology program. 2023-2024 
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Tutoring for the course "Fundamentals of Neuroscience" for the degree in 

"Mathematical Sciences for Artificial Intelligence". 2023 

 

8.6 Teaching activities 

Teaching activities for practical lessons in "Behavioral Neuroscience Methods" and 

"Psychobiology and Elements of Pharmacology" for the Master's Degree in 

Neurobiology at La Sapienza University of Rome. 2022-2024 

 

8.7 Scholarship  

Recipient of a 40-hours tutoring scholarship for the course "Fundamentals of 

Neuroscience" for the degree in "Mathematical Sciences for Artificial Intelligence" 

(Call No. 4/2023). 2023 

 

8.8 Peer review activities 

Frontiers in Neuroscience - Reviewed 1 research article. 2024 

 

 

8.9 Publications 

E. Centofante, L. Fralleoni, C. Lupasco, M. Migliore, A. Rinaldi & A. Mele. Specific 

patterns of neural activity in the hippocampus after massed or distributed spatial 

training. Scientific Reports, 13, 13357 (2023). https://doi.org/10.1038/s41598-

023-39882-0  

 

8.10 Abstracts 

L. Fralleoni, A. Frenza, C.V. Addario Chieco, F. Gregorio, A. Rinaldi. Bidirectional 

control of BLA-DMS and PFC-DMS projectons on innate avoidance behaviour in 
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mice. Federation of European Neuroscience Societies (FENS), Vienna, Austria. 

2024 

E. Centofante, L. Fralleoni, C. Lupasco, A. Rinaldi, M. Migliore, A. Mele. Different 

hippocampal activation pattern following massed or distributed spatial training in 

mice. Accepted for the 49th Meeting of the European Brain and Behaviour Society 

(EBBS) - Virtual, Losanne, Switzerland, 4-8 September 2021. 

S. Gasparini, D. Cimino, L. Fralleoni, V. Licursi, A. Rinaldi, C. Mannironi, C. 

Presutti. CircRNAs: a potential involvement in the pathophysiology of autism 

spectrum disorder. Neuroepigenetics: From Cells to Behaviour and Disease, 

EMBO – EMBL Virtual Symposium, 28-30 October 2020. 

S. Gasparini, D. Cimino, L. Fralleoni, V. Licursi, A. Rinaldi, C. Presutti, C. 

Mannironi. Characterization of circular RNAs dysregulated in autism spectrum 

disorder. The complex life of RNA EMBO - EMBL, 7-9 October 2020. 

 

 

 

 

 

 

 


