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1. Introduction 

Stressful and emotionally arousing experiences are typically well remembered (McGaugh, 

2003, 2013). Such enhanced memory for emotional experiences is considered a highly 

adaptive phenomenon that is essential for our survival, as it helps us to remember both 

dangerous and favorable situations. However, emotional memories seem not only stronger 

than memories for non-emotional everyday experiences, they seem also be remembered 

with more detail and for a longer period of time. For example, most people are still able to 

remember exactly where they were, and what they were doing, when they first heard of the 

terrorist attacks on the Twin Towers in New York on 9/11 in 2001. Human behavioral studies 

indeed indicate that emotional memories are also of altered quality. However, the findings 

are conflicting: Some studies observed that emotional arousal enhances the accuracy of 

memory  (Porter et al., 2008; Hoscheidt et al., 2014), whereas other studies found that 

emotional memories are remembered in a more generalized manner (Morgan III et al., 2004), 

recalled with overconfidence (Talarico & Rubin, 2003) and subject to incorporation of 

misinformation (Payne et al., 2002; Sharot et al., 2004; Rimmele et al., 2011).  

 

Extensive evidence indicates that noradrenergic activation, as induced by emotional arousal, 

is crucially involved in strengthening the consolidation of long-term memory of emotional 

experiences (McGaugh, 2004; Aston-Jones & Cohen, 2005; Sara, 2009; Roozendaal & 

McGaugh, 2011; Takeuchi et al., 2016). However, whether noradrenergic activity can also 

affect the quality of memory and/or whether it is involved in the long-term maintenance of 

memory remains largely elusive. In the past years, our laboratory has started a new research 

line investigating the role of the noradrenergic system in memory accuracy. Initial studies 

have shown that noradrenergic activation not only increases the strength, but also accuracy, 

of episodic-like memories (Atucha & Roozendaal, 2015; Atucha et al., 2017; Roozendaal & 

Mirone, 2020), that depend on the hippocampus (Eichenbaum, 2017). Moreover, it was 

found that noradrenergic activation during initial memory consolidation keeps these 

memories accurate over time by maintaining long-term hippocampal involvement in the 

memory (Atucha et al., 2017). However, nothing is currently known of whether noradrenergic 

activation can also enhance accuracy or detailedness of other forms of memories, such as 

recognition memory, that depend on cortical brain regions (Ennaceur & Aggleton, 1997; 

Bermudez-Rattoni et al., 2005; Norman & Eacott, 2005; Balderas et al., 2008; Albasser et 

al., 2009; Roozendaal et al., 2010; Banks et al., 2014; Bermudez-Rattoni, 2014; Olarte-

Sánchez et al., 2015). In this thesis, I will present a series of experiments in mice, aimed at 

investigating whether noradrenergic activation enhances the detailedness of object 

recognition memory and how this memory detailedness is maintained over time.  
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In the following sections, I will first give a short overview of half a century of research 

examining the role of norepinephrine and epinephrine in modulating the consolidation of 

memory of different types of experiences and some of the major brain mechanisms that 

were found to mediate such adrenergic effects on memory consolidation. Then, I will define 

the key concepts of memory quality and summarize some recent findings on the effects of 

noradrenergic activation on increasing the accuracy and the persistence of hippocampus-

dependent episodic-like memory. Finally, I will present the scope of this thesis and give a 

brief description of each of the experimental chapters. 

  

 

2. Role of adrenergic catecholamines in enhancing memory consolidation 
 
Not all experiences are equally well remembered. Particularly stressful or emotionally 

arousing experiences are well retained in memory, whereas everyday experiences are 

easily forgotten or not remembered at all. This observation suggests that emotional arousal 

may induce an endogenous mechanism that serves to regulate the strength of memories 

(Gold & Van Buskirk, 1975). Early in 1967, Livingston investigated the influence of emotional 

arousal on memory and suggested that stimulation of the limbic system and brainstem 

reticular formation might promote the storage of recently activated brain events by initiating 

a “neurohormonal influence favoring future repetitions of the same neural activities” 

(Livingston, 1967). Extensive evidence from subsequent studies backed this general 

hypothesis and provided strong support for the view that emotional arousal induces the 

release of stress hormones in the periphery and of norepinephrine, together with several 

other neurotransmitters and peptides, in the brain. Together, these stress hormones, 

neurotransmitters and neuropeptides have been shown to be critically involved in mediating 

emotional arousal effects on memory consolidation (McGaugh, 2004; Sara, 2009; 

Roozendaal & McGaugh, 2011; Takeuchi et al., 2016). Stress and emotional arousal rapidly 

induce activation of the autonomic nervous system which results in the release of 

catecholamines, such as epinephrine and norepinephrine, from the adrenal medulla, and 

sympathetic nerve terminals (Smith & Vale, 2006; Ulrich-Lai & Herman, 2009). These 

affective conditions also induces activation of the hypothalamic-pituitary-adrenocortical axis, 

culminating in the release of glucocorticoids (cortisol in humans, corticosterone in rodents) 

(Ulrich-Lai & Herman, 2009). These stress hormone systems play a crucial role in 

appropriately responding to threatening situations. For example, activation of adrenal 

catecholamines is critical for immediate behavioral responses to threat, mediating the ‘flight 

or fight’ reaction by inducing a multitude of peripheral changes, e.g., increasing heart rate, 



 12 

energy metabolism, blood pressure and respiration. However, both the adrenomedullary and 

adrenocortical hormones also induce long-term adaptive changes by enhancing the 

consolidation of memory of such emotional experiences. In the following section, I will focus 

on how peripherally released epinephrine and norepinephrine enhance memory 

consolidation by stimulating the release of norepinephrine in the brain (for glucocorticoid 

effects on memory, see de Quervain et al., 2017). I will focus on the effect of norepinephrine 

and emotional arousal on regulating memory consolidation, but it is well established that it 

also influences the encoding and retrieval of memory (Cahill et al., 1996; Izquierdo et al., 

1997; de Quervain et al., 1998; Cahill et al., 2003; Richardson et al., 2004; Smeets et al., 

2008; Rasch et al., 2009; Barsegyan et al., 2015).  

 
2.1 The concept of memory consolidation 
What exactly is memory consolidation? Müller and Pilzecker in 1900 were the first to propose 

that memory traces are initially fragile after learning and become stabilized over time (Müller 

& Pilzecker, 1900). This stabilization of the memory trace in the hours following initial 

learning became known as memory consolidation (McGaugh, 2000; Kandel, 2004). Short-

term memory is characterized by the capacity of holding a limited amount of information in 

mind in a very accessible state (Cowan, 2008), and does not require protein synthesis 

(Schwartz et al., 1971). Rather, it involves second messenger-mediated covalent 

modifications of previously synthesized proteins (Kandel & Schwartz, 1982) that modulate 

membrane properties of nerve cells and their synaptic connections (Kandel & Schwartz, 

1982; Byrne, 1987; Tweedie-Cullen et al., 2009). 

 

For the memory to be retained for a longer period of time, memory consolidation needs to 

occur that can be divided into two main stages. First, within the first hours after a learning 

experience, changes in gene transcription induce protein synthesis, which is critical for 

establishing long-lasting modifications  in order to replace degraded proteins, increase levels 

of present proteins, or express novel proteins (Steward & Schuman, 2001), necessary to 

induce structural modifications, such as the formation of new synaptic spines, at the local 

network level (Squire & Alvarez, 1995; Kandel, 2004). Second, at a longer interval after 

learning, memory consolidation also requires systems-level processes involving cross-talk 

between multiple brain regions (Nadel & Moscovitch, 1997; Frankland & Bontempi, 2005; 

Winocur et al., 2010; Sutherland & Lehmann, 2011). Initially, a memory for an experience is 

characterized by rich episodic details (on the when, what, where?) and known to depend on 

an intact hippocampus, which functions as a main integrator of cortical information. However, 

with the progression of time, these episodic memories undergo a neural reorganization, 
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where they become more dependent on cortical networks and less on the hippocampus 

(Frankland et al., 2004; Miller et al., 2010). This systems consolidation and neural 

reorganization process is associated with a gradual reduction in its accuracy or detailedness 

of the memory, which is more remembered in a generalized, semantic manner, lacking 

episodic detail (Wiltgen & Tanaka, 2013). 

 

2.2 Peripheral epinephrine and norepinephrine affect memory consolidation  
Numerous studies have shown that a systemic administration of epinephrine or 

norepinephrine after a training experience enhances memory retention on a wide variety of 

tasks, ranging from inhibitory avoidance to a one-trial appetitive task and object recognition 

task (Gold & Van Buskirk, 1975; Gold & Van Buskirk, 1976; Williams et al., 1998; Dornelles 

et al., 2007; Jurado-Berbel et al., 2010). Gold and Van Buskirk (Gold & Van Buskirk, 1975) 

were the first to show that the systemic administration of epinephrine immediately after 

inhibitory avoidance training enhanced memory of the training experience, and that this 

effect was lost when epinephrine was given 2 hours after the training. This time-limited effect 

provided direct evidence that the epinephrine modulated the consolidation phase of memory 

processing (McGaugh, 1966). Subsequent studies have shown effects of epinephrine and 

norepinephrine on many different types of training experiences (Roozendaal and McGaugh, 

2011), including non-arousing tasks. Both object recognition memory (Dornelles et al., 2007; 

Jurado-Berbel et al., 2010) and object location memory (Jurado-Berbel et al., 2010) have 

been found to be improved by systemic epinephrine administration, indicating noradrenergic 

improvement of both the "what" (object identity) and "where" (object location) components 

of recognition memory. 

 

A well-established characteristic is the dose-dependency of this memory-enhancing effect: 

moderate doses of epinephrine were shown to enhance memory, whereas both lower and 

higher doses were ineffective (Hunt & Krivanek, 1966; Krivanek & McGaugh, 1968; Hunt & 

Bauer, 1969). Moreover, the optimal dose that produces maximal enhancement, was shown 

to depend on the experimental conditions used. Whereas the administration of epinephrine 

shortly after a mild footshock enhanced memory, the same dose of epinephrine impaired 

memory when administered following a high-intensity footshock, which was associated with 

higher endogenous epinephrine levels (Gold et al., 1977), suggesting the existence of 

‘optimal’ epinephrine levels for superior memory performance.  

 

 

3. Role of central norepinephrine in memory consolidation 
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Since catecholamines cannot readily cross the blood-brain barrier (Weil-Malherbe et al., 

1959), it was initially unclear how peripherally released or administered epinephrine and 

norepinephrine were able to modulate the brain processes underlying memory consolidation. 

Extensive evidence indicated that these catecholamines initially bind to β-adrenoceptors in 

the periphery (Schreurs et al., 1986), which in turn affect noradrenergic activity and 

corresponding activation of β-adrenoceptors in the brain (Introini-Collison et al., 1992). We 

now know that peripheral epinephrine and norepinephrine activate β-adrenoceptors on the 

ascending branch of the vagus nerve, which induces activation of two norepinephrine-

containing nuclei in the brain: the nucleus of the solitary tract (NTS) and locus coeruleus 

(LC) (Schreurs et al., 1986; Introini-Collison et al., 1992; Williams & McGaugh, 1993; Clayton 

& Williams, 2000). 
 
3.1 Nucleus of the solitary tract  
The vagus nerve directly innervates the NTS. Fluorescence-labeling studies revealed that 

norepinephrine is the major neurotransmitter in projection neurons from the NTS (Packard 

& Teather, 1998). Local drug administration studies showed that posttraining infusions of 

the local anesthetic lidocaine into the NTS not only impaired retention of inhibitory avoidance, 

but also blocked the memory-enhancing effects of posttraining systemic injections of 

epinephrine (Watabe et al., 2000), suggesting that central noradrenergic neurons arising in 

the NTS may mediate the effects of peripheral epinephrine on memory consolidation. 

Conversely, posttraining infusion of the β-adrenoceptor agonist clenbuterol into the NTS 

improved retention performance in a Y-maze discrimination task in rats (Williams & Clayton, 

2001). The NTS might exert its effects by innervating noradrenergic projections to forebrain 

structures involved in learning and memory, such as the amygdala, but also by influencing 

central norepinephrine release via its projections to the LC (Ricardo & Koh, 1978; Williams 

& McGaugh, 1993).  

 

3.2 Locus coeruleus  
Noradrenergic cells of the LC have widespread projections throughout the brain (including 

the cerebral cortex, amygdala, hippocampus, thalamus, midbrain, brain stem, cerebellum 

and spinal cord), and these projections are well conserved across species (Swanson, 1976; 

Aston-Jones et al., 1984; Valentino, 1995; Rosenzweig et al., 2002) (Figure 1). The LC 

supplies the major source of norepinephrine to most forebrain regions and exhibits regional 

and laminar specificity in its efferent projections (Morrison et al., 1982). Especially brain 

areas that are associated with attentional processing receive dense noradrenergic 



1 

  
 

 
 15 

innervation (Morrison & Foote, 1986; Rosenzweig et al., 2002). Interestingly, approximately 

85% of noradrenergic fibers innervating the amygdala originate from the LC, suggesting that 

manipulation of LC activity should induce marked effects on memory consolidation (Liang, 

2001).  

 

Extensive findings have indicated that LC activity triggered by stress can be observed in 

both tonic (Valentino & Van Bockstaele, 2008; Arnsten, 2009) and phasic firing patterns 

(Bouret & Sara, 2004; Rajkowski et al., 2004; Vazey et al., 2018). Classic studies have also 

indicated an increased firing rate in noradrenergic neurons in LC (Foote et al., 1980; Aston-

Jones & Bloom, 1981), as well as a firing frequency that positively correlated with their 

synchrony, when animals are aroused (Alvarez et al., 2002). Recently, the causal role of LC 

firing was further demonstrated via the use of optogenetics and chemogenetics in mediating 

anxiety-like and aversive behaviors in mice (McCall et al., 2015; Zerbi et al., 2019). 

Furthermore, a very recent study in mice using chemogenetics showed that selective 

activation of the LC rapidly induces these anxiety-like behaviors by a  rapid-shift in network 

connectivity towards salience and fear processing (Zerbi et al., 2019). These effects support 

the notion that the LC optimizes cognitive processes by rearranging neural activity in large-

scale neuronal networks (Aston-Jones & Cohen, 2005; Seeley et al., 2007; Bullmore & 

Sporns, 2009; Van Den Heuvel & Pol, 2010). 

 

 

Figure 1. Projections of the locus coeruleus in (A) humans (Rosenzweig et al., 2002) and (B) rodents (Swanson, 

1976) are highly similar, indicative of their conservation across species. 

 
 
3.3 Pharmacological and genetic evidence of central norepinephrine enhancement of 
memory 
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Extensive evidence supports the view that centrally released norepinephrine is critically 

involved in modulating memory consolidation (Ferry et al., 1999). For example, the centrally 

acting β-adrenoceptor antagonist propranolol administered systemically impairs memory 

consolidation (Cohen & Hamburg, 1975; Cahill et al., 2000). Furthermore, systemic 

administration of dipivefrin and clenbuterol, which are well known as β-adrenoceptor 

agonists, dose-dependently enhance memory consolidation, and these effects can be 

blocked by the administration of centrally acting β-adrenoceptor antagonists (Introini-

Collison et al., 1991; Introini-Collison et al., 1992).  

 

Moreover, an early study using genetically selected rat lines revealed that the Maudsley 

reactive rats exhibit a higher noradrenergic response to acute stress in the LC than 

Maudsley non-reactive rats, and that their behavioral performance was similar to rats treated 

with drugs that enhance noradrenergic function and improve long-term memory 

performance (Sara et al., 1994). Another genetic study reported that mice with a genetically 

encoded reduction in tyrosine hydroxylase, i.e., the enzyme mediating the rate-limiting step 

in the biosynthesis of catecholamines, exhibit a moderate reduction in norepinephrine 

accumulation and release in the brain, as well as an impaired long-term memory in different 

behavioral paradigms, including active avoidance, cued fear conditioning and conditioned 

taste aversion. Furthermore, memory performance in these mice was rescued by 

posttraining stimulation of norepinephrine activity (Kobayashi & Kobayashi, 2001).  

 

 

4. Norepinephrine in the amygdala on memory consolidation  
 
The amygdala has a central role in modulating norepinephrine effects on memory 

consolidation (Liang et al., 1986). Findings in both animals and humans have indicated that 

damage to the amygdala selectively impairs memory of emotionally arousing experiences 

(Bermudez-Rattoni & McGaugh, 1991; Cahill et al., 1996), but not memory of emotionally 

neutral information (Cahill et al., 1996), providing strong support for the view that amygdala 

activity mediates the enhancing effects of emotional arousal on memory processing  

(McGaugh, 2000; Roozendaal & McGaugh, 2011). 

 

Many studies have examined how norepinephrine affects memory consolidation by 

influencing amygdala activity. For example, a memory-enhancing dose of epinephrine 

administered systemically was found to induce norepinephrine release within the amygdala 

(Williams et al., 2000). Studies using electrophysiology further indicated that the firing rate 
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of amygdala neurons is increased after electrical stimulation of the vagus nerve (Radna & 

MacLean, 1981) or the NTS (Radna & MacLean, 1981; Rogers & Fryman, 1988). An 

adrenoceptor antagonist administered into the amygdala immediately after inhibitory 

avoidance training was found to impair retention performance, whereas norepinephrine 

administered concurrently restored the memory (Gallagher et al., 1977). Moreover, 

posttraining administration of norepinephrine or the β-adrenoceptor agonist clenbuterol into 

the amygdala has been shown to induce a dose-dependent enhancement of retention (Liang 

et al., 1990; Introini-Collison et al., 1991). These findings strongly suggest that noradrenergic 

activation in the amygdala plays a critical role in memory enhancement. 

 

The amygdala is a complex brain structure consisting of different nuclei. Several studies 

showed that the basolateral amygdala (BLA) is the critical nucleus of the amygdala that 

mediates the effects of stress and emotional arousal on memory consolidation (Quirarte et 

al., 1997; Roozendaal & McGaugh, 1997; Roozendaal et al., 1999; McGaugh, 2000). Early 

studies using targeted pharmacological manipulations have consistently shown that 

norepinephrine or noradrenergic agonists administered into the BLA (or the amygdala 

complex in the earliest studies) enhance the consolidation of memory on a wide variety of 

emotionally arousing training tasks, including inhibitory avoidance, active avoidance 

discrimination learning, contextual fear conditioning, water-maze spatial learning and 

appetitive tasks, but also in the emotionally neutral object recognition memory task (Liang 

et al., 1986; Introini-Collison et al., 1991; LaLumiere et al., 2003). On the other hand, 

administration of a β-adrenoceptor antagonist has been found to impair memory 

consolidation and to block the effects of norepinephrine through the blockade of 

noradrenergic activity in the BLA (Liang et al., 1986; Liang et al., 1995; Salinas & McGaugh, 

1995; Hatfield & McGaugh, 1999). Also the endogenous release of norepinephrine in the 

BLA after inhibitory avoidance training has been found to correlate with retention latencies 

24 h later (McIntyre et al., 2002).  

However, many different studies have shown that the BLA is not the storage site of these 

enhanced memories (Packard et al., 1994; Cahill & McGaugh, 1998), but rather modulates 

neural plasticity elsewhere in the brain. As such, stress hormones require an intact BLA in 

order to exert their actions on other brain regions (McGaugh et al., 1996; Roozendaal et al., 

1996; Ikegaya et al., 1997; Setlow et al., 2000; Roozendaal et al., 2001; McReynolds et al., 

2010; Holloway-Erickson et al., 2012) (Figure 2). Most of these prior experiments have 

investigated how noradrenergic activation of the BLA facilitates the consolidation of spatial, 

contextual or episodic memory by influencing neural plasticity and information storage 

processes within the hippocampus (Packard et al., 1994; Pare et al., 1995; Akirav & Richter-
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Levin, 1999; Roozendaal et al., 1999; Almaguer-Melian et al., 2003; McIntyre et al., 2005; 

Pape et al., 2005; Atucha et al., 2017). However, although only sparsely investigated, BLA 

noradrenergic activity has also been found to modulate the consolidation of other forms of 

memory via interactions with other memory systems, such as the medial prefrontal cortex, 

insular cortex (IC) and perirhinal cortex (PRh) (Roozendaal et al., 1999; McIntyre et al., 2005; 

Laing & Bashir, 2014; McReynolds et al., 2014; Beldjoud et al., 2015; Chen et al., 2018; 

Barsegyan et al., 2019).  

 

 

 

Figure 2. Noradrenergic activation of the BLA is crucially involved in enhancing the consolidation of long-term 

memory via its modulatory influences on neuronal plasticity and information storage processes in other brain 

structures (McGaugh, 2000).  

 
 
Object recognition memory is one type of the non-hippocampal-dependent memory, which 

primarily depends on cortical regions such as the IC and the PRh (Ennaceur & Aggleton, 

1997; Bermudez-Rattoni et al., 2005; Norman & Eacott, 2005; Balderas et al., 2008; 

Albasser et al., 2009; Roozendaal et al., 2010; Banks et al., 2014; Bermudez-Rattoni, 2014; 

Olarte-Sánchez et al., 2015).   

 

4.1 Insular cortex 
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The IC appears to be a large and functionally diverse brain region, as anatomical studies in 

several species highlighted it to be one of the most complex anatomical hubs in the 

mammalian brain (Cechetto & Saper, 1987; Allen et al., 1991; Yasui et al., 1991; Menon & 

Uddin, 2010; Cauda et al., 2012). The IC can be generally divided into the anterior IC (aIC) 

and the posterior IC (pIC) by the central sulcus in humans (and the cerebral artery in rodents). 

In both humans and rodents, independent of the aIC and pIC subdivision, the IC has 

diverging cytoarchitecture, changing from its granular to dysgranular to agranular divisions 

(Figure 3).  

 

 
 

Figure 3. Location and architecture of the insular cortex in (A) the human and (B) mouse brain (Gogolla et al., 

2014). 
 

 

The IC has been implicated in an overwhelming variety of functions as well, such as learning 

and memory (Bermudez-Rattoni et al., 2005), processing of external and bodily sensory 

information (Kurth et al., 2010; Gogolla, 2017), self-awareness (Craig, 2009, 2011), emotion 

regulation (Etkin et al., 2015), feelings, complex social-affective functions like empathy 

(Damasio & Carvalho, 2013), and switching between large-scale brain networks (Menon & 

Uddin, 2010). Recent rodent studies further demonstrated roles for the IC in multisensory 

(Rodgers et al., 2008; Gogolla et al., 2014) and pain processing (Tan et al., 2017), 

representation of valence (Wang et al., 2018), social interactions (Rogers-Carter et al., 

2018), and aversive states (Escobar & Bermúdez-Rattoni, 2000; Rodriguez-Ortiz et al., 2005; 

Stehberg et al., 2011; Livneh et al., 2017; Gehrlach et al., 2019; Livneh et al., 2020). 
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Interestingly, in humans, most neuroimaging studies have observed increased aIC activity 

during emotional awareness (Craig, 2009; Menon & Uddin, 2010), as well as during the 

encoding and recall of emotionally salient learning tasks (Büchel et al., 1998; King et al., 

2009). On the other hand, pIC activity has typically found to be increased during the 

experience of pain or during somatosensory and auditory information processing tasks 

(Kurth et al., 2010). As such, the aIC and pIC seem to be two largely different functional 

divisions. However, animal studies typically do not dissociate between the aIC and the pIC 

(Bermúdez-Rattoni et al., 1997; Bermúdez-Rattoni et al., 2004; Bermudez-Rattoni et al., 

2005; Balderas et al., 2008; Miranda et al., 2008; Roozendaal et al., 2010; Stehberg et al., 

2011; Chen et al., 2018).  
 

There are dense mutual connections between the IC and BLA (McDonald & Jackson, 1987; 

Shi & Cassell, 1998; Kayyal et al., 2019; Gehrlach et al., 2020; McGinnis et al., 2020). As 

mentioned above, the BLA influences memory consolidation of emotionally arousing training 

experiences by regulating neuroplasticity and information storage processes in many other 

brain regions. Therefore, it is possible that the IC and BLA share a functional commonality 

and cooperate in regulating memory consolidation. In support of this idea, functional 

interactions between the BLA and IC have been observed in regulating memory of 

conditioned taste aversion, a recognition task that heavily relies on the IC (Bermudez-

Rattoni, 2014). It was shown that a synthetic cAMP analog administered into the IC 

enhanced memory of inhibitory avoidance and conditioned taste aversion, but that the 

memory enhancement was blocked by the concurrent administration of propranolol into the 

BLA (Miranda & McGaugh, 2004. Furthermore, an electrophysiological study showed that 

long-term potentiation in the BLA-IC pathway strengthens long-term conditioned taste 

aversion memory, whereas long-term depression in this pathway facilitated extinction of this 

memory (Rodríguez-Durán et al., 2017).  

 

More recent animal studies started to suggest that the IC is also involved in object 

recognition memory (Bermudez-Rattoni et al., 2005; Balderas et al., 2008; Roozendaal et 

al., 2010; Chen et al., 2018). These studies showed that local drug manipulation into the IC 

enhances the consolidation of object recognition memory. Very interestingly, our very recent 

study indicated that blockade of noradrenergic activity within the BLA prevented 

enhancement of object recognition memory induced by administration of the histone 

deacetylase inhibitor sodium butyrate into the aIC (Chen et al., 2018). However, such studies 

with combined drug administration into the BLA and IC do not provide evidence for the 
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involvement of direct pathways between both regions in regulating emotional arousal effects 

on object recognition memory. 
 

4.2 Perirhinal cortex 
The PRh - along with the entorhinal and posthinal cortices - is considered  an integral part 

of the para-hippocampal formation (Kealy & Commins, 2011). In humans, the PRh extends 

lateral to the full extent of the rhinal sulcus and includes cortex areas 35 and 36 of Brodmann 

(Brodmann, 1909). Similarly, in the rodent brain, the PRh is located along the rhinal sulcus 

and is composed of Brodmann’s areas 35 and 36. It is bordered rostrally by the posterior 

agranular insular cortex and the visceral area, caudally by the posthinal cortex, dorsally by 

the ventral temporal association cortex and ventrally by the lateral entorhinal cortex (Burwell 

et al., 1995; Burwell, 2001) (Figure 4). 

 

 
 
Figure 4. Location of the perirhinal cortex in (A) the human and (B) mouse brain (Brown & Eldrige, 2009) 
 

 
The PRh is critically involved in recognition memory, since extensive studies have shown 

that lesions of the PRh disrupt object recognition memory in different phases, including 

encoding, consolidation and retrieval (Mumby & Pinel, 1994; Suzuki, 1996; Liu & Bilkey, 

2001; Mumby et al., 2002; Winters & Bussey, 2005; Albasser et al., 2009). However, the 

exact role of the PRh in object recognition memory remains elusive. Findings in rodents 

indicated that the PRh is critically involved in the discrimination of familiarity (Ennaceur & 

Aggleton, 1997; Norman & Eacott, 2005; Balderas et al., 2008; Albasser et al., 2009; Olarte-

Sánchez et al., 2015) and overlapping emotional arousal memories (Miranda et al., 2017), 

while neuroimaging study in humans indicated that the PRh is more involved in novelty 

detection (Kafkas & Montaldi, 2018).  
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Although not extensively studied, there is evidence for functional interactions between the 

BLA and the PRh. For example, electrical stimulation of the amygdala was found  to reduce 

the threshold for the induction of LTP in the PRh (Perugini et al., 2012), whereas repeated 

stimulation of the amygdala activated the PRh deep layers, and combined stimulation of 

both regions initiated signal propagation from the PRh to the entorhinal-hippocampal circuit 

(Kajiwara et al., 2003). Furthermore, systemic administration of the β-adrenoceptor agonist 

isoprenaline was found to induce a long-lasting potentiation of synaptic plasticity within the 

amygdala-PRh pathway in response to a concurrent subthreshold electrical stimulation of 

the input (Laing & Bashir, 2014), supporting the notion of amygdala-mediated noradrenergic 

enhancement of memory processing within the PRh.  

 

 

5. Memory quality 
 
Although a rich literature of >50 years of research has provided convincing evidence for the 

view that noradrenergic activation by emotional arousal can strengthen memories, we know 

considerably less of whether such noradrenergic activation is also associated with changes 

in the quality of memory.   

 

Although in humans, a wealth of studies has investigated the effect of emotional arousal on 

memory quality, the effects remain highly controversial. Segal and colleagues found that 

emotional enhancement, measured by increased salivary amylase levels, facilitated 

accurate memories (Segal et al., 2012), while other studies reported a tendency of emotional 

memories to be remembered in a generalized, gist-like manner (Loftus, 1979; Morgan III et 

al., 2004; Payne et al., 2006; Qin et al., 2012). In animal studies, memory quality, especially 

memory accuracy, has been mostly investigated with respect to hippocampus-dependent 

episodic-like memory. In some recent studies, our laboratory showed that systemic 

administration of the noradrenergic stimulant yohimbine not only strengthened memory of 

an inhibitory avoidance experience, but that it also enhanced the episodic-like accuracy of 

the memory (Roozendaal & Mirone, 2020). In these studies, vehicle-treated animals were 

unable to discriminate the context in which they had previously received a footshock, from 

a safe training context, whereas yohimbine-treated animals showed an accurate association 

of the shock experience with the correct training context. Moreover, we showed in an earlier 

study that noradrenergic activation maintained long-term accuracy of the memory by 

preventing the time-dependent reorganization of memory from the hippocampus to 

neocortical networks (Atucha et al., 2017). However, little is known with respect to whether 
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such noradrenergic activation is also able to maintain long-term accuracy of other types of 

memory, which already depend on cortical networks, such as object recognition memory. 

 

 

6. Scope and outline of this thesis  
 

Thus, the aim of the research in this thesis was to investigate the effects of noradrenergic 

activation on the neuronal mechanisms underlying the accuracy or detailedness of object 

recognition memory.  

 

In Chapter 2, I investigated the effect of noradrenergic activation on object recognition 

memory in mice. Previous studies into the effects of noradrenergic activation on object 

recognition memory have been restricted to rats, whereas mice, showing different cognitive 

abilities and higher endogenous arousal levels compared to rats have not yet been tested. 

Importantly, due to their wide variety of available transgenic lines, mice are preferred as 

experimental animal model for neural circuitry-based investigations (by means of 

optogenetics or chemogenetics), as well as those targeting specific neuronal subclasses. 

Thus, we performed a first experiment to replicate the memory-enhancing effect of 

noradrenergic activation on object memory in mice, as a fundamental step for the following 

studies. Results indicated that posttraining noradrenergic activation can also enhance object 

recognition memory in mice.   

 

In Chapter 3, I investigated the effects of training duration and noradrenergic activation on 

the detailedness of object recognition memory and its maintenance over time. As the 

standard object recognition task (using only two objects during training) does not allow for 

the investigation of memory detailedness, merely longevity, I first developed a modified 

version of this task. In this new paradigm, i.e., the object discrimination task, multiple testing 

objects that vary in their resemblance with the training objects are used, in order to enable 

the examination of noradrenergic activation modulation of memory detailedness. Effects of 

training duration as well as noradrenergic activation were investigated over time, 

implementing several retention intervals. Both increased training duration and posttraining 

noradrenergic activation appeared to enhance memory detailedness in this task. Moreover, 

to better understand the underlying neural mechanisms, we assessed the effects of 

noradrenergic activity on neuronal activity during retention testing and found particularly 

neuronal activity in the aIC and PRh to be increased.  
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In Chapter 4, I further investigated the underlying neural circuitry of the memory-enhancing 

effect of noradrenergic activation, using TRAP and chemogenetic techniques. First, I 

employed a newly developed transgenic mice, the FosTRAP2 × tdTomato mice, in which an 

injection of the estrogen receptor agonist 4-hydroxytamoxifen (4-OHT) induces the 

permanent labeling of active (i.e., immediate-early gene c-Fos-expressing) neurons in a 

specific time window. Use of this transgenic line enabled me to tag the activated neuronal 

representations activated during training/early consolidation, and compare this to later 

retention-induced neuronal activity. I first validated whether posttraining noradrenergic 

stimulation in these mice enhanced memory detailedness on the object discrimination task. 

Next, I examined the neuronal activity changes underlying this behavior, by systemic 

injection of yohimbine as well as 4-OHT posttraining and exposing the mice later to either 

three familiar objects, three similar or three dissimilar objects to trigger memory recall. This 

approach allowed for the dissociation of neuronal activity encoding familiarity and novelty. 

In a second experiment, we investigated whether the norepinephrine-induced recruitment of 

BLA projections to the aIC is responsible for the yohimbine effect on enhanced memory 

detailedness. For this, we inactivated the BLA-aIC pathway during memory consolidation by 

an inhibitory chemogenetic manipulation and determined that this manipulation selectively 

impaired the yohimbine effect on memory detailedness.  

 

Lastly, in Chapter 5, I summarized the main findings of this thesis and provided general 

conclusions and future prospects.  
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Abstract  
Extensive evidence indicates that noradrenergic activation is essentially involved in 

mediating the enhancing effects of emotional arousal on memory consolidation. Our current 

understanding of the neurobiological mechanisms underlying the memory-modulatory 

effects of the noradrenergic system is primarily based on pharmacological studies in rats, 

employing targeted administration of noradrenergic drugs into specific brain regions. 

However, the further delineation of the specific neural circuitry involved would benefit from 

experimental tools that are currently more readily available in mice. Previous studies have 

not, as yet, investigated the effect of noradrenergic enhancement of memory in mice, which 

show different cognitive abilities and higher endogenous arousal levels induced by a training 

experience compared to rats. In the present study, we investigated the effect of posttraining 

noradrenergic activation in male C57BL/6J mice on the consolidation of object recognition 

and object location memory. We found that the noradrenergic stimulant yohimbine (0.3 or 

1.0 mg/kg) administered systemically immediately after an object training experience dose-

dependently enhanced 24-h memory of both the identity and location of the object. Thus, 

these findings indicate that noradrenergic activation also enhances memory consolidation 

processes in mice, paving the way for a systematic investigation of the neural circuitry 

underlying these emotional arousal effects on memory. 

 

Keywords: yohimbine; norepinephrine; stress hormones; memory consolidation; object 

recognition; object location  
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Introduction 
Emotionally arousing training conditions enhance noradrenergic activity (McGaugh, 2004). 

Animal studies have provided extensive evidence that such noradrenergic activation, arising 

from catecholaminergic cell bodies in the locus coeruleus (LC), is crucially involved in 

strengthening the consolidation of long-term memory (McGaugh, 2004; Sara, 2009; 

Roozendaal & McGaugh, 2011; Takeuchi et al., 2016). Our current understanding of the 

neurobiological mechanisms underlying the memory-modulatory effects of the 

noradrenergic system is primarily based on pharmacological studies in rats, employing 

either systemic administration of noradrenergic drugs or targeted administration into specific 

brain regions. For example, norepinephrine or noradrenergic agents administered into the 

basolateral amygdala (BLA), or other brain regions such as the hippocampus or prefrontal 

cortex, were found to enhance long-term memory of emotionally arousing training 

experiences (Liang et al., 1990; Introini-Collison et al., 1991; Bevilaqua et al., 1997; Ferry & 

McGaugh, 1999; Hatfield & McGaugh, 1999; LaLumiere et al., 2003). Conversely, 

posttraining infusions of β-adrenoceptor antagonists into these brain regions were shown to 

impair retention and block the memory-enhancing effects of co-administered norepinephrine 

(Bevilaqua et al., 1997; Hatfield & McGaugh, 1999; Berman et al., 2000). Noteworthy, 

noradrenergic activation does not only enhance memory for highly arousing events that are 

known to induce the release of high levels of norepinephrine throughout the brain (Quirarte 

et al., 1998; Hatfield & McGaugh, 1999; McIntyre et al., 2002), but also for low-arousing 

experiences such as different forms of object recognition training (Roozendaal et al., 2008; 

McReynolds et al., 2014). 

 

Human research supports the findings from animal studies that an activation of the 

noradrenergic system induces better memory (Cahill et al., 1994; O’Carroll et al., 1999; 

Southwick et al., 2002; Cahill et al., 2003). Accumulating evidence from human 

neuroimaging studies, however, indicates that emotional arousal and noradrenergic 

activation are associated with widespread changes in functional connectivity and the 

activation of large-scale neural networks (Seeley et al., 2007; Murty et al., 2010; Hermans 

et al., 2011; Hermans et al., 2014a; Hermans et al., 2014b). A recent neuroimaging study in 

mice indicated that direct chemogenetic stimulation of the LC induces a highly comparable 

large-scale reconfiguration of neural network activity (Zerbi et al., 2019). However, how such 

changes in network activity by norepinephrine could contribute to enhancement of memory 

for emotional experiences remains to be elucidated. A further delineation of this specific 

neural circuitry would benefit from novel experimental tools such as optogenetics and 

chemogenetics. Many laboratories are using mice for such circuitry-based investigations 
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because of the availability of a wide variety of transgenic lines. However, previous studies 

have not investigated whether noradrenergic activation by exogenous administration further 

enhances memory in this species, which shows different cognitive abilities and higher 

endogenous arousal levels induced by a training experience compared to rats (Hok et al., 

2016; Stepanichev et al., 2016). 

 

In the present study, we investigated the effect of posttraining noradrenergic activation in 

male C57BL/6J mice on object recognition memory (ORM) and object location memory 

(OLM) (Roozendaal et al., 2010; Leger et al., 2013; Vogel-Ciernia & Wood, 2014). Several 

findings suggest that memory performance in these two tasks is supported by distinct neural 

substrates. Whereas memory for the identity of objects primarily depends on neural plasticity 

within cortical structures (Balderas et al., 2008; Barker & Warburton, 2011), memory for the 

location on an object relies on the hippocampus (Balderas et al., 2008). Standard ORM and 

OLM have been successfully tested using mice (Vogel-Ciernia & Wood, 2014), but the effect 

of posttraining noradrenergic activation in mice on ORM and OLM has not yet been 

investigated. Here we found that, similar to rats, systemic posttraining injection of yohimbine, 

a noradrenergic stimulant which increases noradrenergic signaling (Szemeredi et al., 1991; 

Nirogi et al., 2012), induces dose-dependent enhancement of memory consolidation on both 

the ORM and OLM tasks. These findings thus pave the way for a systematic investigation 

of the neural circuitry underlying emotional arousal effects on memory. 

 

Material and methods 
Animals 
One-hundred-and-five male CB57BL/6J mice (8 weeks old at the time of behavioral 

experiments) from Charles River Breeding Laboratories (Kisslegg, Germany) were group 

housed (3 animals per cage) in a temperature-controlled (22 oC) vivarium room with a 

regular 12-h/12-h light/dark cycle (lights on between 7:00 and 19:00 h). The vivarium room 

had a light intensity of 47 lux and humidity of 72%. Mice had ad libitum access to food and 

water. Object recognition memory differs between sexes (Sutcliffe et al., 2007), is modulated 

by stress exposure in a sex-specific manner (Luine, 2002; Coutellier & Würbel, 2009), and 

varies with the estrous cycle phase in females (e.g., (Minni et al., 2014; Graham & Scott, 

2018; do Nascimento et al., 2019; Kirry et al., 2019). Since we aimed at replicating previous 

rat studies in our lab (e.g.,Roozendaal et al., 2006; Barsegyan et al., 2014; Atucha et al., 

2017; Chen et al., 2018), in which only male rats were used, we restricted our studies to 

male mice only. Training and testing was performed during the light phase of the cycle, 

between 10:00 and 15:00 h. All experimental procedures were in compliance with European 
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Union Directive 2010/63/EU and approved by the Institutional Animal Care and Use 

Committee of Radboud University, Nijmegen, The Netherlands. All efforts were made to 

minimize animal suffering and to reduce the number of animals.  

 

Experimental apparatus and behavioral procedures 
The experimental apparatus used for both the ORM and OLM tasks was a gray open-field 

box (40 cm × 40 cm × 40 cm) with the floor covered with sawdust. One side of the box was 

marked with a line of white tape through the midline of the wall, serving as an internal cue. 

The objects to be discriminated were white glass light bulbs (6 cm diameter, 11 cm length) 

and transparent glass vials (5.5 cm diameter, 5 cm height), secured to the floor of the box 

with Velcro tape. The behavior of the animals was videotaped by a camera mounted above 

the box, which was connected to a laptop computer. 

 

Mice were first handled for 1 min each for 3 consecutive days. Subsequently, the animals 

underwent a 5-min habituation procedure to the experimental box for another 3 days prior 

to training. Habituation to the box is required to guarantee sufficient exploration of the objects 

by the mice, necessary to form long-term ORM (Stefanko et al., 2009). During this 

habituation phase, mice could freely explore the training apparatus without the objects. 

Training and testing on the ORM and OLM tasks was according to Leger et al. (2013) and 

Vogel-Cierna et al. (2014) with slight modifications. On the training trial, the mouse was 

placed in the experimental apparatus and allowed to explore two identical objects (A1 and 

A2), placed 5 cm away from the corners of the apparatus, for 3 min. Drug administration 

occurred immediately after the training trial, after which the animals were placed back into 

their home cages. To avoid the presence of olfactory trails, sawdust was stirred, feces were 

removed, and the objects were thoroughly cleaned with 70% ethanol in between trials. 

Retention was tested 1 h or 24 h after the training trial. For the ORM task, one exemplar of 

the familiar object (A3) and a novel object (B) were placed at the same locations as during 

the training trial (Fig. 1A). For the OLM task, both objects were familiar (A3 and A4), yet one 

was placed at a novel location (Fig. 2A). All combinations of locations and objects were used 

in a balanced manner to reduce potential biases due to preference for particular location or 

object. For testing, the mouse was placed in the experimental apparatus and allowed to 

explore the objects for 5 min. Behavioral videos of the training and test sessions were 

analyzed offline by a trained observer blind to treatment condition, and the time spent 

exploring the novel and familiar object (or location) and the total time spent exploring both 

objects were scored. Part of the videos was analyzed by a second independent and blinded 

rater. Reliability of scoring was confirmed by high intra (r(42) = 0.804, p < 0.001) and inter-
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rater (r(42) = 0.670, p < 0.001) correlations in object exploration times. Object exploration was 

defined as actual active interaction with an object, i.e., pointing the nose to the object at a 

distance of <1 cm and/or touching it with the nose (Okuda et al., 2004; Leger et al., 2013). 

Turning around, climbing or sitting on an object per se was not included in exploration times 

as the animals then often are not actively engaged in exploring the object but rather exhibit 

grooming behavior or are using the object to scan the environment (Bianchi et al., 2006; 

Roozendaal et al., 2006; Li et al., 2011; Wimmer et al., 2012; Leger et al., 2013; Vogel-

Ciernia & Wood, 2014; Pezze et al., 2017). In order to analyze memory performance, a 

discrimination index was calculated as the difference in time exploring the novel and familiar 

object (or location), expressed as the ratio of the total time spent exploring both objects (i.e., 

[(time novel − time familiar)/(time novel + time familiar)] × 100%). Since low object 

exploration during training might result in poor long-term memory unrelated to the drug 

condition, mice showing a total exploration time of <4 s on the training trial (n = 3) were 

removed from analyses. Furthermore, three mice showing a clear preference for one of the 

objects or locations during the training trial (defined as a discrimination index deviating more 

than two standard deviations from the mean) were removed (Leger et al., 2013; Vogel-

Ciernia & Wood, 2014). Video analysis software (EthoVision XT, Noldus Information 

Technology, Wageningen, The Netherlands) was used to also measure total distance 

moved by the mice in the experimental apparatus during both training and retention testing. 

 

Systemic drug administration 
Yohimbine (17-hydroxyyohimban-16-carboxylic acid methyl ester hydrochloride; 0.3 or 1.0 

mg/kg; Sigma-Aldrich), an α2-adrenoceptor antagonist which increases noradrenergic 

activity (Szemeredi et al., 1991), was dissolved in saline and administered subcutaneously, 

in a volume of 0.1 mL/10 g of body weight, immediately after the training trial. The two doses 

were selected based on previous studies in rats (Roozendaal et al., 2006) and pilot data in 

mice (Figure S1). Drug solutions were freshly prepared before each experiment.  

 

Statistics 
Data are expressed as mean ± SEM. The discrimination index, total exploration time of the 

objects and total distance moved were analyzed with one-way ANOVAs with drug condition 

as between-subject variable. When appropriate, Tuckey post-hoc analyses were used to 

determine the source of significance in the ANOVA. One-sample t-tests were used to 

determine whether the discrimination index was different from zero (i.e., chance level) and 

thus whether learning had occurred. For all comparisons, p < 0.05 was accepted as 

statistical significance. The number of mice per group is indicated in the figure legends. 
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Results 
Posttraining noradrenergic stimulation dose-dependently enhances object 
recognition memory 
In this experiment, we first determined, in non-injected control mice, whether 3 min of object 

training was sufficient to induce successful acquisition of the identity of the training object in 

the ORM task. With these training conditions, we found that the discrimination index was 

significantly greater than zero at 1 h following training (M = 20.02, SEM = 6.14; t(11) = 3.26, 

p < 0.01), but not 24 h later (M = 3.64, SEM = 2.16; t(10) = 1.69, p = 0.12, Figure S2). Thus, 

these findings indicate that 3 min of object training is sufficient to induce short-term, but not 

long-term, memory. 

 

Next, we investigated whether yohimbine (0.3 or 1.0 mg/kg) administered immediately after 

a 3-min training trial enhanced 24-h memory for the object in the ORM task. Total exploration 

time of the two identical objects (F(2,38) = 0.85, p = 0.69, Table S1) or the total distance moved 

(F(2,38) = 3.11, p = 0.06, Table S1) during the training trial did not differ between later drug 

treatment groups. During the 24-h retention test, the discrimination index showed a 

significant effect of yohimbine treatment (F(2,38) = 3.95, p = 0.03, Figure 1B). Tukey’s post-

hoc analysis revealed that mice treated with the higher dose of yohimbine (1.0 mg/kg) had 

a significantly greater discrimination index than that of the saline group (p < 0.05), whereas 

the discrimination index of mice treated with the lower dose of yohimbine (0.3 mg/kg) did not 

differ from that of saline-treated animals (p = 0.65). The discrimination index of both saline-

treated mice (t(13) = 0.47, p = 0.65) and those treated with the lower dose of yohimbine (t(13) 

= 1.53; p = 0.15) was not significantly different from zero, indicating that a 3-min training trial 

was not sufficient to induce long-term memory of the training object in these groups. Mice 

treated with the higher dose of yohimbine, however, exhibited a significant exploration 

preference for the novel object (t(12) = 3.35; p < 0.01). Yohimbine treatment did not affect 

total exploration time of the two objects (F(2,38) = 0.34, p = 0.54, Figure 1C) or total distance 

moved in the apparatus during the retention test (F(2,38) = 0.65, p = 0.53, Figure 1D).  
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Figure 1. Posttraining administration of the noradrenergic stimulant yohimbine dose-dependently 
enhances consolidation of object recognition memory. Data are shown as mean ± SEM. A, Experimental 

design of the object recognition memory (ORM) task. Mice were trained for 3 min followed immediately by a 
subcutaneous injection of yohimbine (YOH, 0.3 or 1.0 mg/kg) or saline. Object recognition memory was tested 

24 h later during which one of the objects was replaced by a novel object. B, The higher dose of yohimbine 

improved memory performance on the object recognition retention test compared to saline-treated animals. C, 
Yohimbine treatment did not affect total exploration time of the two objects during the retention test. D, Yohimbine 

treatment did not affect the total distance moved during the retention test. saline: n = 14, YOH 0.3 mg/kg: n = 14, 

YOH 1.0 mg/kg: n = 13. ◆p < 0.05, main effect of drug administration;  ## p < 0.01, difference from saline; **p < 

0.01, difference from chance level. 

 

 

Posttraining noradrenergic stimulation dose-dependently enhances object location 
memory 
Next, we investigated, in separate groups of mice, whether posttraining systemic yohimbine 

(0.3 or 1.0 mg/kg) treatment also enhanced 24-h retention for the location of the object in 

the OLM task. Total exploration time of the two identical objects (F(2,26) = 2.75, p = 0.08, 

Table S1) and the total distance moved (F(2,26) = 1.80, p = 0.19, Table S1) during the training 

trial did not differ between later drug treatment groups. The discrimination index during the 

retention test, however, indicated a significant effect of yohimbine on memory performance 



2 

   
 

 
 49 

(F(2,26) = 8.52, p < 0.001, Figure 2B). Tukey’s post-hoc analysis revealed that the 

discrimination index of mice treated with either the 0.3 or 1.0 mg/kg dose of yohimbine was 

significantly greater than that of the saline group (p < 0.01). Whereas the discrimination 

index of saline-treated mice did not significantly differ from zero (t(9) = 0.67, p = 0.52), 

indicating that they did not express memory of the location of the training object, mice treated 

with either dose of yohimbine exhibited a significant exploration preference for the object 

located in the novel position (0.3 mg/kg: t(7) = 5.15; p < 0.01; 1.0 mg/kg: t(10) = 4.77; p < 

0.001). Yohimbine treatment did not affect total exploration time of the two objects (F(2,26) = 

2.27, p = 0.12, Figure 2C) or total distance moved in the apparatus during the retention test 

(F(2,26) = 1.49, p = 0.24, Figure 2D).  

 

 
 
Figure 2. Posttraining administration of the noradrenergic stimulant yohimbine dose-dependently 
enhances the consolidation of object location memory. Data are shown as mean ± SEM. A, Experimental 

design of the object location memory (OLM) task. Mice were trained for 3 min followed immediately by a 
subcutaneous injection of yohimbine (YOH, 0.3 or 1.0 mg/kg) or saline. Object location memory was tested 24 

h later during which one of the objects was relocated to a novel location. B, Both the higher and lower dose of 

yohimbine improved memory performance on the object location retention test compared to saline. C, Yohimbine 
treatment did not affect total exploration time of the two objects during the retention test. D, Yohimbine treatment 

did not affect the total distance moved during the retention test. saline: n = 10, YOH 0.3 mg/kg: n = 8, YOH 1.0 
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mg/kg: n = 11. ◆◆ p < 0.01, main effect of drug administration; ## p < 0.01, difference from saline; **p < 

0.01,***p < 0.001, difference from chance level. 

 
Discussion 
The current study successfully validated the memory-enhancing effect of posttraining 

noradrenergic stimulation with systemic yohimbine in both the ORM and OLM tasks in mice. 

As such, this study provides a fundamental proof-of-principle for future investigation of the 

neural circuits underlying the effects of noradrenergic arousal on long-term memory in this 

species.  

 

Similar to previous findings in rats (Dornelles et al., 2007; Jurado-Berbel et al., 2010; Nirogi 

et al., 2012), the main finding of the present study is that, in mice given 3 min of object 

training, noradrenergic activation immediately after the training trial induces dose-dependent 

enhancement of 24-h memory on both the ORM and OLM tasks. We found that 3 min of 

object training was insufficient to induce 24-h memory in saline-treated controls, but that 

such training conditions were sufficient to enable posttraining systemic yohimbine 

administration to enhance memory of both the identity and location of the object. Yohimbine 

is an α2-adrenoceptor antagonist which, by blocking receptors located on noradrenergic 

terminals, elevates norepinephrine levels and its metabolites in the brain and in blood 

(Szemeredi et al., 1991). As the yohimbine was administered immediately after the training 

experience, the retention improvement effects cannot be attributed to memory-encoding 

effects or to non-specific influences on attentional or locomotor effects during the training 

trial. Furthermore, the yohimbine treatment did not affect total exploration of the two objects 

or total distance moved during the retention test. These findings are thus consistent with the 

view that the noradrenergic stimulation enhances consolidation processes on both versions 

of the object memory task.  

 

Extensive evidence from pharmacological manipulation studies in rats indicates that 

(nor)adrenergic agonists administered systemically or directly into specific brain regions 

enhance memory consolidation on a wide variety of emotionally arousing training tasks, 

including inhibitory avoidance, active avoidance discrimination learning, contextual fear 

conditioning, water-maze spatial learning and appetitive tasks (Gold & Van Buskirk, 1975; 

Izquierdo & Dias, 1985; Sternberg et al., 1985; Introini-Collison & McGaugh, 1986; Liang et 

al., 1986; Liang et al., 1990; Introini-Collison et al., 1991; Costa-Miserachs et al., 1994; 

Bevilaqua et al., 1997; Ferry & McGaugh, 1999; Hatfield & McGaugh, 1999; LaLumiere et 

al., 2003). Noradrenergic activation also enhances recognition memory in rats (Dornelles et 
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al., 2007; Jurado-Berbel et al., 2010). In the experiments by Dornelles et al. (2007), the 

adrenomedullary hormone epinephrine injected systemically immediately after the training 

session increased the retention delay at which memory was still present (Dornelles et al., 

2007). Another study confirmed the finding that posttraining systemic epinephrine 

administration improves long-term memory on both the ORM and OLM tasks (Jurado-Berbel 

et al., 2010). Other studies support the view that posttraining systemic yohimbine 

administration increases norepinephrine levels in the medial temporal lobe (Nirogi et al., 

2012), and enhances memory on the ORM task (Roozendaal et al., 2006; Nirogi et al., 2012). 

Norepinephrine administration directly into the BLA also enhances the consolidation of ORM 

as well as of the association of an object with its context (Roozendaal et al., 2008; Barsegyan 

et al., 2014). With such targeted pharmacological manipulation studies in rats, considerable 

knowledge has been gained regarding the neural mechanisms by which norepinephrine 

facilitates long-term memory formation, particularly by its actions on the BLA (McGaugh, 

2000; McGaugh, 2004; Roozendaal & McGaugh, 2011), subsequently modulating neural 

plasticity and information storage processes in its projection regions, including the 

hippocampus, perirhinal cortex, medial prefrontal cortex and insular cortex (Roozendaal et 

al., 1999; McIntyre et al., 2005; Laing & Bashir, 2014; McReynolds et al., 2014; Beldjoud et 

al., 2015; Chen et al., 2018; Barsegyan et al., 2019). 

 

Neuroimaging studies in humans, however, have indicated that emotional arousal triggers 

dynamic shifts in network balance throughout the brain, leading to a large-scale neural 

network reconfiguration (Seeley et al., 2007; Murty et al., 2010). Moreover, exposure to 

emotional arousal induces complex temporal dynamics in neural activity. Emotional arousal, 

in a norepinephrine-dependent fashion, first rapidly increases salience network activity, 

while simultaneously suppressing central executive control network activity (Seeley et al., 

2007; Hermans et al., 2011). Later, when the arousing situation subsides, resource 

allocation to these two networks reverses: the salience network shuts off and the central 

executive control network becomes active, which normalizes emotional reactivity and 

enhances higher-order cognitive processes (Hermans et al., 2014b; Van Leeuwen et al., 

2018). Studies have shown that the LC noradrenergic system has the ability to rapidly 

rearrange neural activity within and between large-scale neural systems to optimize 

cognitive processes relevant for task performance or adaptive behaviors (Aston-Jones & 

Cohen, 2005; Bullmore & Sporns, 2009; Van Den Heuvel & Pol, 2010; Zerbi et al., 2019). 

However, it remains unknown how noradrenergic activation by emotional arousal might 

achieve both spatial and temporal specificity in regulating large-scale neural network activity. 

Such effects might depend on brain region- and time-specific effects of norepinephrine on 
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excitatory and inhibitory subpopulations of neurons. Further, it is poorly understood how 

such changes in network activity by norepinephrine could contribute to enhancement of 

memory for emotional experiences.  

 

Dedicated studies allowing for tight experimental control over neuronal subpopulations and 

neural circuit activity are required to elucidate these exact mechanistic underpinnings. New 

technologies such as optogenetics and chemogenetics could be optimally combined with 

the use of a variety of readily available transgenic lines of mice, to decipher these 

mechanisms. Validated behavioral tasks and effects of norepinephrine are a prerequisite to 

conduct such studies. The present findings indicating that noradrenergic activation 

enhances memory for ORM and OLM in mice, pave the way for a further investigation of the 

specific neural circuits and molecular mechanisms that regulate emotional arousal effects 

on memory consolidation. 
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Supplementary Materials  
 
 
 

 

Figure S1. Pilot experiment examining different doses of yohimbine on object recognition memory in a 
small sample size. Data are shown as mean ± SEM. Mice were trained for 3 min followed immediately by a 

subcutaneous injection of yohimbine (YOH, 0.3, 1.0 or 3.0 mg/kg). Object recognition memory was tested 24 h 

later during which one of the objects was replaced by a novel object. YOH 0.3 mg/kg: n = 6, YOH 1.0 mg/kg: n 

= 6, YOH 3.0 mg/kg: n = 6.  
 
 
 

 

Figure S2. Three minutes of object training induces short-term, but not long-term, object recognition 
memory. Data are shown as mean ± SEM. Non-injected control mice were trained for 3 min on the object task. 
Object recognition memory was tested either 1 h or 24 h later during which one of the objects was replaced by 

a novel object. Findings indicate that 3 min of object training is sufficient to induce short-term, but not long-term, 

memory. 1-h retention: n = 12, 24-h retention: n = 11. # p < 0.05, difference from 24-h retention group; ** p < 

0.01, difference from chance level. 
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Table S1. Training data of object recognition memory (ORM) and object location 
memory (OLM) 
 

Task Training data items Saline YOH 0.3 mg/kg  YOH 1.0 mg/kg  

ORM Object exploration time 
(s) 

10.9 ± 0.8 11.8 ± 0.9 12.5 ± 1.0 

 Total distance moved (m)   6.4 ± 0.5   8.2 ± 0.7   8.3 ± 0.6 

OLM Object exploration time 
(s) 

  8.4 ± 0.8 11.7 ± 1.2 10.0 ± 1.0 

 Total distance moved (m)   7.8 ± 0.4   8.3 ± 0.7   9.1 ± 0.5 

 
Data are shown as mean ± SEM. 
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Abstract  
Noradrenergic activation is well known to enhance the consolidation of long-term memory. 

However, little is known of how it affects the quality of these memories and their maintenance 

over time (i.e., their longevity). To be able to examine memory detailedness, we developed 

a new object discrimination task for mice. On the training session, mice could explore three 

identical objects. On the retention test, they were exposed to three objects that differed in 

similarity with the training object; one familiar object, and two objects that were either similar 

or very dissimilar to the familiar one. In the first experiment, we examined whether a longer 

training duration enhances the detailedness of the memory. On a 1-day retention test, mice 

that had received 3 min of training could discriminate the dissimilar, but not similar, object, 

whereas mice that had received 10 min of training were able to discriminate both the 

dissimilar and similar object from the familiar one, indicative of a more detailed memory. At 

a 7-day retention test, mice that had received 10 min of training still discriminated the two 

objects, whereas the 3-min training group was unable to discriminate either of them from the 

familiar object. Both the 3-min and 10-min training groups were not able to discriminate the 

dissimilar or similar object 14 days after training. Next, we examined the effect of the 

noradrenergic stimulant yohimbine (0.3 or 1.0 mg/kg) administered systemically immediately 

after training on the object discrimination task, and observed an enhanced detailedness of 

the memory at a 1-day retention test. This memory detailedness was paralleled by an 

increased retention-induced neuronal activity within the anterior insular cortex and perirhinal 

cortex. This yohimbine effect on memory detailedness and retention-induced neuronal 

activity was also gradually lost at the 7-day and 14-day retention interval. These findings 

indicate that noradrenergic activation does not only enhance the strength but also the 

detailedness of object memory, without strong effects on its longevity, paving the way for a 

systematic investigation of the underlying neural circuitry. 

 

Keywords: norepinephrine; object recognition; memory detailedness; memory longevity; 

neuronal activity 
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Introduction 
Emotionally arousing or stressful experiences induce strong and lasting memories 

(McGaugh, 2000). This is typically a highly adaptive survival phenomenon as it allows an 

individual to prepare for similar situations in the future. However, we know considerably less 

of whether the emotional impact of an experience is also associated with changes in the 

quality of memory (Morgan III et al., 2004; Porter et al., 2008; Hoscheidt et al., 2014). 

Findings from human studies show contradictory results: Some studies report on emotional 

arousal improving the accuracy of memories such that emotionally arousing experiences 

are remembered with greater detail (Segal et al., 2012), while other studies report that 

emotional memories are remembered in a more generalized, gist-like manner (Morgan III et 

al., 2004). Since strong, but less specific or overgeneralized, fear memories are believed to 

be a major risk factor for the development of post-traumatic stress disorder (PTSD) following 

trauma (Lopresto et al., 2016), and involved in the etiology of anxiety disorders in general 

(Dunsmoor & Paz, 2015), it is of critical importance to understand how stress hormones also 

affect the accuracy and/or detailedness of memory of emotionally arousing experiences.  

 

Extensive evidence indicates that emotionally arousing conditions induce the release of 

norepinephrine in the brain and periphery (Mason, 1968), and that this noradrenergic 

activation is crucially involved in strengthening the consolidation of long-term memory 

(McGaugh, 2004; Sara, 2009; Roozendaal & McGaugh, 2011; Takeuchi et al., 2016). In a 

recent study, we showed that systemic administration of the noradrenergic stimulant 

yohimbine not only strengthened memory of an inhibitory avoidance experience, but also 

enhanced the episodic-like accuracy of the memory (Roozendaal & Mirone, 2020). Whereas 

vehicle-treated animals were unable to differentiate the context in which they had previously 

received a footshock, from a safe training context, generalizing their fear memory to both 

contexts, yohimbine-treated animals showed an accurate association of the shock 

experience with the correct training context. Moreover, whereas memories tend to 

generalize over time (Frankland & Bontempi, 2005; Wiltgen & Silva, 2007; Winocur & 

Moscovitch, 2011), we showed in another study that noradrenergic activation maintained 

long-term accuracy of the memory by preventing the time-dependent reorganization of 

memory from the hippocampus to neocortical networks (Atucha et al., 2017). However, such 

norepinephrine effect on enhancing memory accuracy and altering the time-dependent 

reorganization of memory has yet only been investigated with respect to hippocampus-

dependent episodic-like memory. Little is known with respect to whether noradrenergic 

activation is also able to maintain long-term accuracy of other types of memories, particularly 
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those that initially already depend on cortical networks. 

 

Noradrenergic activation is also known to enhance object recognition memory (Roozendaal 

et al., 2009; Song et al., 2020), a task that primarily depends on cortical regions such as the 

insular cortex (IC) and perirhinal cortex (PRh) (Ennaceur & Aggleton, 1997; Bermudez-

Rattoni et al., 2005; Norman & Eacott, 2005; Balderas et al., 2008; Albasser et al., 2009; 

Roozendaal et al., 2010; Banks et al., 2014; Bermudez-Rattoni, 2014; Olarte-Sánchez et al., 

2015). In the present study, we investigated whether posttraining noradrenergic activation 

enhances the detailedness (and thus improves the accuracy) of object memory over time. 

We therefore setup a novel memory task, termed the object discrimination task, in which 

mice on the training session could explore three identical objects. On the retention test trial, 

three different objects were placed at the same locations as during training: 1) the previously 

explored training object (i.e., familiar object), 2) a novel object that was highly similar to the 

training object (i.e., similar object), and 3) a novel object that had a completely different 

shape and texture than the training object (i.e., dissimilar object). In this task, a preference 

to explore the similar compared to familiar object indicates that the mice successfully 

discriminate it from the familiar object and thus reflects having a detailed memory for the 

training object. A preference for only the dissimilar object compared to the familiar one is 

indicative of having a sparsely encoded memory, whereas no differences in exploration of 

all three objects may indicate that the training object is not remembered. In the first 

experiment, we examined whether the duration of the training session enhances the 

detailedness as well as longevity of the memory. Mice were trained for either 3 or 10 min 

and retention was tested 1 day, 7 days or 14 days later. In the second experiment, mice 

were administered the noradrenergic stimulant yohimbine (0.3 or 1.0 mg.kg) systemically 

immediately after a 3-min training experience, and retention was tested again 1 day, 7 days 

or 14 days later. We further determined retention-induced expression of the immediately 

early gene product c-Fos, a well-established molecular marker for activated cells 

(Minatohara et al., 2016), within the IC, PRh as well as the basolateral amygdala (BLA) and 

prefrontal cortex (PFC) to examine whether object memory also undergoes a reorganization 

process over time and whether noradrenergic stimulation is able to modify this process.  

 

Material and methods 
Animals 
One-hundred-and-forty-eight male CB57BL/6J mice (10 weeks old at the time of behavioral 

experiments) from Charles River Breeding Laboratories (Kisslegg, Germany) were single 

housed in a temperature-controlled (22 oC) vivarium room with a regular 12-h/12-h light/dark 
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cycle (lights on between 7:00 and 19:00 h). The vivarium room had a light intensity of 47 lux 

and humidity of 72%. Mice had ad libitum access to food and water. Training and testing 

was performed during the light phase of the cycle, between 10:00 and 15:00 h. All 

experimental procedures were in compliance with European Union Directive 2010/63/EU 

and approved by the Central Authority for Scientific Procedures on Animals (CCD), The 

Hague, The Netherlands. All efforts were made to minimize animal suffering and to reduce 

the number of animals.  

 

Object discrimination task 
The experimental apparatus used for the object discrimination task was a gray round plastic 

box (40 cm diameter, 40 cm height) with the floor covered with sawdust. During both the 

training and retention test sessions, three objects were equally spaced along the perimeter 

of the apparatus, 5 cm away from the wall. The objects were secured to the floor of the box 

with Velcro tape. A camera was mounted above the box to videotape the behavior of the 

animals during the training and test sessions. 

 

Mice were first handled for 1 min each on 4 consecutive days to become accustomed to the 

experimenter. Subsequently, the animals received three 5-min habituation sessions to the 

experimental box during which they could freely explore the experimental apparatus without 

the objects. This habituation procedure is required to guarantee sufficient exploration of the 

objects during the training session (Stefanko et al., 2009). On the training trial, the mice were 

placed into the apparatus and allowed to explore three identical copies of either a glass light 

bulb (6 cm diameter, 11 cm length) or the similar looking glass vial (5.5 cm diameter, 5 cm 

height), randomized across animals. For the first experiment, examining the effect of training 

duration on object discrimination memory, animals were allowed to explore the objects for 

either 3 or 10 min. For the second experiment, all animals were allowed to explore the 

objects for 3 min, followed by immediate posttraining drug administration. To avoid the 

presence of olfactory trails, feces were removed, sawdust was stirred, and the objects were 

thoroughly cleaned with 70% ethanol in between animals. Retention of the memory was 

tested, in separate groups of animals, at 1 day, 7 days or 14 days after the training trial. 

During the retention test trial, three different objects were placed at the same locations as 

during training: the previously explored training object (familiar object), a novel object that 

was highly similar to the training object (glass jar or light bulb, similar object), and a novel 

object that had a completely different shape and texture than the training object (wooden 

pyramid, 7 cm × 7 cm × 7 cm, dissimilar object). All combinations and locations of objects 

were used in a balanced manner across animals to reduce potential confounding influences 
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due to preference for a particular object or location. Pilot experiments had indicated that the 

animals do not display an innate preference for any of the three objects or locations used 

(See Box I). For testing, the mice were placed in the apparatus and allowed to explore the 

objects for 5 min. After the retention test, the mice were left undisturbed in their home cage 

until sacrifice 1 h later. 

 

Videos of the training and test sessions were analyzed offline by a trained observer blind to 

treatment condition, and the time spent exploring each object was scored. Video analysis 

software (EthoVision XT, Noldus Information Technology, Wageningen, The Netherlands) 

was used to measure the total distance moved by the mice in the experimental apparatus 

during both training and retention testing, which serves as a measure of exploration of the 

experimental apparatus. Object exploration was defined as actual active interaction with an 

object, i.e., pointing the nose to the object at a distance of <1 cm and/or touching it with the 

nose (Okuda et al., 2004; Leger et al., 2013; Song et al., 2020). Turning around, climbing or 

sitting on an object per se was not included in exploration time as the animals then often are 

not actively engaged in exploring the object but rather exhibit grooming behavior or are using 

the object to scan the environment (Bianchi et al., 2006; Roozendaal et al., 2006; Li et al., 

2011; Wimmer et al., 2012; Leger et al., 2013; Vogel-Ciernia & Wood, 2014; Pezze et al., 

2017). Re-scoring of a subset of the behavioral videos by an independent second rater 

confirmed the reliability of scoring (r(42) = 0.888, p < 0.001, n = 22 videos per rater). 

 

Box I: Validation of the objects and object locations for the object discrimination 

task 
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For the object discrimination task to work, we needed to ascertain that mice do not display an innate preference 

for any of the three objects used (glass jar, glass light bulb and wooden pyramid). Therefore, mice (n = 7) were 

placed in the experimental apparatus for 5 min and allowed to freely explore the three objects. Exploration times 

of the three objects did not differ (F(2,18) = 0.43, p = 0.65; panel A), indicating that the mice do not show a 

preference for any of the objects over the others. Next, to ascertain that mice also do not display a preference 

for exploring an object placed in any of the three locations, mice (n = 6) were allowed to freely explore three 

identical objects (counterbalanced across animals) located at the different positions. Exploration times of the 

objects located in the three different positions also did not differ (F(2,15) = 0.06, p = 0.95, panel B). 

 

 

To determine both robustness and detailedness of the memory, two different discrimination 

indexes (DI) were calculated, one as the difference in time exploring the dissimilar and 

familiar object, divided by the total time exploring these two objects (DIdissimilar), and the other 

as the difference in time exploring the similar and familiar object, divided by the total time 

exploring these two objects (DIsimilar). 

 

	𝐷𝐼%&''&(&)*+ 	= 	
(𝑡𝑖𝑚𝑒	𝑑𝑖𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑟	 − 	𝑡𝑖𝑚𝑒	𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟)
(𝑡𝑖𝑚𝑒	𝑑𝑖𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑟	 + 	𝑡𝑖𝑚𝑒	𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟)

	× 100%	 

𝐷𝐼'&(&)*+ = 	
(𝑡𝑖𝑚𝑒	𝑠𝑖𝑚𝑖𝑙𝑎𝑟	 − 	𝑡𝑖𝑚𝑒	𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟)
(𝑡𝑖𝑚𝑒	𝑠𝑖𝑚𝑖𝑙𝑎𝑟	 + 	𝑡𝑖𝑚𝑒	𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟)

	× 100% 

 

The DIdissimilar is indicative of whether the mice discriminated the familiar object as compared 

to the dissimilar novel object and thus reflects having memory for the training object during 

the retention test. The DIsimilar is indicative of whether the mice successfully discriminated 

the familiar object as compared to the highly similar novel object and thus reflects having a 

detailed memory for the training object.  

 

Systemic drug administration 
Yohimbine (17-hydroxyyohimban-16-carboxylic acid methyl ester hydrochloride; 0.3 or 1.0 

mg/kg; Sigma-Aldrich), an α2-adrenoceptor antagonist which increases noradrenergic 

activity (Szemeredi et al., 1991), was dissolved in saline and administered intraperitoneally, 

in a volume of 0.01 mL/g of body weight, immediately after the training trial. The two doses 

were selected based on their memory-enhancing effect in a previous object recognition 

study in mice (Song et al., 2020). Drug solutions were freshly prepared before each 

experiment.  

 

Immunohistochemistry 
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One hour after the retention test, the mice were anesthetized with an overdose of sodium 

pentobarbital and perfused transcardially with ice-cold 0.1 M phosphate-buffered saline 

(PBS), pH 7.4, followed by ice-cold 4% paraformaldehyde (PFA). Brains were post-fixed 

overnight in 4% PFA and then cryoprotected in 30% sucrose for 72 h at 4 °C. Coronal slices 

of 35 μm thickness were cut on a cryostat, and collected in 0.1 M PBS with 0.1% sodium 

azide, and stored at 4 °C. For immunohistochemistry procedures, two sections of each of 

the brain regions investigated were selected according to the Franklin and Paxinos mouse 

brain atlas (Franklin and Paxinos, 3rd edition, 2007): anterior IC (aIC; anteroposterior (AP), 

+1.18 and +0.86 mm); posterior IC (pIC; AP, +0.02 and -0.46 mm); PRh (AP, -1.34 and -

1.58 mm); BLA (AP, -1.34 and -1.58 mm) and PFC (AP, +1.94 and +1.70 mm). Sections 

were rinsed in 0.5% Triton X-100 in PBS for 30 min at room temperature (RT), washed three 

times in PBS for 10 min per wash, and then blocked in 5% normal donkey serum (NDS, 

Jackson ImmunoResearch Laboratories) in PBS for 1 h at RT. Sections were then incubated 

with primary antibodies (c-Fos (guinea pig anti-c-Fos; 1:500, Synaptic Systems), glutamic 

acid decarboxylase 67 (GAD67) (mouse anti-GAD67; 1:500, Merck)) overnight at RT. The 

incubation buffer contained 5% NDS and 0.1% acetylated bovine serum albumin (BSA-c; 

Aurion). Afterwards, sections were washed three times in PBS for 10 min per wash, followed 

by incubation with fluorophore-conjugated secondary antibodies (donkey anti-guinea pig 

Alexa Fluor 647, 1:500, Jackson ImmunoResearch; donkey anti-mouse Alexa Fluor 488, 

1:500, Thermo Fisher) for 3 h at RT. All procedures starting from the secondary antibody 

incubation onwards were performed in the dark. Then, sections were briefly rinsed and 

incubated with 4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI, 1:5000) in PBS for 15 

min at RT, then washed three times in PBS for 10 min per wash, mounted on gelatin-coated 

slides, air-dried and coverslipped with FluoroSave mounting medium (Sigma-Aldrich). 

 

Imaging and quantification 

Fluorescent images of the regions of interest (ROIs) were taken at 20x magnification using 

an automated high-content fluorescence microscope (Leica DMI 6000B, Germany) and 

image processing was performed in FIJI (NIH, version 1.0) (Schindelin et al., 2012). First, 

tiles of images were corrected for background and signal bleaching by the BaSiC plugin 

(Peng et al., 2017) and were stitched to a single image by the Grid/StitchCollection plugin in 

FIJI, then a set of ROIs for each brain region was created based on the Allen Mouse Brain 

Atlas (https://portal.brain-map.org/) (Figure S1). For the agranular subdivisions of the aIC 

and pIC, squared areas (200 × 200 μm) were selected to cover layers II/III and layers V/VI. 

For the dysgranular and granular subdivisions of the aIC and pIC, a squared area (200 × 

200 μm) covering layers II/III and a rectangular area (200 × 300 μm) covering layers V/VI 



3 

   
 

 
 71 

were selected. For the PRh, two squared areas (200 × 200 μm) covering layers II/III and 

V/VI were selected. For the BLA, a circular area (600 μm in diameter) was selected. For the 

prelimbic (PrL) and infralimbic (IL) regions of the PFC, a rectangular area (150 × 250 μm) 

covering layers II/III and a squared area (250 × 250 μm) covering layers V/VI were selected. 

For each ROI, the number of c-Fos-positive and GAD67-positive cells was counted manually 

by a researcher blind to the treatment condition, and double-labeled neurons were counted 

with the help of the multi-point tool in FIJI.  

 

Statistics 
Data are expressed as mean ± SEM. The discrimination indexes were analyzed with a three-

way mixed ANOVA with training duration (3 or 10 min) or drug condition (saline, 0.3 and 1.0 

mg/kg of yohimbine), and retention interval (1 day, 7 days and 14 days) as between-subject 

variables, and type of object (DIdissimilar and DIsimilar) as within-subject variable. Total 

exploration time of the objects and total distance moved were analyzed with a two-way 

ANOVA with training duration or drug condition, and retention interval as between-subject 

variables. Follow up testing of the discrimination indexes at each retention interval 

separately occurred by a two-way mixed ANOVA with training duration or drug condition as 

between-subject variable, and type of object as within-subject variable. Tukey post-hoc t-

tests were used to determine the source of the significance in the ANOVAs. One-sample t-

tests were used to determine whether the DIdissimilar or DIsimilar differed from zero (i.e. chance 

level).  

 

Based on our behavioral observations, immunohistochemistry data were initially analyzed 

only for the 1-day retention interval with a mixed ANOVA with drug condition as between-

subject variable, and cortical layers (layers II/III and layers V/VI) and subregion (in case of 

aIC, pIC and PFC) as within-subject variables. For brain regions that showed a significant 

drug effect on retention-induced c-Fos expression, we subsequently explored the effect of 

retention interval by adding it as a between-subject variable in the ANOVA. When 

appropriate, Tukey post-hoc analyses were used to determine the source of the significance 

in the ANOVAs. Finally, Pearson correlations were calculated to determine correlations 

between c-Fos expression data and the discrimination indexes. For all statistical tests, p < 

0.05 was accepted for statistical significance. The number of mice per group is indicated in 

the figure legends. 

 

 

Results 
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Effect of training duration on the detailedness of object memory over time 

In this first experiment, we examined whether the duration of the training trial influences both 

the robustness and detailedness of object memory and how this changes over time. 

Therefore, mice were trained for either 3 or 10 min, and retention was tested, in separate 

groups of animals, 1 day, 7 days or 14 days later. As expected, mice that were trained for 

10 min exhibited significantly more total object exploration time (independent samples t-test: 

t(46) = 10.40, p < 0.001; Table S1) and moved a greater distance in the experimental 

apparatus (t(46) = 16.29, p < 0.001; Table S1) during the training session compared to 

animals that were trained for 3 min. 

 

A three-way mixed ANOVA for the two discrimination indexes at retention testing indicated 

significant main effects of training duration (F(1,42) = 10.10, p = 0.003) and retention interval 

(F(2,42) = 7.59, p = 0.002). Moreover, we observed significant training duration × retention 

interval (F(2,42) = 3.98, p = 0.03) and type of object × retention interval interaction effects 

(F(2,42) = 9.76, p < 0.001). All other effects were not significant (all p’s > 0.10). A two-way 

ANOVA for the total object exploration time and total distance moved during the retention 

test revealed no significant effects of training duration, retention interval, or training duration 

× retention interval interaction (all p’s > 0.17, Figure S2). To better understand the effect of 

training duration on memory robustness and detailedness over time, we analyzed the effect 

of training duration on memory performance at each retention interval separately. 

 

At the 1-day retention test, a two-way mixed ANOVA for the two discrimination indexes 

indicated significant main effects of training duration (F(1,14) = 6.84, p = 0.02) and type of 

object (F(1,14) = 15.33, p = 0.002). There was no significant training duration × type of object 

interaction effect (F(1,14) = 0.51, p = 0.49). The DIdissimilar of mice that were trained for 10 min 

did not differ significantly from that of mice that were trained for 3 min (independent samples 

t-test: t(14) = 2.05, pcorr = 0.06, Figure 1B). Further, one-sample t-tests indicated that the 

DIdissimilar of mice of both training groups was significantly greater than zero (3 min: t(7) = 2.39, 

p = 0.048; 10 min: t(7) = 4.23, p = 0.003, Figure 1B). These findings thus indicate that mice 

of both the 3-min and 10-min training groups were able to identify the dissimilar object as a 

novel object. However, we found a significant effect of training duration on the mice’ ability 

to identify the similar object as novel object (independent samples t-test: t(14) = 2.87, pcorr = 

0.01, Figure 1B). Whereas the DIsimilar of mice of the 3-min training group did not differ from 

chance (t(7) = 0.48, p = 0.65, Figure 1B), the DIsimilar of mice of the 10-min training group was 

significantly greater than zero (t(7) = 3.12, p = 0.02). These findings thus indicate that mice 

given 3 min of training were able to discriminate the dissimilar, but not similar, object from 
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the familiar object at the 1-day retention test, whereas mice given 10 min of training had a 

more detailed memory of the training object and were able to also discriminate the similar 

object from the familiar object. 

 

At the 7-day retention test, a two-way mixed ANOVA for the two discrimination indexes 

indicated merely a significant main effect of training duration (F(1,12) = 4.73, p = 0.05), but no 

significant main effect of type of object (F(1,12) = 0.08, p = 0.79) or training duration × type of 

object interaction effect (F(1,12) = 0.10, p = 0.76). The DIdissimilar of mice that had received 3 

min of training was no longer different from zero (t(6) = 0.68, p = 0.52, Figure 1B), whereas 

that of mice of the 10-min training group was still significantly greater than zero (t(6) = 2.89, 

p = 0.03). Similarly, the DIsimilar of mice that had received 3 min of training did not differ from 

chance level (t(6) = 1.61, p = 0.16), whereas the DIsimilar of mice that had received 10 min of 

training was still significantly greater than zero (t(6) = 4.37, p = 0.005, Figure 1B). Further, we 

again found a significant effect of training duration on the mice’ ability to identify the similar 

object as novel object (independent samples t-test: t(12) = 2.35, pcorr = 0.04, Figure 1B). These 

findings thus indicate that extended training can induce a relatively long-term memory with 

sufficient level of detailedness after one week, whereas brief training is not sufficient to 

generate a memory that lasts for one week. Exploratory comparisons were performed 

between retention intervals within DIdissimilar or DIsimilar. Comparison of the DIdissimilar and DIsimilar 

at the 7-day retention test vs 1-day retention test revealed no significant effect of retention 

interval in mice of either the 3-min or 10-min training groups (all puncorr’s > 0.37). 

 

At 14 days, a two-way mixed ANOVA for the two discrimination indexes indicated no 

significant main effects of training duration (F(1,12) = 0.34, p = 0.57) or type of object (F(1,12) = 

3.60, p = 0.08), and no training duration × type of object interaction effect (F(1,12) = 0.22, p = 

0.65). At this time point, the DIdissimilar of mice of both the 3-min and 10-min training groups 

did not differ from zero (3 min: t(8) = 0.34, p = 0.74; 10 min: t(8) = 0.57, p = 0.59, Figure 1B). 

Also the DIsimilar of mice from both the 3-min and 10-min training groups did not differ from 

zero (3 min: t(8) = 1.76, p = 0.12; 10 min: t(8) = 0.41, p = 0.69, Figure 1B). Exploratory 

comparisons were performed between retention intervals within DIdissimilar or DIsimilar. 

Comparison of the DIdissimilar and DIsimilar at the 14-day retention test vs the other retention 

intervals revealed that both the DIdissimilar and DIsimilar of mice that had received 10 min of 

training were significantly smaller at 14 days than at 1 day (puncorr < 0.001 and puncorr = 0.002, 

respectively) and 7 days (puncorr = 0.02 and puncorr = 0.005, respectively, Figure 1B). We found 

no significant differences in the DIdissimilar or DIsimilar of mice that had received 3 min of training 

across the three retention intervals (all puncorr’s > 0.20). These findings indicate that although 
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extended training initially enhances memory detailedness, it does not seem to prevent loss 

of memory after two weeks. 

 

 
Figure 1. Effect of training duration on the detailedness of object memory over time. A, Experimental 

design of the object discrimination task. Mice could freely explore three identical objects for either 3 or 10 min, 
and retention was tested, in separate groups of animals, at 1 day, 7 days or 14 days after the training trial. On 

the retention test, one object was identical to the training object (i.e., familiar object), one object was highly similar 

to the training object and another object was dissimilar to the training object. B, At the 1-day retention test, mice 
trained for 3 min discriminated the dissimilar, but not similar, object from the familiar object, whereas mice trained 

for 10 min were able to accurately discriminate both the dissimilar and similar objects (3 min: n = 8, 10 min: n = 

8). At 7 days, mice trained for 3 min no longer discriminated the dissimilar or similar object from the familiar 
object, whereas mice trained for 10 min still showed accurate discrimination of both the dissimilar and similar 

objects (3 min: n = 7, 10 min: n = 7). At 14 days, mice from both the 3-min and 10-min training groups failed to 

discriminate the dissimilar or similar object from the familiar object (3 min: n = 9, 10 min: n = 9). Data are shown 

as mean ± SEM, dots represent individual data points. * p < 0.05, ** p < 0.01 vs. chance level; # pcorr < 0.05 vs. 

3-min group; ❖  puncorr < 0.05, ❖❖  puncorr < 0.01 between retention intervals. 

 

 
Effect of posttraining noradrenergic stimulation on the detailedness of object 
memory over time 
In this experiment, we examined whether systemic yohimbine (0.3 or 1.0 mg/kg) 

administration after object training would enhance both the detailedness and longevity of the 
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memory. To examine such yohimbine-induced memory improvement, we implemented a 3-

min training duration, and retention was tested 1 day, 7 days or 14 days later in different 

groups of animals. Table S2 shows that the posttraining yohimbine treatment groups did not 

differ in their total object exploration time (F(2,84) = 1.26, p = 0.29) or total distance moved 

(F(2,84) = 0.28, p = 0.76) during the training session. 

 

A three-way mixed ANOVA for the two discrimination indexes at retention testing indicated 

significant main effects of type of object (F(1,78) = 5.36, p = 0.02) and retention interval (F(2,78) 

= 11.67, p < 0.001) as well as significant type of object × retention interval (F(2,84) = 11.14, p 

< 0.001), drug condition × type of object (F(2,78) = 3.16, p = 0.048) and drug condition × type 

of object × retention interval (F(4,78) = 2.87, p = 0.03) interaction effects. All other effects were 

not significant (all p’s > 0.33). A two-way ANOVA for the total object exploration time and 

total distance moved during the retention test revealed no significant effects of drug 

condition, retention interval, or drug condition × retention interval interaction (all p’s > 0.06, 

Figure S3). To follow up on the three-way interaction effect, we investigated the effect of 

yohimbine treatment on the two discrimination indexes at the different retention intervals 

separately. 

 

At the 1-day retention test, a two-way mixed ANOVA for the two discrimination indexes 

indicated a significant main effect for drug condition (F(2,30) = 3.37, p = 0.048) and type of 

object (F(1,30) = 21.16, p < 0.001), as well as a significant drug condition × type of object 

interaction effect (F(2,30) = 6.81, p = 0.004). Mice treated with the higher dose of yohimbine 

(1.0 mg/kg) displayed a significantly greater DIdissimilar than those treated with saline (pcorr = 

0.046) but not the lower dose of yohimbine (0.3 mg/kg) (pcorr = 0.09). The DIdissimilar of mice 

treated with the lower dose did not differ from that of saline-treated animals (pcorr = 0.95). 

Further, one-sample t-tests indicated that the DIdissimilar of all groups was significantly greater 

than zero (saline: t(10) = 6.12, p < 0.001; 0.3 mg/kg: t(10) = 4.13, p = 0.002; 1.0 mg/kg: t(10) = 

9.19, p < 0.001, Figure 2B). These findings indicate that the 3-min training session was 

sufficient for the mice to identify the dissimilar object as a novel object, and that this ability 

was enhanced by high-dose yohimbine treatment. There was also an effect of drug condition 

on the DIsimilar, which was driven by a significantly greater DIsimilar of mice treated with the 

lower dose of yohimbine compared to those treated with saline (pcorr = 0.01), but not the 

higher dose of yohimbine (1.0 mg/kg) (pcorr = 0.52). The DIsimilar of mice treated with the 

higher dose did not differ from that of saline-treated animals (pcorr = 0.15). Further, one-

sample t-tests indicated that the DIsimilar was significantly greater than zero in both yohimbine 

groups (0.3 mg/kg: t(10) = 6.24, p < 0.001; 1.0 mg/kg: t(10) = 2.70, p = 0.02, Figure 2B), but 
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not saline-treated mice (t(10) = 0.73, p = 0.48, Figure 2B). These findings indicate that saline-

treated animals were not able to identify the similar object as a novel object, and that 

yohimbine treatment created a more detailed memory.  

 

At 7 days, a two-way mixed ANOVA for the two discrimination indexes indicated a significant 

main effect for type of object (F(1,29) = 4.41, p = 0.04), but no significant main effect of drug 

condition (F(2,29) = 0.22, p = 0.80), or drug condition × type of object interaction effect (F(2,29) 

= 2.08, p = 0.14). One-sample t-tests indicated that the DIdissimilar of saline-treated mice did 

not significantly differ from zero (t(9) = 1.15, p = 0.28, Figure 2B), indicating that they did not 

express memory for the familiar object 7 days after training. However, the DIdissimilar of mice 

treated with either dose of yohimbine was significantly greater than zero (0.3 mg/kg: t(10) = 

2.86; p = 0.02; 1.0 mg/kg: t(10) = 2.90; p = 0.02, Figure 2B), indicative of memory.  The DIsimilar 

of none of the groups differed from zero (saline: t(9) = 1.89, p = 0.09; 0.3 mg/kg: t(8) = 2.03, p 

= 0.07; 1.0 mg/kg: t(10) = 0.70; p = 0.50, Figure 2B), indicating that yohimbine was not able 

to maintain the detailedness of object memory after 7 days. Exploratory comparisons were 

performed between retention intervals within DIdissimilar or DIsimilar. Comparison of the 

discrimination indexes at the 7-day retention test vs 1-day retention test revealed that mice 

treated with the higher dose of yohimbine had a significantly smaller DIdissimilar at 7 days than 

at 1 day (puncorr = 0.01, Figure 2B), and mice treated with the lower dose of yohimbine had a 

significantly smaller DIsimilar at 7 days than at 1 day (puncor = 0.048, Figure 2B). There was no 

significant difference in the other discrimination indexes between both intervals (all puncor’s > 

0.09).  

 

At 14 days, a two-way mixed ANOVA for the two discrimination indexes indicated a 

significant main effect for type of object (F(1,19) = 7.16, p = 0.02), but no significant main effect 

of drug condition (F(2,19) = 0.21, p = 0.80) or drug condition × type of object interaction effect 

(F(2,19) = 0.28, p = 0.76). The DIdissimilar of mice treated with saline (t(7) = 0.04, p = 0.97) or 

those treated with either dose of yohimbine (0.3 mg/kg: t(6) = 0.91, p = 0.07; 1.0 mg/kg: t(6) = 

0.30; p = 0.77, Figure 2B) did not significantly differ from zero, indicating that none of the 

drug treatment groups expressed any memory for the familiar object 14 days after training. 

As expected, the DIsimilar did not differ from zero either (saline: t(7) = 1.94, p = 0.09; 0.3 mg/kg: 

t(6) = 1.80, p = 0.12; 1.0 mg/kg: t(6) = 0.91; p = 0.40, Figure 2B). These findings indicate that 

yohimbine was not able to enhance the detailedness of object discrimination memory after 

14 days. Exploratory comparisons were performed between retention intervals within 

DIdissimilar or DIsimilar. Comparison of the discrimination indexes at the 14-day retention test vs. 

the other retention intervals revealed that mice from all three groups had a significantly 
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smaller DIdissimilar at 14 days than at 1 day (saline: puncor = 0.02; 0.3 mg/kg: puncor = 0.02; 1.0 

mg/kg: puncor < 0.001, Figure 2B), and mice treated with the lower dose of yohimbine had a 

significantly smaller DIsimilar at 14 days than at 1 day (puncor = 0.04, Figure 2B). There was no 

significant difference in the other discrimination indexes between retention intervals (all 

puncor’s > 0.07).  

 

 

 
 

Figure 2. Effect of posttraining noradrenergic activation on the detailedness of object memory over time. 
A, Experimental design of the object discrimination memory task. Mice could freely explore three identical objects 

for 3 min, followed by an immediate posttraining intraperitoneal injection of yohimbine (YOH, 0.3 or 1.0 mg/kg) 

or saline. Retention was tested, in separate groups of animals, 1 day, 7 days or 14 days later. On the retention 
test, one object was identical to the training object (i.e., familiar object), one object was highly similar to the 

training object and another object was dissimilar to the training object. B, At the 1-day retention test, saline-

treated mice discriminated the dissimilar, but not similar, object, whereas mice treated with either dose of 
yohimbine were able to discriminate both the dissimilar and similar object from the familiar object (Saline: n = 11, 

YOH 0.3 mg/kg: n = 11, YOH 1.0 mg/kg: n = 11). At the 7-day retention test, mice treated with saline no longer 

discriminated the dissimilar or similar object from the familiar object, whereas mice treated with either dose of 
yohimbine continued to display accurate discrimination of the dissimilar, but not similar, object (Saline: n = 10, 
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YOH 0.3 mg/kg: n = 11, YOH 1.0 mg/kg: n = 11). At the 14-day retention test, mice from the both the saline and 

yohimbine treatment groups failed to discriminate either the dissimilar or similar object (Saline: n = 8, YOH 0.3 

mg/kg: n = 7, YOH 1.0 mg/kg: n = 7). Data are shown as mean ± SEM, dots represent individual data points. * p 

< 0.05, ** p < 0.01 vs. chance level; # pcorr < 0.05 vs. saline group; ❖ puncorr < 0.05, ❖❖ puncorr < 0.01 between 

retention intervals. 

 

 

Effect of posttraining noradrenergic stimulation on retention-induced neuronal 
activity  
To examine the neural correlates of yohimbine-induced memory enhancement, we 

assessed neuronal activity within the brain regions of interest (i.e., aIC, pIC, PRh, BLA and 

PFC) by assessing the number of c-Fos-positive cells 1 h after the retention test. Since the 

behavioral effects of posttraining yohimbine treatment were most pronounced at the 1-day 

retention test, we started by analyzing retention-induced neuronal activity at this short-term 

retention interval.  

 

For the aIC, we distinguished four anatomical subregions based on the Franklin and Paxinos 

mouse brain atlas (Franklin and Paxinos, 3rd edition, 2007): the anterior granular insular 

(aGI), anterior dysgranular insular (aDI), agranular insular dorsal part (AID) and agranular 

insular ventral part (AIV). For all subregions, the number of c-Fos-positive cells was counted 

in both the input (layers II/III) and output (layers V/VI) regions (Figure S1). A mixed ANOVA 

revealed a significant main effect of drug condition (F(2,21) = 15.10, p < 0.001) and drug 

condition × subregion interaction (F(2,21) = 15.35, p < 0.001), but no drug condition × 

subregion × layer interaction (p > 0.73). Follow-up analyses revealed a significant drug 

condition effect on retention-induced c-Fos expression within the AID (F(2,21) = 15.10, p < 

0.001), AIV (F(2,21) = 21.08, p < 0.001) and aDI (F(2,21) = 4.40, p = 0.03),  but not within the 

aGI (F(2,21) = 2.34, p = 0.12). Tukey’s post-hoc tests revealed that drug condition effects in 

the AID and AIV were driven by significantly more c-Fos expression in both yohimbine 

groups compared to saline-treated animals (AID and AIV: pcorr’s < 0.001, Figure 3B), 

whereas the two yohimbine groups did not differ from each other (AID: pcorr = 0.92, AIV: pcorr 

= 0.72). In the aDI, Tukey’s post-hoc tests revealed no drug condition effect between groups 

(all pcorr’s > 0.06, Figure 3B). None of these aIC subregions displayed a significant drug 

condition × layer interaction effect (all p’s > 0.44), indicating that the yohimbine increased 

retention-induced c-Fos expression in layers II/III and layers V/VI in a similar manner.   

 

For the pIC, we analyzed the number of c-Fos-positive cells within layers II/III and layers 

V/VI of the posterior granular insular (pGI), posterior dysgranular insular (pDI) and agranular 
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insular posterior part (AIP). A mixed ANOVA revealed no significant effect of drug condition 

on retention-induced c-Fos expression in any of the pIC subregions (main effect of drug 

condition, drug condition × subregion, drug condition × layer, drug condition × subregion × 

layer interaction; all p’s > 0.32, Figure S4).   

 

In the PRh, we found a significant effect of drug condition on retention-induced c-Fos 

expression (F(2,21) = 13.09, p < 0.001), independent of layer (F(1,22) = 0.34, p = 0.71). Both 

the lower (pcorr = 0.001) and higher-dose yohimbine groups (pcorr = 0.001, Figure 3B) 

displayed significantly more retention-induced c-Fos expression than the saline-treated mice 

in both layers II/III and layers V/VI, whereas they did not significantly differ from each other 

(pcorr = 0.99).  

 

Yohimbine treatment did not affect the number of c-Fos-positive cells after the retention test 

within the other brain regions (PFC and BLA, all p’s > 0.41, Figure S4).  

 

We next investigated whether the increased number of c-Fos-positive cells reflected a 

change in excitatory or inhibitory activity, the latter being identified by co-expression of c-

Fos and GAD67, a marker for GABAergic inhibitory neurons (Ito et al., 2015). For all brain 

regions, we found that yohimbine administration did not significantly alter the number of 

activated GABAergic neurons (all p’s > 0.70; data not shown). Additionally, to determine 

relative inhibitory tone, the number of cells co-expressing c-Fos and GAD67 was divided by 

the total number of c-Fos-positive cells. Inhibitory tone was overall very low (<1% ratio) and 

not affected by yohimbine administration (all p’s > 0.34; data not shown). Thus, these 

findings indicate that the increased number of c-Fos-positive cells within the aIC and PRh 

after the retention test likely reflects an increased excitatory activity. 

 

Lastly, we performed Pearson correlation to determine how retention-induced c-Fos 

expression in these brain regions related to the robustness and detailedness of object 

memory. The DIsimilar positively correlated with the number of c-Fos-positive cells within the 

aDI (r = 0.52, p = 0.009), AID (r = 0.42, p = 0.04), AIV (r = 0.58, p = 0.003) and PRh (r = 0.44, 

p = 0.03) (Figure 3C), whereas no significant correlations were found between the DIdissimilar 

and c-Fos activity in any of the regions assessed (Figure S5). Thus, these findings support 

the view that a greater memory detailedness is associated with more retention-induced 

neuronal activity within the aIC and PRh. 
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Figure 3. Effect of posttraining noradrenergic stimulation yohimbine on 1-day retention test-induced 
neuronal activity. A, Photomicrographs of the anterior insular cortex (aIC), which included the anterior 

dysgranular insular cortex (aDI), agranular insular cortex dorsal part (AID) and the agranular insular cortex 

ventral part (AIV), and the perirhinal cortex (PRh). Insert shows magnification of c-Fos-positive neurons. B, 
Yohimbine-treated animals showed significantly more retention-induced c-Fos-positive cells within layers II/III 

and layers V/VI of the AID, AIV and PRh at the 1-day retention test. No effect of yohimbine administration on 

retention-induced c-Fos expression was found in any other brain region examined (Figure S4) (Saline: n = 8, 
YOH 0.3 mg/kg: n = 8, YOH 1.0 mg/kg: n = 8). C, The number of retention-induced c-Fos-positive cells in the 

aDI, AID, AIV and PRh positively correlated with the DIsimilar, i.e., the animals’ ability to discriminate the similar 

object, at the 1-day retention test. No significant correlations were found between c-Fos expression within these 
brain regions and the DIdissimilar (Figure S5). Data are shown as mean ± SEM, dots represent individual data 

points. #  pcorr < 0.05, # #  pcorr < 0.01 vs. saline group. 

 
Effect of posttraining noradrenergic stimulation on retention-induced neuronal 
activity at later retention intervals  
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Given our behavioral finding that posttraining yohimbine treatment enhances memory 

detailedness at the 1-day retention test, but that this memory detailedness is gradually lost 

during the later retention tests, we performed an exploratory analysis to examine whether 

this decay of memory detailedness was also reflected by a reduction in the retention-induced 

c-Fos expression within the aIC and PRh (i.e., the brain regions affected by yohimbine 

treatment at the 1-day interval) at the 7-day and 14-day retention intervals.  

 

Within the aIC, a mixed ANOVA for c-Fos expression across all retention intervals revealed 

no main effect of drug condition (F(2,52) = 2.41, p = 0.10), but significant main effects of 

retention interval (F(2,52) = 5.22, p = 0.009), layer (F(1,52) = 8.58, p = 0.005), and subregion 

(F(1,52) = 1033.40, p = 0.005), as well as interaction effects between subregion × retention 

interval (F(2,52) = 9.22, p < 0.001), subregion × layer (F1,52) = 67.58, p < 0.001), and drug 

condition × subregion × retention interval (F(4,52) = 2.66, p = 0.04). At both the 7-day and 14-

day retention test intervals, we found that none of the aIC subregions showed a significant 

effect of drug condition (all p’s > 0.31; Figure 4). Interestingly, exploratory comparison of c-

Fos expression between the retention intervals within layers II/III or layers V/VI indicated 

that this lack of drug condition effect at the later time intervals was not driven by a reduction 

in retention-induced c-Fos expression in the yohimbine treatment groups at the later 

retention intervals, but rather an increase in c-Fos expression in the saline group (layers II/III: 

14 days vs 1 day: puncor = 0.007, 7 days vs 1 day: puncor = 0.02; layers V/VI: 14 days vs 1 day: 

puncor = 0.03; Figure 4).  

 

Within the PRh, a mixed ANOVA across all retention intervals also revealed no significant 

main effect of drug condition (F(2,52) = 0.49, p = 0.62), but significant main effects of retention 

interval (F(2,52) = 7.62, p = 0.001) and layer (F(1,52) = 90.65, p < 0.001), as well as a significant 

drug condition × retention interval interaction effect (F(4,52) = 6.45, p < 0.001). All other effects 

were not significant (all p’s > 0.20). Also here, we found no significant effect of drug condition 

at the 7-day and 14-day retention test intervals, and this lack of effect appeared again driven 

by an increased c-Fos expression in the saline group at these later retention intervals (layer 

II/III: 14 days vs 1 day: puncor < 0.001, 7 days vs 1 day: puncor = 0.01; layer V/VI: 14 days vs 1 

day: puncor < 0.001, 7 days vs 1 day: puncor = 0.006; Figure 4).  

 

The absence of any drug treatment effect at these later retention intervals thus matches the 

behavioral data, which also revealed no effects of yohimbine at the 7-day and 14-day 

retention test. There were also no correlations between the discrimination indexes and c-

Fos activity at the 7-day or 14-day retention test (Figure S5).  
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Figure 4. Effect of posttraining noradrenergic stimulation yohimbine on retention-induced neuronal 
activity over time. Yohimbine administration increased the number of c-Fos-positive cells within the layers II/III 
and layers V/VI of the anterior dysgranular insular cortex (aDI), agranular insular cortex dorsal part (AID), the 

agranular insular cortex ventral part (AIV) and the perirhinal cortex (PRh) at the 1-day retention test, but not at 

later retention intervals. Exploratory comparison between retention intervals indicated that this effect was not 
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caused by a decrease in c-Fos expression in yohimbine-treated animals over time, but an increased number of 

c-Fos-positive cells in saline-treated animals (1-day retention test: Saline: n = 8, YOH 0.3 mg/kg: n = 8, YOH 1.0 

mg/kg: n = 8; 7-days retention test: Saline: n = 6, YOH 0.3 mg/kg: n = 7, YOH 1.0 mg/kg: n = 6; 14-days retention 

test: Saline: n = 6, YOH 0.3 mg/kg: n = 6, YOH 1.0 mg/kg: n = 6). Data are shown as mean ± SEM, dots represent 

individual data points. #  pcorr < 0.05, # #  pcorr < 0.01 vs 1-day saline group; ❖  puncorr < 0.05, ❖❖  puncorr < 0.01 

between retention intervals.  

 

 

Discussion 
The current study investigated whether extended training and noradrenergic activation 

enhances the detailedness of object memory in a newly designed object discrimination task. 

We found that control mice trained for 3 min were only able to discriminate a dissimilar, but 

not similar, object to the one encoded during training during the 1-day retention test. Most 

importantly, both more extensive training and yohimbine treatment enhanced the 

detailedness of this memory, allowing the mice to also discriminate the similar object from 

the familiar one. This yohimbine effect on memory detailedness was associated with an 

enhanced retention-induced neuronal activity within the aIC and PRh. Finally, this yohimbine 

effect on enhancing memory detailedness and retention-induced neuronal activity became 

progressively lost during later retention intervals.  

 

Extensive evidence indicates that noradrenergic activation is crucially involved in 

strengthening the consolidation of long-term memory (McGaugh, 2000; McGaugh & 

Roozendaal, 2002; McGaugh, 2004). Norepinephrine or a β-adrenoceptor agonist 

administered systemically or directly infused into relevant brain regions, such as the BLA, 

immediately posttraining enhances the retention of many different types of training 

experiences (Introini-Collison et al., 1991; Ferry et al., 1999; Hatfield & McGaugh, 1999; 

LaLumiere et al., 2003; Huff et al., 2006; Roozendaal et al., 2006; Roozendaal et al., 2008; 

Song et al., 2020). Conversely, the administration of a β-adrenoceptor antagonist post-

training impairs the consolidation of memory for these training experiences (Hatfield & 

McGaugh, 1999; Miranda & McGaugh, 2004). However, these learning and memory tasks 

typically did not allow any conclusion of whether the noradrenergic activation also enhanced 

the accuracy or detailedness of the memory. This question is important as evidence from 

particularly the human stress and memory field suggests that although stress and emotional 

arousal might enhance the strength of memory, these memories might become less 

accurate and are subject to de-contextualization, over-confidence and incorporation of 

misinformation (Payne et al., 2002; Loftus, 2005; Payne et al., 2006; Rimmele et al., 2011; 

Qin et al., 2012). Therefore, in recent years, we initiated a new line of research that started 
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to investigate whether and how noradrenergic activation could also influence the quality of 

memory. In some of these experiments we showed that noradrenergic activation, either by 

systemic yohimbine administration or norepinephrine infusion into the BLA, actually 

enhances the episodic-like accuracy on an inhibitory avoidance discrimination task, allowing 

the animals to differentiate a dangerous from a safe training context (Atucha et al., 2017; 

Roozendaal & Mirone, 2020). In the present study, we sought to examine whether 

noradrenergic activation could also enhance the accuracy of memory for objects (i.e., non-

hippocampal dependent memory). For this, we developed a new behavioral task that 

allowed us to assess whether animals were able to discriminate the training object from 

either a dissimilar or similar novel object. We found that posttraining yohimbine 

administration enhanced the detailedness of the memory, in an almost similar manner as 

more extensive training did.  

 

Interestingly, these findings also require us to reformulate some older findings acquired on 

the classical object recognition task. Previous findings in both mice and rats indicated that 

3 min of object training was insufficient to induce 24-h memory for the training object 

(Dornelles et al., 2007; Roozendaal et al., 2010; Nirogi et al., 2012; Chen et al., 2018; Song 

et al., 2020). Noteworthy, in our own studies involving this classical object recognition 

(involving two objects only), we assessed memory for the familiar object as compared to a 

second object that was similar to the training object. In the present study, we found that 

although the animals after 3 min of training were not able to discriminate the familiar object 

from this similar object, it is incorrect to conclude that they did not acquire any memory of 

the training object, as they were well able to discriminate the training object from a dissimilar 

novel object.  

 

We further found that the yohimbine effect on enhancing memory detailedness was 

associated with an increased retention-induced c-Fos expression within the aIC and the PRh. 

These findings most likely represent increased excitatory activity as we found that c-Fos 

expression was predominantly found in non-GABAergic cells. Extensive studies indicate that 

cortical regions such as the aIC and PRh are involved in recognition memory (Ennaceur & 

Aggleton, 1997; Bermudez-Rattoni et al., 2005; Norman & Eacott, 2005; Balderas et al., 

2008; Albasser et al., 2009; Roozendaal et al., 2010; Banks et al., 2014; Bermudez-Rattoni, 

2014; Olarte-Sánchez et al., 2015). In contrast, we found no changes in c-Fos activity within 

the pIC. The IC is a large and heterogeneous brain region which can be divided into the aIC 

and pIC by the middle cerebral artery (Gogolla, 2017). Studies from both animals and 

humans have indicated that the aIC and pIC might be involved in regulating different memory 
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functions (Nerad, 1997; Craig & Craig, 2009; Kurth et al., 2010). Our findings are in line with 

the view that the aIC is involved in recognition memory and the processing of information 

about items (Balderas et al., 2008; Roozendaal et al., 2010; Bermudez-Rattoni, 2014), 

whereas the pIC appears to be involved in the consolidation and extinction of learned fear 

responses (Casanova et al., 2016; Zhu et al., 2016). We further found that this increased 

retention induced activity within the aIC and PRh in both brain regions positively correlated 

with the mice’ ability to discriminate the similar object, but not dissimilar object. It is however 

questionable whether the aIC and PRh contribute to detecting similar objects alike. Findings 

in both animals and humans suggest that novelty and familiarity information might be 

signaled through interacting but non-overlapping neural networks (Kafkas & Montaldi, 2014; 

Molas et al., 2017). Neuroimaging study in humans indicated that the IC is one of the brain 

structures which activity is increased with familiarity strength, whereas the PRh is involved 

in novelty detection (Kafkas & Montaldi, 2018). A rat study indicated that the PRh is involved 

in the discrimination of objects with overlapping features via a cellular process that 

resembles pattern separation (Miranda et al., 2017). Thus, it could be hypothesized that the 

recruitment of multiple memory systems, including the aIC and PRh is required during the 

retention test for the detection of familiarity and novelty, respectively, which together could 

increase the ability of animals to discriminate a similar stimulus. We further investigate this 

topic in Chapter 4. 

 

A second objective of the present study was to examine the long-term fate of memory 

detailedness. According to the standard model of systems consolidation, episodic memories 

are initially dependent on the hippocampus and are progressively becoming more supported 

by on cortical areas (Zola-Morgan et al., 1986; Squire & Alvarez, 1995; Frankland et al., 

2004; Wiltgen & Silva, 2007; Winocur & Moscovitch, 2011; Wiltgen & Tanaka, 2013). This 

neural reorganization of the memory trace is accompanied by a progressive loss of episodic-

like detail. We previously found that norepinephrine administration into the BLA can prevent 

or slowdown this systems consolidation process in maintaining long-term accurate memory 

(Atucha et al., 2017). However, little is known regarding whether originally cortical-

dependent memories also undergo a similar type of time-dependent reorganization. In other 

words, is a decrease in memory detailedness for objects over time related to a neural 

reorganization of the memory trace such that this initially detailed memory of the object is 

slowly replaced by a more generalized representation of the memory; and would this 

process be accompanied by also a transfer of the memory trace to other brain regions? And, 

if this is indeed the case, is noradrenergic activation able to modify this process? To address 

this question, we tested animals at different time intervals after training. We found, both after 



 86 

yohimbine treatment and more extensive training, that not only the animals’ ability to 

discriminate the similar object, but also dissimilar object was gradually lost over time. This 

finding strongly suggest that the animals did not only show a reduction in memory 

detailedness over time, but seem to completely lose memory of the training object. This was 

supported by the finding that we found no yohimbine effect on retention-induced neuronal 

activity at these later retention intervals. Interestingly, retention-induced c-Fos activity in 

particularly the PRh of saline-treated groups was higher at later retention intervals. This 

finding might support the view that all experimental groups treated all three objects during 

the retention test as a novel object, and not as a familiar object. As such, were unable to 

find any evidence for a process of systems consolidation for this neutral, cortically-

dependent, object memory. In the extended training experiment, we did not determine 

neuronal activity and thus we do not know whether the effects on memory detailedness over 

time in that experiment are mediated by the same neurobiological mechanism.  

 

In summary, the present findings support the view that noradrenergic activation can increase 

the detailedness of object memory, which is associated with an enhanced activation of both 

the aIC and PRh. As such, they pave the way for a further investigation of the specific neural 

circuits and molecular mechanisms underpinnings of these effects. Particularly new 

technologies such as fiber photometry and chemogenetics could be optimally combined with 

the use of a variety of readily available transgenic mouse to further investigate the potential 

role of the aIC and PRh in establishing noradrenergic enhancement of object memory 

detailedness. 
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Figure S1. Diagram illustrating the different regions of interest. Anterior insular cortex (aIC): anterior 

granular insular cortex (aGI), anterior dysgranular insular cortex (aDI), agranular insular cortex dorsal part (AID) 

and agranular insular cortex ventral part (AIV); Posterior insular cortex (pIC): posterior granular insular cortex 
(pGI), posterior dysgranular insular cortex (pDI) and agranular insular cortex posterior part (AIP); Prefrontal 

cortex (PFC): prelimbic cortex (PrL) and infralimbic cortex (IL); Perirhinal cortex (PRh) and basolateral amygdala 

(BLA). The yellow areas show the exact locations in which the number of c-Fos-positive cells was counted within 
each region of interest. Scale bar = 500 μm.  
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Figure S2. Effect of training duration on the total exploration time and total distance moved during the 
retention test. Mice trained for 3 min or 10 min did not differ in their total exploration time of the three objects or 
total distance moved at the 1-day (A; 3-min: n = 8, 10-min: n = 8), 7-day (B, 3-min: n = 7, 10-min: n = 7) or 14-

day retention test (C, 3-min: n = 9, 10-min: n = 9). Data are shown as mean ± SEM, dots represent individual 

data points. 
 

 

 

Figure S3. Effect of yohimbine treatment on the total exploration time and total distance moved during 
the retention test. Yohimbine treatment did not affect the total exploration time of the three objects or total 

distance moved by the mice at the 1-day (A, Saline: n = 11, YOH 0.3 mg/kg: n = 11, YOH 1.0 mg/kg: n = 11), 7-
day (B, Saline: n = 10, YOH 0.3 mg/kg: n = 11, YOH 1.0 mg/kg: n = 11) or 14-day retention test (C, Saline: n = 

8, YOH 0.3 mg/kg: n = 7, YOH 1.0 mg/kg: n = 7). Data are shown as mean ± SEM, dots represent individual data 

points. 
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Figure S4. Effect of posttraining noradrenergic activation on retention test-induced neuronal activity 
over time. The number of retention-induced c-Fos-positive cells within each region of interest at the different 

retention intervals (1-day retention test: Saline: n = 8, YOH 0.3 mg/kg: n = 8, YOH 1.0 mg/kg: n = 8; 7-day 

retention test: Saline: n = 6, YOH 0.3 mg/kg: n = 7, YOH 1.0 mg/kg: n = 6; 14-day retention test: Saline: n = 6, 
YOH 0.3 mg/kg: n = 6, YOH 1.0 mg/kg: n = 6.) Data are shown as mean ± SEM, dots represent individual data 

points. Anterior granular insular cortex (aGI), posterior granular insular cortex (pGI), posterior dysgranular insular 

cortex (pDI), agranular insular cortex posterior part (AIP), prelimbic cortex (PrL), infralimbic cortex (IL) and 
basolateral amygdala (BLA). 

 

 
 

 

 
 

Figure S5. Correlation between discrimination index and c-Fos activity in the different brain regions of 
interest. The number of retention-induced c-Fos-positive cells within the anterior granular insular cortex (aDI), 
agranular insular cortex dorsal part (AID), agranular insular cortex ventral part (AIV) and perirhinal cortex (PRh) 

positively correlated with the DIsimilar at the 1-day retention test. No significant correlations were found with the 

DIdissimilar or at the 7-day or 14-day retention intervals. Data are shown as mean ± SEM, dots represent individual 
data points. * p < 0.05, ** p < 0.01. 
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Table S1. Object exploration time and total distance moved during the training 
session  

Training data items 3 min        10 min 

Object exploration time (s) 10.0 ± 0.4     18.0 ± 0.6 *** 

Total distance moved (m) 13.0 ± 0.6     35.4 ± 1.3 *** 

 
Data are shown as mean ± SEM. *** p < 0.001 vs 3-min group 
 

 

 

 

Table S2. Training data of the object discrimination memory task  

Training data items Saline YOH 0.3 mg/kg YOH 1.0 mg/kg 

Object exploration time (s) 10.6 ± 0.2 10.6 ± 0.3 10.1 ± 0.2 

Total distance moved (m)   8.4 ± 0.5   8.1 ± 0.5   7.9 ± 0.6   

 
Data are shown as mean ± SEM. 
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Abstract  
Noradrenergic activation has been implicated in enhancing the detailedness of object 

recognition memory. However, little is known concerning the neuronal mechanisms 

mediating this effect. In a first experiment, we used TRAP2 mice to investigate the effects 

of noradrenergic enhancement on neuronal activity both during memory consolidation and 

later memory recall, as well as the overlap between these two traces. We first validated that 

the noradrenergic stimulant yohimbine (0.3 mg/kg) administered systemically immediately 

after training to these mice enhanced memory detailedness on the object discrimination task. 

During the training session of this task, the mice could freely explore three copies of a single 

object, and on the later retention test they were exposed to one copy of the same familiar 

object and two objects looking either very similar or dissimilar to the familiar one. As 

expected, yohimbine treatment enhanced the mice’ capability to discriminate the similar from 

the familiar object at a 3-day retention test, indicative of an enhanced memory detailedness 

for the familiar object, while such yohimbine effect was lost at the 7-day retention interval. 

Next, we examined the neuronal activity changes underlying this behavior by systemically 

injecting yohimbine as well as 4-hydroxytamoxifen posttraining, to induce fluorescent 

labeling of activated neurons. After 3 days, mice were exposed to three familiar objects, 

three similar or three dissimilar objects to trigger memory recall, and neuronal responses 

were analyzed using immunohistochemistry. Whereas noradrenergic activation had no 

major effects on neuronal activity during consolidation, it significantly increased 

(re-)exposure-induced neuronal activity within the anterior agranular insular cortex in 

response to the familiar or similar object, likely mediating familiarity detection, whereas it 

increased activity within the perirhinal cortex in response to the dissimilar or similar object, 

likely mediating novelty detection. To next investigate whether the norepinephrine-induced 

recruitment of basolateral amygdala (BLA) projections to the anterior insular cortex (aIC) are 

involved in mediating the yohimbine effect on memory detailedness, in a second experiment 

we inactivated the BLA-aIC pathway during memory consolidation by an inhibitory 

chemogenetic manipulation, and revealed that this manipulation selectively blocked the 

yohimbine effect to discriminate the similar object from the familiar one. This indicates that 

noradrenergic enhancement of the detailedness of object memory requires an intact BLA-

aIC circuit. Moreover, these findings propose the intriguing existence of two parallel memory 

systems, both being modified by noradrenergic activation, with the aIC being crucially 

involved in detecting familiarity, and the perirhinal cortex coding novelty.  

 

Keywords: norepinephrine; object recognition; memory detailedness; neuronal activity; 

chemogenetics  
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Introduction 
Extensive evidence indicates that norepinephrine is released in the brain and periphery 

during emotionally arousing conditions (Mason, 1968; Aston-Jones et al., 1996; McIntyre et 

al., 2002), and that this noradrenergic activation plays a crucial role in strengthening the 

consolidation of long-term memory (McGaugh, 2004; Sara, 2009; Roozendaal & McGaugh, 

2011; Takeuchi et al., 2016). Previous work has shown a particularly important role for the 

basolateral amygdala (BLA) in orchestrating the memory-enhancing effects of 

norepinephrine by regulating neural plasticity and information storage processes in other 

brain regions (McGaugh, 2004; Roozendaal & McGaugh, 2011; McIntyre et al., 2012; 

McGaugh, 2013). Noradrenergic activation has also been found to enhance the 

consolidation of object recognition memory (Roozendaal et al., 2008; Song et al., 2020).  

 

In recent experiments, we showed that noradrenergic activation not only enhances the 

strength, but also the accuracy, of memory (Atucha & Roozendaal, 2015; Atucha et al., 2017; 

Bahtiyar et al., 2020; Roozendaal & Mirone, 2020). In Chapter 3, we found that the 

noradrenergic stimulant yohimbine administered systemically after an object training 

experience enhanced the detailedness, and thus improved accuracy, of object recognition 

memory. To examine the detailedness of object memory, we used a novel object 

discrimination task in which mice during the training session could explore three identical 

objects. During the retention test trial, three different objects were used: 1) the previously 

explored training object (i.e., familiar object), 2) a novel object that was highly similar to the 

training object (i.e., similar object), and 3) a novel object that had a completely different 

shape and texture than the training object (i.e., dissimilar object). We found that mice given 

a saline control injection after a brief training session discriminated only the dissimilar, but 

not similar, object from the familiar object on the retention test. However, mice that had 

received yohimbine posttraining had created a more detailed memory of the training object 

and were also able to successfully discriminate the similar object from the familiar one.  

 

We further found that this yohimbine effect on enhancing memory detailedness was 

associated with an increased retention-induced neuronal activity within the anterior insular 

cortex (aIC) and perirhinal cortex (PRh), which correlated positively with the mice’ ability to 

discriminate the similar object, but not dissimilar object. Many previous findings have shown 

that both cortical regions are importantly involved in object recognition memory (Ennaceur 

& Aggleton, 1997; Bermudez-Rattoni et al., 2005; Norman & Eacott, 2005; Balderas et al., 

2008; Albasser et al., 2009; Roozendaal et al., 2010; Banks et al., 2014; Bermudez-Rattoni, 

2014; Olarte-Sánchez et al., 2015), and suggested that their function is modulated by 
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noradrenergic activity in the BLA (Perugini et al., 2012; Laing & Bashir, 2014; Beldjoud et 

al., 2015; Chen et al., 2018). However, their exact contribution to coding memory 

detailedness is rather unclear. Recent findings suggested that memory detailedness might 

require the detection of both novelty and familiarity, and that novelty and familiarity 

information might be signaled through separate, but interacting, neural networks (Kafkas & 

Montaldi, 2014; Molas et al., 2017). Therefore, it could be hypothesized that the recruitment 

of multiple memory systems is required during the retention test for the detection of 

familiarity and novelty, respectively, which together could mediate the effect of yohimbine 

treatment on the animal’s ability to discriminate a similar stimulus. However, in our previous 

study we were not able to determine whether the increased neuronal activation within the 

aIC and PRh was related to successful memory recall of the familiar object or the detection 

of novelty. Furthermore, we could not investigate whether this yohimbine effect on 

enhancing memory detailedness was also dependent on functional interactions with the BLA.   

 

In the present study, we therefore performed two experiments to examine the neural 

mechanisms related to the yohimbine effect on enhancing memory detailedness. In a first 

experiment, we used TRAP2 × tdTomato double transgenic mice in which the systemic 

administration of 4-hydroxytamoxifen (4-OHT) induces the permanent fluorescent labeling 

of activated neurons (Guenthner et al., 2013; DeNardo et al., 2019). This enabled us to 

investigate the effects of noradrenergic stimulation on neuronal activity during memory 

consolidation and object (re-)exposure, as well as the overlap of these two traces. We first 

validated whether yohimbine administration to these mice enhanced memory detailedness 

on the object discrimination task. Next, to examine the neuronal activity changes underlying 

this behavior, mice were trained on the object discrimination task and given a systemic 

injection of yohimbine as well as 4-OHT posttraining to label those neurons that were 

activated during the training and consolidation phase. After 3 days, mice were either 

exposed to three familiar objects, three similar or three dissimilar objects to trigger memory 

recall, and neuronal responses to (re-)exposure of each of these objects were analyzed 

within the aIC, PRh and BLA using immunohistochemistry. To further determine whether 

noradrenergic activation affected the recruitment of the same neurons during memory 

consolidation and recall, we assessed the reactivation rate between training-induced and 

(re-)exposure-induced neuronal activity. In a second experiment, we investigated whether 

the norepinephrine-induced recruitment of BLA projections to the aIC is responsible for the 

enhanced memory detailedness. For this, we inactivated the BLA-aIC pathway during 

memory consolidation by an inhibitory chemogenetic manipulation (Sternson & Roth, 2014), 

and determined whether this manipulation selectively impaired the yohimbine effect on the 
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mice’ ability to discriminate the similar, but not the dissimilar, object from the familiar one. 

Material and methods 
 
Experiment 1   
Animals 
A total of 118 male TRAP2 Fos2A-iCreER × tdTomato transgenic mice (further referred to as 

TRAP2 mice) were used for this experiment, which were 10 weeks old at the time of the 

behavioral experiments. Mice were bred in house by crossing two founder mouse lines: 

Female homozygous Fos2A-iCreER mice (Fostm2.1(icre/ERT2)Luo/J, 030323) with male homozygous 

conditional tdTomato mice (B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, 007909) that were 

both purchased from The Jackson Laboratory (Bar Harbor, ME, USA). In these mice, the 

injection of 4-OHT induces the fluorescent labeling of neurons that express the immediate-

early gene c-Fos over a labeling window of ~12 h (DeNardo et al., 2019). The mice were 

kept in a temperature-controlled (22 oC) vivarium room with a regular 12-h/12-h light/dark 

cycle (lights on between 7:00 and 19:00 h). The vivarium room had a light intensity of 47 lux 

and humidity of 72%. Mice had ad libitum access to food and water. Animals were initially 

group housed (2-3 mice per cage), but were single housed during the course of behavioral 

training and testing. Behavioral training and testing was performed during the light phase of 

the diurnal cycle, between 10:00 and 15:00 h. All experimental procedures were in 

compliance with European Union Directive 2010/63/EU and approved by the Central 

Authority for Scientific Procedures on Animals (CCD), The Hague, The Netherlands. All 

efforts were made to minimize animal suffering and to reduce the number of animals.  

 

Object discrimination task 
The experimental apparatus used for the object discrimination task was a gray, round plastic 

box (40 cm diameter, 40 cm height) with the floor covered with sawdust. During both the 

training and retention test sessions, three objects were placed equally spaced along the 

perimeter of the apparatus, 5 cm away from the wall. The objects were secured to the floor 

of the box with Velcro tape. A camera was mounted above the box to videotape the behavior 

of the animals during the training and test sessions. 

 

Mice were first handled for 1 min each on four consecutive days to become accustomed to 

the experimenter. Subsequently, the animals received three 5-min habituation sessions to 

the experimental box during which they could freely explore the experimental apparatus 

without the objects. This habituation procedure is required to guarantee sufficient exploration 

of the objects during the training session (Stefanko et al., 2009). On the training trial, the 
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mice were placed into the apparatus and allowed to explore three identical copies of either 

a glass light bulb (6 cm diameter, 11 cm length) or the similar looking glass vial (5.5 cm 

diameter, 5 cm height), randomized across animals. All animals were allowed to explore the 

objects for 3 min, followed by immediate posttraining drug administration. To avoid the 

presence of olfactory trails, feces were removed, sawdust was stirred, and the objects were 

thoroughly cleaned with 70% ethanol in between animals.  

 

Memory was tested, in separate groups of animals, either 3 days (the minimal period 

required for the expression of tdTomato in activated cells) (Guenthner et al., 2013) or 7 days 

after the training trial. During the retention test, three different objects were placed at the 

same locations as during training: the previously explored training object (familiar object), a 

novel object that was highly similar to the training object (glass jar or light bulb, similar object), 

and a novel object that had a completely different shape and texture than the training object 

(wooden pyramid, 7 cm × 7 cm × 7 cm, dissimilar object). All combinations and locations of 

objects were used in a balanced manner across animals to reduce potential confounding 

influences due to preference for a particular object or location. Pilot experiments had 

indicated that the animals do not display an innate preference for any of the three objects or 

locations used (See Chapter 3, Box I). For testing, the mice were placed in the apparatus 

and allowed to explore the objects for 5 min.  

 

To assess the neural activity patterns during memory encoding and consolidation as well as 

those induced by memory recall of the distinct objects, other groups of trained mice were 

subjected to a (re-)exposure session instead of a retention test 3 days after the training trial. 

During the (re-)exposure session, the animals were allowed to explore either three familiar 

objects, three similar objects, or three dissimilar objects which were placed at the same 

locations as during training for 5 min. After the re-exposure session, the mice were left 

undisturbed in their home cage until sacrifice for immunohistochemistry 1 h later. 

 

Videos of the training and test sessions were analyzed offline by a trained observer blind to 

treatment condition, and the time spent exploring each object was scored. Object exploration 

was defined as actual active interaction with an object, i.e., pointing the nose to the object 

at a distance of <1 cm and/or touching it with the nose (Okuda et al., 2004; Leger et al., 

2013; Song et al., 2020). Turning around, climbing or sitting on an object per se was not 

included in exploration time as the animals then often are not actively engaged in exploring 

the object, but rather exhibit grooming behavior or are using the object to scan the 

environment (Bianchi et al., 2006; Roozendaal et al., 2006; Li et al., 2011; Wimmer et al., 
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2012; Leger et al., 2013; Vogel-Ciernia & Wood, 2014; Pezze et al., 2017). Re-scoring of a 

subset of the behavioral videos by an independent second rater confirmed the reliability of 

scoring (r(40) = 0.935, p < 0.001, n = 20 videos per rater). Video analysis software (EthoVision 

XT, Noldus Information Technology, Wageningen, The Netherlands) was used to measure 

the total distance moved by the mice in the experimental apparatus during the training, 

retention testing and (re-)exposure sessions, which serves as a measure of exploration of 

the experimental apparatus. 

 

To determine both the robustness and detailedness of the memory, two different 

discrimination indexes (DI) were calculated, one depicting the difference in time exploring 

the dissimilar and familiar object, divided by the total time exploring these two objects 

(DIdissimilar), and the other depicting the difference in time exploring the similar and familiar 

object, divided by the total time exploring these two objects (DIsimilar). 

 

	𝐷𝐼%&''&(&)*+ 	= 	
(𝑡𝑖𝑚𝑒	𝑑𝑖𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑟	 − 	𝑡𝑖𝑚𝑒	𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟)
(𝑡𝑖𝑚𝑒	𝑑𝑖𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑟	 + 	𝑡𝑖𝑚𝑒	𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟)

	× 100%	 

𝐷𝐼'&(&)*+ = 	
(𝑡𝑖𝑚𝑒	𝑠𝑖𝑚𝑖𝑙𝑎𝑟	 − 	𝑡𝑖𝑚𝑒	𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟)
(𝑡𝑖𝑚𝑒	𝑠𝑖𝑚𝑖𝑙𝑎𝑟	 + 	𝑡𝑖𝑚𝑒	𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟)

	× 100% 

 

The DIdissimilar is indicative of whether the mice discriminated the familiar object as compared 

to the dissimilar novel object and thus reflects having memory for the training object during 

the retention test. The DIsimilar is indicative of whether the mice successfully discriminated 

the familiar object as compared to the highly similar novel object and thus reflects having a 

detailed memory for the training object.  

 

Systemic drug administration 
Yohimbine (17-hydroxyyohimban-16-carboxylic acid methyl ester hydrochloride; 0.3 mg/kg; 

Sigma-Aldrich), an α2-adrenoceptor antagonist which increases noradrenergic activity 

(Szemeredi et al., 1991), was dissolved in saline and administered intraperitoneally, in a 

volume of 0.01 mL/g of body weight, immediately after the training trial. This yohimbine dose 

was selected based on its memory-enhancing effect in Chapter 3. Drug solutions were 

freshly prepared before each experiment.  

 

4-OHT (50 mg/kg; Sigma-Aldrich) was injected intraperitoneally, in a volume of 0.005 mL/g 

of body weight, immediately after the yohimbine injection in order to permanently label the 

activated neurons during training and consolidation. 4-OHT was first dissolved in absolute 

ethanol by ultra-sonication at 37 °C overnight, then corn oil (Sigma-Aldrich) was added to 
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generate a final concentration of 10 mg/mL (DeNardo et al., 2019). The final solution 

contained 10% ethanol and 90% corn oil. The final 4-OHT solution was freshly prepared 

before each experiment.  

 

Immunohistochemistry 

The mice were anesthetized with an overdose of sodium pentobarbital and perfused 

transcardially with ice-cold 0.1 M phosphate-buffered saline (PBS), pH 7.4, followed by ice-

cold 4% paraformaldehyde (PFA). Brains were post-fixed overnight in 4% PFA and then 

cryoprotected in 30% sucrose in PBS for 72 h at 4 °C. Coronal slices of 35-μm thickness 

were cut on a cryostat, and collected in 0.1 M PBS with 0.1% sodium azide, and stored at 

4 °C. For immunohistochemistry procedures, two sections of each of the brain regions 

investigated were selected according to the Franklin and Paxinos mouse brain atlas 

(Franklin and Paxinos, 3rd edition, 2007): aIC (anteroposterior (AP), +1.18 to +0.86 mm 

relative to Bregma), PRh (AP, -1.34 to -1.58 mm) and BLA (AP, -1.34 to -1.58 mm). Sections 

were rinsed in 0.5% Triton X-100 in PBS for 30 min at room temperature (RT), washed three 

times in PBS for 10 min per wash, and then blocked in 5% normal donkey serum (NDS, 

Jackson ImmunoResearch Laboratories) in PBS for 1 h at RT. Sections were then incubated 

with primary antibodies (c-Fos (guinea pig anti-c-Fos; 1:500, Synaptic Systems) and 

glutamic acid decarboxylase 67 (GAD67) (mouse anti-GAD67; 1:500, Merck)) overnight at 

RT. The incubation buffer contained 5% NDS and 0.1% acetylated bovine serum albumin 

(BSA-c; Aurion). Afterwards, sections were washed three times in PBS for 10 min per wash, 

followed by incubation with fluorophore-conjugated secondary antibodies (donkey anti-

guinea pig Alexa Fluor 647, 1:500, Jackson ImmunoResearch; donkey anti-mouse Alexa 

Fluor 488, 1:500, Thermo Fisher) for 3 h at RT. All procedures starting from the secondary 

antibody incubation onwards were performed in the dark. Then, sections were briefly rinsed 

and incubated with 4’,6-diamidine-2’-phenylindole dihydrochloride (DAPI, 1:5,000) in PBS 

for 15 min at RT, washed three times in PBS for 10 min per wash, mounted on gelatin-

coated slides, air-dried and coverslipped with FluoroSave mounting medium (Sigma-Aldrich). 

 

Imaging and quantification 

Fluorescent images of the regions of interest (ROIs) were taken at 20× magnification using 

an automated high-content fluorescence microscope (Leica DMI 6000B, Germany) and 

image processing was performed in FIJI (NIH, version 1.0) (Schindelin et al., 2012). First, 

tiles of images were corrected for background and signal bleaching by the BaSiC plugin 

(Peng et al., 2017), and were stitched to a single image by the Grid/StitchCollection plugin 

in FIJI. Then, a set of ROIs for each brain region was created based on the Allen Mouse 
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Brain Atlas (https://portal.brain-map.org/) (Figure S1). For the agranular subdivisions of the 

aIC (agranular insular cortex dorsal part (AID) and agranular insular cortex ventral part (AIV)) 

and the PRh, two squared areas (200 × 200 μm) were selected to cover layers II/III and 

layers V/VI, respectively. For the BLA, a circular area (600 μm in diameter) was selected. 

Within each ROI, the number of cells showing expression of tdTomato, c-Fos or GAD67 was 

counted manually. To analyze the relatively low co-expression of markers, double-stained 

neurons were counted within the whole areas of layers II/III and layers V/VI of the AID, AIV 

and PRh as well as within the BLA. The areas were drawn along the border of each layer 

using the freehand selection tool in FIJI, and the number of cells showing expression of each 

of the markers was converted to number of cells per mm2.  

 

Statistics 
Data are expressed as mean ± SEM. The DIdissimilar and DIsimilar were analyzed with a three-

way mixed ANOVA with drug condition (saline and yohimbine) and retention interval (3 and 

7 days) as between-subject variables, and type of object (DIdissimilar and DIsimilar) as within-

subject variable. Follow-up testing of the discrimination indexes at each retention interval 

separately was performed with a two-way mixed ANOVA with drug condition as between-

subject variable and type of object as within-subject variable. Total exploration time of the 

objects and total distance moved were analyzed with two-way ANOVAs with drug condition 

and retention interval as between-subject variables. Tukey post-hoc t-tests (correcting for 

two comparisons for the DI) were used to determine the source of the significance in the 

ANOVAs. One-sample t-tests were used to determine whether the DIdissimilar or DIsimilar 

differed from zero (i.e. chance level).  

 

Based on our behavioral observations, the re-exposure session was only performed at the 

3-day retention interval, and immunohistochemistry data were analyzed with a mixed 

ANOVA with drug condition and (re-)exposed object (familiar, similar and dissimilar) as 

between-subject variables, and cortical layers (layers II/III and layers V/VI) (for the AID, AIV 

and PRh) as within-subject variables. When appropriate, Tukey post-hoc analyses 

(correcting for two comparisons for layer, and three comparisons for type of object) were 

used to determine the source of the significance in the ANOVAs. Main effects of layer were 

followed up by paired t-tests. For all statistical tests, p < 0.05 was accepted for statistical 

significance. The number of mice per group is indicated in the figure legends. 

 

Experiment 2   
Animals 
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A total of 53 male wild-type CB57BL/6J mice (11 weeks old at the time of the behavioral 

experiments) from Charles River Breeding Laboratories (Kisslegg, Germany) were used. 

Animals were single housed upon arrival in a temperature-controlled (22 oC) vivarium room 

with a regular 12-h/12-h light/dark cycle (lights on between 7:00 and 19:00 h). Mice had ad 

libitum access to food and water. Behavioral training and testing was performed during the 

light phase of the diurnal cycle, between 10:00 and 15:00 h. All experimental procedures 

were in compliance with European Union Directive 2010/63/EU and approved by the Central 

Authority for Scientific Procedures on Animals (CCD), The Hague, The Netherlands. All 

efforts were made to minimize animal suffering and to reduce the number of animals.  
 

Viral injection 
All viral vectors were purchased from Addgene (Cambridge, MA, USA). For virus delivery, 

8-week-old mice were anesthetized with isoflurane (5.0% for induction and 1.5-2.0% for 

maintenance) and placed in a stereotaxic frame (Neurostar, Tubingen, Germany). For 

analgesia, animals received 10 mg/kg Carprofen (2-(6-chloro-9H-carbazol-2-yl)propanoic 

acid; Zoetis, The Netherlands) via the drinking water from 24 h before the surgery until 48 h 

after the surgery. Intra-operative analgesia was applied by a 2% lidocaine solution injected 

subcutaneously at the incision site. AAV9-hSyn-DIO-hM4D(Gi)-mCherry (600 nL, 2.3×1013 

GC/mL; Cat# 44362-AAV9) or its control virus AAV9-hSyn-DIO-mCherry (600 nL, 2.1×1013 

GC/mL; Cat# 50459-AAV9) was delivered bilaterally into the BLA (from Bregma: AP, -1.10 

mm; mediolateral (ML), ±3.20 mm; dorsoventral (DV), –4.65 mm) using a 10-μL 

microsyringe with a 26 G needle (Nanofil; WPI, Sarasota, FL, USA). Additionally, the 

retrograde virus ENN.AAV.hSyn.HI.eGFP-Cre.WPRE.SV40 (600 nL, 1.17×1013 GC/mL; 

Cat# 105540-AAVrg) was injected bilaterally into the aIC (from Bregma: AP, +1.40 mm; ML, 

±3.20 mm; DV, –3.60 mm) to ensure selective hM4D(Gi) expression in aIC-projecting BLA 

neurons. After the surgery, mice could recover for 14 days to allow sufficient expression of 

the hM4D(Gi) DREADD receptors (Tervo et al., 2016).  

 

Object discrimination task 
See Experiment 1, except that retention was tested 1 day after the training trial, and no 

(re-)exposure session was performed. 

 

Systemic drug administration 
Yohimbine administration occurred similar to Experiment 1. 
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The potent DREADD activator clozapine (0.03 mg/kg; Sigma-Aldrich) was injected to all 

animals, in a volume of 0.005 mL/g of body weight, intraperitoneally immediately after the 

training session (Gomez et al., 2017; Zerbi et al., 2019). This low dose of clozapine was 

selected based on pilot data that it effectively inhibited the BLA-aIC pathway (see: Figure 

3C). Clozapine was first dissolved in 1 M hydrochloric acid, and 0.1 M PBS was added to 

generate a final concentration of 0.006 mg/mL. Drug solutions were freshly prepared before 

each experiment.  

 
Verification of viral transfection  
The mice were anesthetized with an overdose of sodium pentobarbital and perfused 

transcardially with ice-cold 0.1 M PBS, pH 7.4, followed by ice-cold 4% PFA. Brains were 

post-fixed overnight in 4% PFA and then cryoprotected in 30% sucrose for 72 h at 4 °C. 

Coronal slices of 35-μm thickness were cut at the viral injection sites (aIC; AP, +1.50 to 

+1.30 mm, and BLA; AP, -1.00 to -1.20 mm), collected in 0.1 M PBS with 0.1% sodium azide, 

and mounted on gelatin-coated slides, air-dried and coverslipped with FluoroSave mounting 

medium (Sigma-Aldrich). Fluorescent images were taken at 10× magnification using an 

automated high-content fluorescence microscope (Leica DMI 6000B, Germany). Successful 

viral transfection was confirmed by abundant mCherry expression within the BLA in both 

hemispheres (>50% of the area size).  

 

Statistics 
Data are expressed as mean ± SEM. To verify yohimbine effects in the mice injected with 

the control virus, the DIdissimilar and DIsimilar were analyzed using two-way mixed ANOVA with 

drug condition (saline and yohimbine) as between-subject variable, and type of object as 

within-subject variable. Next, we tested for the presence of a similar effect of yohimbine in 

the mice treated with the hM4D(Gi) virus. Critical differences between virus groups were 

tested using independent samples t-tests. Total exploration time of the objects and total 

distance moved were analyzed with two-way ANOVAs with drug condition and type of 

DREADD virus as between-subject variables. Tukey post-hoc t-tests (correcting for two 

comparisons for the DI) were used to determine the source of the significance in the 

ANOVAs. One-sample t-tests were used to determine whether the DIdissimilar or DIsimilar 

differed from zero (i.e. chance level). For all statistical tests, p < 0.05 was accepted for 

statistical significance. The number of mice per group is indicated in the figure legends. 

 

 

Results 
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Experiment 1   
Effect of posttraining noradrenergic stimulation in TRAP2 mice on the detailedness 
of object memory over time 
In this first experiment, we aimed at verifying that systemic yohimbine (0.3 mg/kg) 

administration immediately after object training enhances both the detailedness and 

longevity of the memory in TRAP2 × tdTomato double transgenic mice, as well as 

determining the neural correlates of this effect. As a minimum of 72 h after the 4-OHT 

injection is required to induce sufficient expression of tdTomato in activated cells (Guenthner 

et al., 2013), retention was tested, in separate groups of animals, either at 3 days or 7 days 

after the training session (Figure 1A). Posttraining drug treatment groups did not differ in 

total object exploration time or total distance moved during the training session (both p’s > 

0.20, Table S1). 

 

A three-way mixed ANOVA for the two discrimination indexes at retention testing indicated 

significant main effects of drug condition (F(1,56) = 7.80, p = 0.007) and type of object (F(1,56) 

= 4.46, p = 0.04), as well as a significant drug condition × type of object × retention interval 

interaction effect (F(1,56) = 6.02, p = 0.02). All other effects were not significant (all p’s > 0.10). 

Two-way ANOVAs for the total object exploration time and total distance moved during the 

retention test revealed no significant effects of drug condition, retention interval, or drug 

condition × retention interval interaction (all p’s > 0.06, Figure S2). To follow up on the three-

way interaction effect, we investigated the effect of yohimbine treatment on the two 

discrimination indexes at the 3-day and 7-day retention intervals separately. 

 

At the 3-day retention test, a two-way mixed ANOVA for the two discrimination indexes 

indicated a significant main effect of drug condition (F(1,27) = 4.41, p = 0.045) and a significant 

drug condition × type of object interaction effect (F(1,27) = 4.60, p = 0.04). There was no 

significant main effect of type of object (F(1,27) = 2.10, p = 0.16). The DIdissimilar of mice treated 

with yohimbine did not differ significantly from that of saline-treated animals (independent 

samples t-test: t(27) = 0.92, pcorr = 0.37, Figure 1B), with the DIdissimilar of both drug condition 

groups being significantly greater than zero (i.e., chance level) (saline: t(14) = 3.31, p = 0.005; 

yohimbine: t(13) = 3.68, p = 0.003). These findings indicate that both saline and yohimbine-

treated mice identified the dissimilar object as a novel object. However, we found a 

significant effect of yohimbine treatment on the mice’ ability to identify the similar object as 

a novel object (independent samples t-test: t(27) = 2.83, pcorr = 0.009, Figure 1B). The DIsimilar 

of mice treated with saline did not differ from chance level (t(14) = 0.69, p = 0.50), whereas 
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the DIsimilar of mice treated with yohimbine was significantly higher than chance (t(13) = 3.98, 

p = 0.002). These findings thus indicate that mice treated with saline were able to 

discriminate the dissimilar, but not similar, object from the familiar object at the 3-day 

retention test, whereas mice treated with yohimbine were able to also discriminate the similar 

object from the familiar object, reflecting a more detailed memory of the training object. 

 

At the 7-day retention test, a two-way mixed ANOVA for the two discrimination indexes 

indicated no significant main effects of drug condition (F(1,27) = 3.39, p = 0.08) or type of 

object (F(1,27) = 2.37, p = 0.14), and no drug condition × type of object interaction effect (F(1,27) 

= 1.73, p = 0.20). The DIdissimilar of mice treated with saline was no longer different from zero 

(t(14) = 1.01, p = 0.33, Figure 1B), whereas that of mice treated with yohimbine was still 

significantly greater than chance level (t(13) = 3.22, p = 0.007). At this time point, the DIsimilar 

of none of the two groups differed from zero (saline: t(14) = 1.89, p = 0.36; yohimbine: t(13) = 

2.03, p = 0.11), indicating that yohimbine was not able to maintain the detailedness of object 

memory after 7 days.  
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Figure 1. Effect of posttraining noradrenergic activation in TRAP2 mice on the detailedness of object 
memory over time. A, Experimental design of the object discrimination memory task. Mice could freely explore 

three identical objects for 3 min. An immediate posttraining injection of yohimbine (YOH, 0.3 mg/kg) or saline 

was given intraperitoneally, followed by an intraperitoneal injection of 4-OHT (50.0 mg/kg). Retention was tested, 
in separate groups of animals, 3 days or 7 days later. On the retention test, one object was identical to the 

training object (i.e., familiar object), one novel object was highly similar to the training object and another novel 

object was dissimilar to the training object. B, At the 3-day retention test, saline-treated mice discriminated the 
dissimilar, but not similar, object from the familiar one, whereas mice treated with yohimbine were able to 

discriminate both the dissimilar and similar object from the familiar object (Saline: n = 15, YOH: n = 14). At 7 

days, mice treated with saline no longer discriminated the dissimilar or similar object from the familiar object, 
whereas mice treated with yohimbine continued to display discrimination of the dissimilar, but not similar, object 

(Saline: n = 15, YOH: n = 14). Data are shown as mean ± SEM, dots represent individual data points. ** p < 0.01 

vs. chance level; ## pcorr < 0.01 vs. saline group. 

 
 
Effect of posttraining noradrenergic stimulation on training-induced and 
(re-)exposure-induced neuronal activity 
In Chapter 3, we found that posttraining yohimbine administration increased retention-

induced c-Fos expression within both the aIC (AID and AIV) and PRh. However, we could 

not determine by the detection of which object (i.e., the familiar, similar or dissimilar object) 

this activation was induced. As such, we were unable to determine whether it was related to 

successful detection of familiar features (i.e., memory recall of the familiar object) or the 

detection of novelty in case of the similar or dissimilar objects. Therefore, in this experiment 

we examined retention-induced neuronal activity within these ROIs, as well as the BLA, after 

(re-)exposure to only a single type of object (Figure 2A). Moreover, we included an additional 

labeling of neurons activated during the training and (early) consolidation period (by 

tdTomato) next to the labeling of neurons activated by the (re-)exposure session (marked 

by c-Fos) to examine whether yohimbine treatment affected the reactivation rate of the 

neurons involved in storing the memory (Figure 2B). As our behavioral findings indicated 

that the effect of yohimbine treatment on memory detailedness was limited to the 3-day 

retention test, we only performed the object (re-)exposure session at the 3-day interval. 

 
During the (re-)exposure session, animals were allowed to explore either three familiar 

objects, three similar objects, or three dissimilar objects for 5 min. Two-way ANOVAs for 

total object exploration time and total distance moved revealed no significant effects of drug 

condition, type of (re-)exposed object, or drug condition × type of (re-)exposed object 

interaction effect during the training (all p’s > 0.14, Table S2) or (re-)exposure session (all 

p’s > 0.22, Figure S3). These data indicate that during the (re-)exposure session, all groups 

spent a comparable time exploring the objects, regardless of their drug administration or the 
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type of object they were (re-)exposed to, thus excluding the possibility that differences in 

neuronal activity were caused by the amount of object exploration as such.   

 
Training-induced neuronal activity 
To determine training/early consolidation-induced neuronal activity, we assessed the 

number of tdTomato-positive cells in the aIC (AID and AIV), PRh and BLA (Figure S1). For 

the cortical (sub)regions (AID, AIV and PRh), we assessed the number of tdTomato-positive 

cells separately within the input (layers II/III) and output (layers V/VI) areas. 

 

For the AID, a mixed ANOVA for the number of tdTomato-positive cells revealed a significant 

drug condition × layer interaction effect (F(1,58) = 8.71, p = 0.005), but no main effect of drug 

condition or layer (both p’s > 0.08). The interaction effect indicated that the yohimbine 

affected tdTomato expression in layers II/III and layers V/VI in a different manner. However, 

Tukey’s post-hoc tests did not reveal any significant drug condition effect within each 

separate layer (both p’s > 0.13, Figure 2C). 

 

For the AIV, we found a significant main effect of layer (F(1,58) = 12.66, p < 0.001), but no 

main effect of drug condition or drug condition × layer interaction effect (both p’s > 0.12, 

Figure 2C).  

Overall, higher tdTomato expression was observed in layers II/III compared to layers V/VI 

(paired t-test: t(59) = 3.53, p < 0.001).   

 

For the PRh, we found no significant main effect of drug condition or layer, and no drug 

condition × layer interaction effect (all p’s > 0.13, Figure 2C).  

 

For the BLA, there was no main effect of drug condition either (p = 0.89, Figure 2C). 

 

(Re-)exposure-induced neuronal activity  

Next, we examined the (re-)exposure-induced c-Fos expression within these different brain 

regions.  

 

For the AID, we found significant main effects of drug condition (F(1,54) = 40.62, p < 0.001), 

type of (re-)exposed object (F(2,54) = 7.14, p = 0.002) and layer (F(1,54) = 9.37, p = 0.003). All 

other effects were not significant (all p’s > 0.10). Overall, higher c-Fos expression was 

observed in layers II/III compared to layers V/VI (paired t-test: t(59) = 3.15, p = 0.003).  

Exploratory analyses revealed that yohimbine-treated animals had significantly more c-Fos-
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expressing cells in response to the familiar (layers II/III: pcorr = 0.007, layers V/VI: pcorr = 0.02), 

and similar object (layers II/III: pcorr < 0.001, layers V/VI: pcorr < 0.001), whereas no significant 

effect of yohimbine treatment was observed in response to the dissimilar object (layers II/III: 

pcorr = 0.10, layers V/VI: pcorr = 0.09). This made that in the saline condition there was no 

significant main effect of type of (re-)exposed object (layers II/III: F(2,27) = 0.66, p = 0.53; 

layers V/VI: F(2,27) = 1.03, p = 0.37), which was present in the yohimbine condition (layers 

II/III: F(2,27) = 3.90, p = 0.03; layers V/VI: F(2,27) = 3.40, p = 0.048). Tukey’s post-hoc tests 

revealed that yohimbine-treated animals that were exposed to the familiar object had 

significantly more c-Fos expression compared to yohimbine-treated animals that were 

exposed to the dissimilar object (layers II/III: pcorr = 0.05; layers V/VI: pcorr = 0.045, Figure 

2D).  

 

For the AIV, we found significant main effects of drug condition (F(1,54) = 89.01, p < 0.001), 

type of (re-)exposed object (F(2,54) = 23.40, p < 0.001) and layer (F(1,54) = 99.40, p < 0.001), 

as well as interaction effects for drug condition × layer (F(1,54) = 12.87, p = 0.001), drug 

condition × type of (re-)exposed object (F(2,54) = 15.59, p = 0.001), type of (re-)exposed object 

× layer (F(2,54) = 12.76, p < 0.001), and drug condition × type of (re-)exposed object × layer 

(F(2,54) = 6.89, p = 0.002). Similar to the AID, yohimbine-treated animals that were exposed 

to either the familiar or similar object had significantly more c-Fos-expressing cells in the 

AIV than saline-treated animals that were exposed to these objects (familiar: layers II/III: pcorr 

< 0.001, layers V/VI: pcorr = 0.002; similar: layers II/III: pcorr < 0.001; layers V/VI: pcorr < 0.001). 

In contrast, yohimbine treatment did not increase the number of c-Fos-expressing cells in 

animals that were exposed to the dissimilar object compared to corresponding saline-treated 

animals (layers II/III: pcorr = 0.23, layers V/VI: pcorr = 0.16). In the saline condition, there was 

no significant main effect of type of (re-)exposed object (layers II/III: F(2,27) = 3.30, p = 0.05; 

layers V/VI: F(2,27) = 0.54, p = 0.59), which was observed in the yohimbine condition (layers 

II/III: F(2,27) = 27.15, p < 0.001; layers V/VI: F(2,27) = 4.28, p = 0.02). Tukey’s post-hoc tests 

revealed that yohimbine-treated mice that were re-exposed to the familiar object had 

significantly more c-Fos expressing cells than yohimbine-treated mice that were exposed to 

the similar (layers II/II: pcorr = 0.01; layers V/VI: pcorr = 0.98, Figure 2D) or dissimilar object 

(layers II/III: pcorr = 0.001; layers V/VI: pcorr = 0.04). Moreover, yohimbine-treated mice that 

were exposed to the similar object had significantly more c-Fos-expressing cells than 

yohimbine-treated mice that were exposed to the dissimilar object (layers II/III: pcorr < 0.001; 

layers V/VI: pcorr = 0.06). Significant interactions with layer seemed to be caused by most 

prominent effects of yohimbine on neuronal responses to the familiar and similar object in 

layers II/III. 



4 

   
 

 
 117 

 

For the PRh, we found significant main effects of drug condition (F(1,54) = 87.27, p < 0.001) 

and type of (re-)exposed object (F(2,54) = 40.97, p < 0.001), as well as interaction effects for 

drug condition × type of (re-)exposed object (F(2,54) = 23.36, p < 0.001), and drug condition 

× type of (re-)exposed object × layer (F(2,54) = 3.62, p = 0.03). All other effects were not 

significant (all p’s > 0.05). Comparison between drug conditions indicated that yohimbine-

treated animals that were exposed to either the dissimilar or similar object had significantly 

more c-Fos-expressing cells than saline-treated animals that were exposed to these objects 

(all pcorr’s < 0.001). In contrast, yohimbine treatment did not increase the number of c-Fos-

expressing cells in animals that were re-exposed to the familiar object (layers II/III: pcorr = 

0.53, layers V/VI: pcorr = 0.24). Tukey’s post-hoc tests revealed that saline-treated animals 

that were exposed to the dissimilar object had significantly more c-Fos expression than 

saline-treated animals that were exposed to either the familiar (layers II/III: pcorr = 0.01; layers 

V/VI: pcorr = 0.04; Figure 2D) or similar object (layers II/III: pcorr = 0.01; layers V/VI: pcorr = 

0.09), whereas yohimbine-treated animals that were exposed to either the dissimilar or 

similar object had significantly more c-Fos expression than yohimbine-treated animals that 

were exposed to the familiar object (all pcorr’s < 0.001). Comparisons between layers 

revealed that yohimbine-treated animals that were exposed to the similar object had 

significantly more c-Fos expression in layers V/VI than in layers II/III (pcorr = 0.03). No 

significant differences between layers were found in yohimbine-treated animals that were 

exposed to either the familiar or dissimilar object, nor in saline-treated animals after 

exposure to any of the three objects (all p’s > 0.34). 

 

For the BLA, we found no effect of either drug condition or type of (re-)exposed object on 

the number of c-Fos-positive cells (all p’s > 0.10, Figure 2D).  

 

Reactivation rate between training-induced and (re-)exposure-induced neuronal 
activity 

To further examine whether yohimbine treatment affected the recruitment of the same 

neurons during memory consolidation and recall, we investigated the reactivation rate of 

tdTomato- and c-Fos-positive cells, which was defined as the number of neurons double 

positive for tdTomato and c-Fos, divided by the total number of tdTomato-positive cells 

(Kitamura et al., 2017; DeNardo et al., 2019). 

 

For the AID, we found a significant main effect of drug condition (F(1,54) = 7.55, p = 0.008). 

All other effects were not significant (all p’s > 0.13). However, exploratory Tukey’s post-hoc 
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tests did not reveal any significant drug condition effect within each separate layer for each 

of the objects (all p’s > 0.07, Figure 2E). 

 

For the AIV, we found a significant main effect of drug condition (F(1,54) = 19.77, p < 0.001) 

and type of (re-)exposed object (F(2,54) = 3.87, p = 0.03), as well as interaction effects for 

drug condition × layer (F(2,54) = 4.77, p = 0.03), and drug condition × type of (re-)exposed 

object (F(2,54) = 3.21, p = 0.048). All other effects were not significant (all p’s > 0.16). Tukey’s 

post-hoc tests revealed that the yohimbine treatment significantly increased the reactivation 

rate in animals that were exposed to either the familiar (layers II/III: pcorr = 0.007; layers V/VI: 

pcorr = 0.03) or similar object (layers II/III: pcorr = 0.02; layers V/VI: pcorr = 0.08), but not to the 

dissimilar object (layers II/III: pcorr = 0.13; layers V/VI: pcorr = 0.48) compared to that of 

corresponding saline-treated animals (Figure 2E). In the saline condition, there was no 

significant main effect of type of (re-)exposed object (layers II/III: F(2,27) = 0.18, p = 0.83; 

layers V/VI:  F(2,27) = 0.04, p = 0.96), which was observed in the yohimbine condition (layers 

II/III: F(2,27) = 2,43, p = 0.10; layers V/VI: F(2,27) = 4.22, p = 0.03). Tukey’s post-hoc tests 

revealed that yohimbine-treated mice that were exposed to the familiar object had a 

significantly higher reactivation rate than yohimbine-treated mice that were exposed to the 

dissimilar object (layers II/II: pcorr = 0.72; layers V/VI: pcorr = 0.03), but not similar object 

(layers II/III: pcorr = 0.35; layers V/VI: pcorr = 0.89). There was no difference in the reactivation 

rate between yohimbine-treated mice that were exposed to the similar object and those 

exposed to the dissimilar object (layers II/III: pcorr =0.09; layers V/VI: pcorr = 0.08). The 

significant drug condition × layer interaction seemed to be caused by most prominent effects 

of yohimbine on layers II/III.  

 

For the PRh, we found significant main effects of drug condition (F(1,54) = 5.53, p = 0.02) and 

layer (F(1,54) = 7.19, p = 0.01). All other effects were not significant (all p’s > 0.13). Overall, a 

higher reactivation rate was observed in layers II/III compared to layers V/VI (paired t-test: 

t(59) = 2.77, p = 0.008). Exploratory Tukey’s post-hoc tests revealed that yohimbine 

significantly increased the reactivation rate in animals that were exposed to the dissimilar 

object (layers II/III: pcorr = 0.24; layers V/VI: pcorr = 0.03), whereas effects in response to the 

familiar (layers II/III: pcorr = 0.62; layers V/VI: pcorr = 0.51) or similar (layers II/III: pcorr = 0.24; 

layers V/VI: pcorr = 0.64) objects were non-significant (Figure 2E).  

 

For the BLA, we found a significant interaction effect for drug condition × type of 

(re-)exposed object (F(2,54) = 5.51, p = 0.048). All other effects were not significant (all p’s > 

0.08). Following up on the interaction effect, Tukey’s post-hoc tests revealed that this was 
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driven by a significant effect of yohimbine treatment on the reactivation rate in response to 

the similar object (pcorr = 0.003), but not familiar (pcorr = 0.99) or dissimilar object (pcorr = 0.78) 

compared to that of corresponding saline-treated animals (Figure 2E). The yohimbine-

treated group displayed a significant effect of type of object (F(2,27) = 4.24, p = 0.03), with the 

reactivation rate in animals that were exposed to the similar object being significantly higher 

than that in response to the familiar object (pcorr = 0.04), and a near to significant difference 

to the response to the dissimilar object (pcorr = 0.06). Reactivation rates in animals that were 

exposed to the familiar object and dissimilar object did not differ from each other (pcorr = 

0.97).  Saline-treated mice did not display any differences in reactivation rate to the different 

objects (F(2,27) = 0.43, p = 0.65). 

 

 

 
Figure 2. Effect of posttraining noradrenergic activation in TRAP2 mice on training-induced and 
(re-)exposure-induced neuronal activity. A, Experimental design of the object (re-)exposure task. Mice could 

freely explore three identical objects for 3 min. An immediate posttraining injection of yohimbine (YOH, 0.3 mg/kg) 

or saline was given intraperitoneally, followed by an intraperitoneal injection of 4-OHT (50.0 mg/kg). 
(Re-)exposure occurred 3 days later, during which mice were (re-)exposed to three objects that were either 
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identical to the training object (i.e., familiar object), three novel objects that were highly similar to the training 

object or three novel objects that were dissimilar to the training object. B, Representative images for double 

staining of tdTomato (red) and c-Fos (green) labeled neurons activated during training/consolidation and memory 

recall, respectively. Scale bar = 20 μm. White arrows point to double-labeled neurons, whereas open arrows 
point to single-labeled neurons. C, The number of tdTomato-positive cells within the agranular insular cortex 

dorsal part (AID), agranular insular cortex ventral part (AIV), perirhinal cortex (PRh) and basolateral amygdala 

(BLA) was not affected by yohimbine administration (Saline: n = 30, YOH: n = 30). D, Yohimbine administration 
increased the number of c-Fos-positive cells within layers II/III and layers V/VI of the AID and the AIV when 

animals were exposed to the familiar and similar, but not dissimilar, objects. Yohimbine administration increased 

the number of c-Fos-positive cells within layers II/III and layers V/VI of the PRh when animals were exposed to 
the similar and dissimilar, but not familiar, objects. Yohimbine administration did not affect the number of c-Fos-

positive cells in the BLA (familiar object (F), similar object (S), dissimilar object (D); Saline-F: n = 10, Saline-S: n 

= 10, Saline-D: n = 10, YOH-F: n = 10, YOH-S: n = 10, YOH-D: n = 10). E, Yohimbine administration increased 
the reactivation rate (the number of neurons double positive for tdTomato and c-Fos, divided by the total number 

of tdTomato-positive cells) within layers II/III and layers V/VI of the AIV when animals were exposed to the familiar 

or similar, but not dissimilar, objects. Yohimbine administration increased the reactivation rate within layers V/VI 
of the PRh when animals were exposed to the dissimilar, but not similar or familiar, objects. Yohimbine 

administration increased the reactivation rate within the BLA when animals were exposed to similar object only. 
(Saline-F: n = 10, Saline-S: n = 10, Saline-D: n = 10, YOH-F: n = 10, YOH-S: n = 10, YOH-D: n = 10). Data are 
shown as mean ± SEM, dots represent individual data points. * pcorr < 0.05, ** pcorr < 0.01 between (re-)exposed 

objects; # pcorr < 0.05, ## pcorr < 0.01 vs. corresponding saline group. N.B. Significant differences between layers 

are not indicated, but only mentioned in the text. 

 

 

Low expression levels of tdTomato and c-Fos in GABAergic neurons  
Lastly, we investigated whether changes in the number of tdTomato- or c-Fos-positive cells 

reflected a change in excitatory or inhibitory neuronal activity. For this, we counted the 

number of cells that showed co-expression of tdTomato or c-Fos with GAD67, a marker for 

GABAergic inhibitory neurons (Ito et al., 2015) (Figure S1). Neuronal activation appeared to 

be almost exclusively restricted to excitatory, i.e., GAD67-negative, cells, with GAD67 co-

expression being extremely sparse for both of the activity markers (average of 1% of the 

activated cells). Moreover, for none of the brain regions, significant changes in the number 

of cells that showed tdTomato-GAD67, c-Fos-GAD67 or tdTomato-c-Fos-GAD67 co-

expression were observed (all p’s > 0.66; data not shown). Additionally, relative inhibitory 

tone, calculated as the number of cells showing co-expression of either tdTomato with 

GAD67 or of c-Fos with GAD67, divided by the total number of cells expression either 

tdTomato or c-Fos, was overall very low (<1%) and not affected by yohimbine administration 

or type of (re-)exposed object (all p’s > 0.34; data not shown). Thus, these findings suggest 

that the changes in the number of cells expressing tdTomato and/or c-Fos described above 

likely reflect an increase in excitatory activity. 
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Experiment 2   
Effect of posttraining silencing of the BLA-aIC pathway on noradrenergic activation 
induced enhanced detailedness of object memory  

Given the evidence that noradrenergic effects on object recognition memory critically 

depend on BLA interactions with the aIC (Chen et al., 2018), we next examined whether 

selectively silencing the BLA-aIC pathway (Figure 3A) during the memory consolidation 

period by means of DREADD would block the effect of yohimbine administration on 

enhanced memory detailedness. The low dose of clozapine (0.03 mg/kg) we used in our 

experiment effectively inhibited activity of the BLA-aIC pathway in animals expressing 

hM4D(Gi), reported by a significant lower c-Fos expression in aIC-projecting BLA (mCherry-

expressing) neurons 1 h after object discrimination training and posttraining yohimbine 

administration (independent samples t-test: t(5) = 7.68, p < 0.001 vs control virus;  Figure 3C).  

 

Two-way ANOVAs for total object exploration time and total distance moved revealed no 

significant effects of drug condition, type of DREADD virus, or drug condition × type of 

DREADD virus interaction effect during the training (all p’s > 0.86, Table S3) or retention 

test (all p’s > 0.80, Figure S4). 

 

In mice treated with the control virus, a two-way mixed ANOVA for the two discrimination 

indexes verified a significant main effect of type of object (F(1,21) = 9.70, p < 0.001), as well 

as a significant drug condition × type of object interaction effect (F(1,21) = 5.66, p = 0.03), 

without a main effect of drug condition (F(1,21) = 2.06, p = 0.17, Figure 3E). Similar to what 

was observed in Experiment 1, the DIdissimilar of mice treated with yohimbine did not differ 

significantly from that of saline-treated animals (independent samples t-test: t(21) = 0.14, p = 

0.89), with both drug condition groups displaying a DIdissimilar that was significantly greater 

than zero (saline: t(11) = 3.91, p = 0.003; yohimbine: t(10) = 3.22, p = 0.009), indicating that 

mice of both treatment groups identified the dissimilar object as a novel object. However, 

again, a significant effect of yohimbine treatment on the mice’ ability to identify the similar 

object as novel object was observed (independent samples t-test: t(21) = 2.43, p = 0.02,). 

Whereas the DIsimilar of mice treated with saline did not differ from chance level (t(11) = 0.31, 

p = 0.76), the DIsimilar of mice treated with yohimbine was significantly greater than zero (t(10) = 

3.16, p = 0.01). These findings thus verified that the yohimbine treatment induced a more 

detailed memory of the training object in mice treated with the control virus. 
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Next, we examined whether we could block this yohimbine effect on memory detailedness 

by silencing the BLA-aIC pathway posttraining. A two-way mixed ANOVA for the two 

discrimination indexes indicated a significant main effect of type of object (F(1,21) = 10.00, p 

= 0.005), but no significant main effects of drug condition (F(1,21) = 0.14, p = 0.72) or 

significant drug condition × type of object interaction effect (F(1,21) < 0.001, p = 1.00, Figure 

3E). In this group, neither the DIdissimilar (independent samples t-test: t(21) = 0.38, p = 0.71) nor 

DIsimilar (independent samples t-test: t(21) = 0.26, p = 0.80) of mice treated with yohimbine 

differed significantly from that of saline-treated mice. Further, one-sample t-tests indicated 

that the DIdissimilar of mice of both drug condition groups was significantly greater than zero 

(saline: t(11) = 2.64, p = 0.02; yohimibine: t(10) = 3.00, p = 0.01), whereas the DIsimilar of both 

mice treated with saline or yohimbine did not differ from chance (saline: t(11) = 0.17, p = 0.87; 

yohimbine: t(10) = 0.48, p = 0.64). Comparison between viruses indicated a significant effect 

of DREADD inhibition on the DIsimilar of mice treated with yohimbine (t(21) = 2.13, p = 0.04), 

with no other significant differences between both virus conditions (all p’s > 0.34). These 

findings thus revealed that the DREADD inhibition of the BLA-aIC pathway selectively 

impaired the mice’ ability to discriminate the similar, but not the dissimilar, object from the 

familiar one, under yohimbine treatment. 
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Figure 3. Silencing of the basolateral amygdala – anterior insular cortex pathway blocks the effect of 
posttraining noradrenergic activation on the detailedness of object memory. A, To ensure selective 

hM4D(Gi) expression in basolateral amygdala (BLA) neurons projecting to the anterior insular cortex (aIC), 
AAVrg.hSyn.HI.eGFP-Cre.WPRE.SV40 Cre-expressing retrograde virus was injected bilaterally into the aIC, 

and Cre-dependent AAV9-hSyn-DIO-hM4D(Gi)-mCherry or its control virus AAV9-hSyn-DIO-mCherry was 

delivered bilaterally into the BLA. B, Example images demonstrating aIC-projecting BLA neurons expressing 
Cre-dependent hM4D(Gi) containing mCherry (red), and neurons expressing the Cre-expressing retrograde virus 
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containing EGFP that was injected in the aIC (green). C, The low dose of clozapine (0.03 mg/kg) effectively 

inhibited activity of the BLA-aIC pathway in animals expressing hM4D(Gi) reported by a significant lower c-Fos 

expression in aIC-projecting BLA (mCherry-expressing) neurons 1 h after object discrimination training and 

posttraining yohimbine administration (Control: n = 3, hM4D(Gi): n = 4). D, Experimental design of the object 
discrimination task. Mice could freely explore three identical objects for 3 min. An immediate posttraining injection 

of yohimbine (YOH, 0.3 mg/kg) or saline was given intraperitoneally, followed by an intraperitoneal injection of 

clozapine (0.03 mg/kg). Retention was tested 1 day later. On the retention test, one object was identical to the 
training object (i.e., familiar object), one novel object was highly similar to the training object and another novel 

object was dissimilar to the training object. E, In mice expressing the control virus, yohimbine treatment induced 

accurate discrimination of the similar object relative to the familiar one. However, in mice expressing the hM4D(Gi) 
virus, this yohimbine-induced discrimination of the similar object was not found. All groups discriminated the 

dissimilar object relative to the familiar one, which was not affected by yohimbine treatment (Saline-Control: n = 

12, YOH-Control: n = 11, Saline-hM4D(Gi): n = 11, YOH-hM4D(Gi): n = 12,). Data are shown as mean ± SEM, 

dots represent individual data points. * p < 0.05, ** p < 0.01 vs. chance level; # p < 0.05 vs. saline group; ❖  p < 

0.05, ❖❖  p < 0.01 between DREADD virus. 

 

 

Discussion 
This study was aimed at investigating the neural mechanisms underlying the effect of 

posttraining systemic yohimbine administration on the enhancement of memory 

detailedness in an object discrimination task. We first validated that posttraining 

noradrenergic activation in TRAP2 mice was able to enhance memory detailedness. In an 

object re-exposure task, we found that the yohimbine treatment generally increased 

neuronal activation within the aIC after exposure to the familiar object, whereas it increased 

overall neuronal activation within the PRh after exposure to the dissimilar object. Besides 

this general effect on retention-induced neuronal activity, a similar effect was observed in 

terms of reactivation of the neurons originally activated during the learning trial, with 

yohimbine increasing reactivation in the aIC and PRh in response to the familiar and 

dissimilar objects, respectively. These findings support the idea that these two brain regions 

might be involved in the detection of familiarity and novelty information, respectively. Most 

interestingly, yohimbine increased neuronal activation in both of these brain regions after 

exposure to the similar-looking novel object, suggesting that the display of memory 

detailedness requires a coordinated recruitment of the neural circuits implicated in both 

familiarity and novelty detection. Whereas yohimbine treatment did not affect overall activity 

in the BLA during either training or (re-)exposure, it increased the reactivation of neurons 

involved in object learning when exposed to the similar object, indicating that noradrenergic 

activation increases the activation of a subset of BLA neurons involved in modulating 

memory consolidation upon detection of a similar object. Finally, we found that inactivation 
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the BLA-aIC pathway with an inhibitory DREADD manipulation after the training session 

selectively blocked the enhancing effect of noradrenergic activation on memory detailedness, 

but that this inactivation did not affect recognition memory per se.  

 
Extensive evidence indicates that noradrenergic activation, as induced by emotional arousal, 

enhances the consolidation of memory processing, including object recognition memory 

(Ferry et al., 1999; McGaugh, 2004; Roozendaal et al., 2008; Roozendaal & McGaugh, 2011; 

Song et al., 2020). However, whether such memory enhancement also influences the quality 

and longevity of such memories remained largely elusive. In Chapter 3, we first examined 

this question by training and testing mice on an object discrimination task. Our findings 

indicated that posttraining administration of the noradrenergic stimulant yohimbine 

enhanced the detailedness of object recognition memory at a 1-day retention test, but that 

this memory detailedness was progressively lost when animals were tested at 7 and 14 days 

after the training session. Comparable to those findings, here we show, in TRAP2 mice, that 

yohimbine administration enhanced memory detailedness at a 3-day retention test. We used 

TRAP2 mice (Guenthner et al., 2013; DeNardo et al., 2019) in the current study as this 

enabled us to investigate the effects of noradrenergic enhancement on the neuronal activity 

during both the consolidation phase and (re-)exposure to a specific object, as well as the 

overlap between these two neuronal activity patterns. We selected a 3-day retention interval 

for this study as it takes a minimum of 72 h to induce sufficient expression of tdTomato in 

activated cells after the 4-OHT injection (Guenthner et al., 2013).  

 

Previous findings in Chapter 3 indicated that posttraining yohimbine administration 

increased retention-induced c-Fos expression within both the aIC (AID and AIV) and PRh, 

and that this increased activity positively correlated with the mice’ ability to discriminate the 

similar object, but not dissimilar object. However, in that experiment we were unable to 

determine whether this increased activation was induced as a result of exploring the familiar, 

similar, or dissimilar object, and thus the detection of familiarity vs. novelty. Therefore, in this 

experiment, we examined retention-induced neuronal activity after (re-)exposure to only a 

single type of object. We found here that tdTomato expression, reflecting neuronal activity 

during the memory encoding and consolidation phase, was generally very low (i.e., much 

lower than the number of cFos-expressing cells in response to object (re-)exposure), 

suggesting a lower sensitivity of this labeling system compared to regular 

immunohistochemistry, with sub-threshold expression of c-Fos not inducing fluorescent 

labeling. Moreover, the yohimbine administration did not induce any marked changes in the 

number of tdTomato-expressing neurons within the three brain regions we investigated. 
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These findings were rather unexpected as we previously found that a memory-enhancing 

dose of norepinephrine administered into the BLA after a standard object recognition training 

session induced a large reduction in neuronal activity within the aIC 1 h later, determined by 

a decreased number of neurons expressing either the phosphorylated form of the 

transcription factor cAMP response element-binding (pCREB) protein or the neuronal 

activity marker c-Fos (Chen et al., unpublished findings). In addition, previous rat studies 

indicated that neuronal activity within the PRh is increased in response to the presentation 

of novel visual stimuli (Wan et al., 1999) or an episodic-like object recognition task 

(VanElzakker et al., 2008; Barbosa et al., 2013). Moreover, human neuroimaging studies 

have reported on higher PRh activity during the encoding of items that were subsequently 

remembered (Bisby et al., 2016). As previous findings have suggested a dynamic regulation 

of neuronal activity following stress hormone administration, with activity in the aIC initially 

being increased in response to salience and emotional arousal, but suppressed in its later 

aftermath (Hermans et al., 2014), the time window during which neuronal activity is labeled 

in these transgenic mice (up to 5-6 h post 4-OHT injection), might be too long to detect such 

transient changes.  

 

However, yohimbine administration induced some very interesting and novel findings with 

respect to the pattern of neuronal activity in response to the object (re-)exposure session. 

In saline-treated animals, we found no differences in neuronal activity within the aIC in 

response to exposure to the three different objects, whereas neuronal activity within the PRh 

was higher in response to the dissimilar object compared to the familiar or similar object. 

This finding is thus in concordance with our behavioral results indicating that saline-treated 

animals were able to successfully discriminate the dissimilar, but not similar, object from the 

familiar one. In yohimbine-treated animals we however found that neuronal activity was 

significantly higher within the aIC in response to the familiar object, whereas neuronal 

activity within the PRh was higher in response to the dissimilar object. These findings thus 

strongly suggest that the aIC and PRh might play a different role in the detection of familiarity 

and novelty information, respectively. Extensive evidence indicates that both the aIC and 

PRh are critically involved in object recognition memory (Ennaceur & Aggleton, 1997; 

Bermudez-Rattoni et al., 2005; Norman & Eacott, 2005; Balderas et al., 2008; Albasser et 

al., 2009; Roozendaal et al., 2010; Banks et al., 2014; Bermudez-Rattoni, 2014; Olarte-

Sánchez et al., 2015), but only a few studies have investigated their role in specific aspects 

of recognition memory. One study revealed that the PRh might be involved in the 

discrimination of overlapping representations in object recognition memory via a cellular 

process that resembles pattern separation, and that such mechanisms are only recruited 
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when discrimination of similar objects is required (Miranda et al., 2017). Moreover, highly 

consistent with our present observation, findings of a human neuroimaging study indicated 

that the aIC is one of the brain structures which activity is increased with familiarity strength, 

whereas the PRh is involved in novelty detection (Kafkas & Montaldi, 2014). In support for 

a role of the aIC in detecting familiarity, we previously found that enhancing gene expression 

within the aIC after an object training experience, by posttraining administration of the 

histone deacetylase inhibitor sodium butyrate, selectively reduced the exploration of the 

familiar object on the retention test (i.e., reflecting a better memory of the training object), 

but that this manipulation did not affect exploration of a novel object.  

 

Interestingly, the yohimbine effect on enhancing memory detailedness was paralleled by an 

increased neuronal activity within both the aIC and PRh after exposure to the similar object. 

We found a similar, but much less pronounced, effect of yohimbine on the reactivation rate 

of neurons in the AIV and PRh after exposure to the similar object, possibly explained by 

the increased (re-)exposure-induced activity. An interesting observation was that this 

increased c-Fos expression in response to the similar object within the AIV was most 

pronounced in layers II/III, whereas in the PRh it was strongest in layers V/VI.  Early tracing 

studies in rats have indicated that the cortical efferents arise in deep layers (Insausti et al., 

1997), whereas the superficial cortical layers (I-III) are regarded more as ‘input layers’ 

(Sewards & Sewards, 2003). Moreover, previous studies in rats revealed that BLA-projecting 

neurons in the PRh originate predominantly from layers V/VI (McIntyre et al., 1996), whereas 

a more recent study showed that the BLA-projecting cells in the IC are largely confined to 

both layers II and V (Haaranen et al., 2020). As such, these findings seem to suggest that 

noradrenergic activation modulates the input of the AIV and the output of the PRh. These 

findings suggest that memory detailedness requires a coordinated activation of the neural 

circuits involved in both familiarity and novelty. This would be consistent with the findings of 

a neuroimaging study that concluded that although the neural systems responsible for 

processing familiar and novel stimuli are non-overlapping, they are functionally connected 

(Kafkas & Montaldi, 2014; Molas et al., 2017). Interestingly, whereas overall neuronal activity 

in the BLA - during both memory consolidation and recall - was not affected by posttraining 

noradrenergic stimulation, yohimbine treatment significantly increased the reactivation of 

memory encoding neurons upon exposure to the similar object. These findings indicating 

that, during the detection of the similar object, noradrenergic activation induces an increased 

recruitment of the BLA neurons originally activated during learning, suggesting an enhanced 

activation of a memory-modulating BLA-originating circuit, potentially activating the aIC and 
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PRh. Future studies should however investigate the projection sites of these reactivated 

cells.  

 

Another objective of the present study was to examine the role of the BLA-aIC pathway in 

mediating the effect of yohimbine administration on the enhancement of memory 

detailedness. Many previous studies have shown that the BLA and aIC closely interact in 

mediating the effect of emotional arousal or specific pharmacological manipulations on 

different forms of recognition memory (Miranda & McGaugh, 2004; Miranda et al., 2008; 

Beldjoud et al., 2015; Rodríguez-Durán et al., 2017; Chen et al., 2018). Previous findings 

from our lab indicated a particularly important role for a functional interaction between the 

BLA and aIC in mediating the memory-enhancing effect of norepinephrine on object 

recognition memory (Beldjoud et al., 2015; Chen et al., 2018). In conditioned taste aversion, 

an electrophysiological study showed that long-term potentiation in the BLA-IC pathway 

strengthens long-term memory, whereas long-term depression in this pathway facilitates 

extinction of this memory (Rodríguez-Durán et al., 2017). However, these studies did not 

provide evidence for the involvement of the direct anatomical pathway the IC and BLA 

(McDonald & Jackson, 1987; Shi & Cassell, 1998; Gehrlach et al., 2020) between both brain 

regions in the modulation of object recognition memory, nor the modulation of its 

detailedness. In this study, we found that silencing of the BLA-aIC pathway with a 

posttraining DREADD manipulation selectively blocked the effect of systemic yohimbine 

administration on the enhanced memory detailedness and impaired the ability of mice to 

discriminate the similar object from the familiar one. Noteworthy, silencing of the BLA-aIC 

pathway did not impair the ability of mice to discriminate the dissimilar object. Further, 

clozapine administration did not appear to alter retention performance in control animals. 

These findings thus indicate that the inhibitory chemogenetic manipulation did not impair 

object recognition memory as such, but rather impaired the effect of noradrenergic activation, 

which is in line with many previous findings indicating that BLA is not the storage site of the 

enhanced memories (Packard et al., 1994; Cahill & McGaugh, 1998), but a node of 

modulation such that stress hormones require an intact BLA in order to exert their actions 

on other brain regions (McGaugh et al., 1996; Roozendaal et al., 1996; Ikegaya et al., 1997; 

Setlow et al., 2000; Roozendaal et al., 2001; McReynolds et al., 2010; Roozendaal & 

McGaugh, 2011; Holloway-Erickson et al., 2012). As the IC and BLA are reciprocally 

connected, future experiments should also investigate whether the pathway from the aIC to 

the BLA plays a role in mediating this effect.  
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In summary, the present findings indicate the intriguing possibility that the aIC and PRh 

might each play a very specific role in mediating the effect of noradrenergic activation on 

memory detailedness, and confirm the critical role of the BLA-aIC circuit in the effect of 

noradrenergic activation on the detailedness of object memory. As such, they pave the way 

for a further investigation of other related specific neural circuits, such as the BLA-PRh, aIC-

BLA and PRh-BLA pathways, as well as the molecular underpinnings of these effects.  
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Supplementary Materials  
 
 
 

 
 
 
Figure S1. Diagram illustrating the different regions of interest. Agranular insular cortex dorsal part (AID) 

and agranular insular cortex ventral part (AIV); perirhinal cortex (PRh) and basolateral amygdala (BLA). The 
yellow squares and circle show the exact locations in which the number of neurons was counted within each 

region of interest. Scale bar = 500 μm. Other abbrevations: aIC, anterior insular cortex; aGI, anterior granular 

insular; aDI, anterior dysgranular insular. 
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Figure S2. Effect of yohimbine treatment on the total exploration time and the total distance moved 
during the retention test. Yohimbine treatment did not affect the total exploration time of the three objects or 
the total distance moved by the mice at the 3-day (A, Saline: n = 15, YOH: n = 14) or 7-day (B, Saline: n = 15, 

YOH: n = 14) retention test. Data are shown as mean ± SEM, dots represent individual data points. 

 

 

Figure S3. Effect of yohimbine treatment on the total exploration time and the total distance moved 
during the (re-)exposure session. Yohimbine treatment did not affect the total exploration time of the three 

objects or the total distance moved by the mice at the 3-day (re-)exposure session (familiar object (F), similar 

object (S), dissimilar object (D); Saline-F: n = 10, Saline-S: n = 10, Saline-D: n = 10, YOH-F: n = 10, YOH-S: n 
= 10, YOH-D: n = 10). Data are shown as mean ± SEM, dots represent individual data points. 
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Figure S4. Effect of yohimbine treatment and DREADD manipulation on the total exploration time and 
the total distance moved during the retention test. Yohimbine treatment or DREADD manipulation did not 

affect the total exploration time of the three objects (A) or the total distance moved (B) by the mice during the 
retention test (Saline-Control: n = 12, YOH-Control: n = 11, Saline-hM4D(Gi): n = 11, YOH-hM4D(Gi): n = 12). 

Data are shown as mean ± SEM, dots represent individual data points. 
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Table S1. Training data of the object discrimination memory task – Experiment 1 

Training data items Saline YOH 0.3 mg/kg 

Object exploration time (s) 8.6 ± 0.2 8.6 ± 0.2 

Total distance moved (m)         12.2 ± 0.4     13.1 ± 0.5 

 
Data are shown as mean ± SEM. 
 
 
 
 
 
Table S2. Training data of the object (re-)exposure task– Experiment 1 

Training data items Saline YOH 0.3 mg/kg 

Object exploration time (s) 9.9 ± 0.4 9.9 ± 0.3 

Total distance moved (m)         12.8 ± 0.5     13.0 ± 0.7 

 
Data are shown as mean ± SEM. 
 
 
 
 
 
 
Table S3. Training data of the object discrimination memory task – Experiment 2 

 
 
Data are shown as mean ± SEM. 
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Summary and general discussion 
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In this thesis, I investigated whether noradrenergic activation influences the detailedness of 

object recognition memory and its underlying neural mechanisms. This question was raised 

based on extensive evidence indicating that stress and emotional arousal have a very 

powerful impact on many aspects of learning and memory, ranging from the initial encoding 

to the storage and retrieval of information processing (McGaugh, 2003, 2013). Prior 

experiments have extensively investigated how stress and emotional arousal can enhance 

the strength of these memories. Such better memory for emotionally arousing events is 

typically a highly adaptive survival mechanism which helps us to remember significant life 

experiences (McGaugh, 2003). In fact, this phenomenon was already known in medieval 

times: To induce a lasting memory for a specific occasion, children were thrown into a river 

(to induce a stress response) after they witnessed an important event like a wedding or 

granting of land to a township (McGaugh, 2003). However, to what extent stress and 

emotional arousal also influence the quality of such memories, in terms of their accuracy 

and detailedness, had been much less examined.  

 

Human behavioral studies have indicated that emotional memories could be altered in their 

quality as well, though the findings are conflicting: Some studies showed that emotional 

arousal enhances the accuracy of memory (Porter et al., 2008; Hoscheidt et al., 2014), 

whereas other studies reported that emotional memories are remembered in a more 

generalized manner (Morgan III et al., 2004), recalled with overconfidence (Talarico & Rubin, 

2003) or subject to incorporation of misinformation (Payne et al., 2002; Sharot et al., 2004; 

Rimmele et al., 2011). It is obvious that an impaired memory accuracy can have severe and 

maladaptive consequences. For example, aberrant memory processing of stressful events, 

inducing strong, but less specific, fear memories, is thought to be a major risk factor for the 

development of post-traumatic stress disorder and phobias (Lissek et al., 2005; de Quervain 

et al., 2017; Lis et al., 2020). Besides such clinical implications, disturbances in memory 

accuracy are also relevant to certain societal issues, e.g. accuracy of retrieved memories of 

eyewitness testimony in a courtroom or the emotional enhancement theories in didactics 

and education (Friedlander et al., 2011; Lacy & Stark, 2013). Therefore, it is important to 

gain more understanding of the effects of stress and emotional arousal on the brain in 

regulating not only the strength of memory, but also its accuracy or detailedness.  

 

Extensive evidence indicates that the strengthening of memory involves synergistic actions 

of both norepinephrine and glucocorticoid hormones (corticosterone in rodents, cortisol in 

humans) (McGaugh & Roozendaal, 2002; Joëls et al., 2011; Roozendaal & McGaugh, 2011; 

Schwabe et al., 2012; de Quervain et al., 2017). Additionally, many other hormones, 
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neurotransmitters and peptides were found to have modulatory effects on memory 

consolidation (Izquierdo et al., 2004; Roozendaal & McGaugh, 2011). However, little is 

known concerning the specific modulators that regulate the effect of emotional arousal on 

memory accuracy. Interestingly, recent studies from our laboratory indicated that 

norepinephrine and corticosterone exert opposite effects on memory accuracy (Bahtiyar et 

al., 2020). In studies in rats, we showed that posttraining noradrenergic activation enhanced 

both the strength and accuracy of memory on an episodic-like inhibitory avoidance 

discrimination task (Atucha & Roozendaal, 2015; Atucha et al., 2017; Roozendaal & Mirone, 

2020), whereas corticosterone administration induced a strengthened, but generalized, 

memory for that training (Roozendaal & Mirone, 2020). These findings on the opposite effect 

of the two stress hormones on memory accuracy could possibly explain, at least in part, the 

contradictory results in humans. 

 

Here, I will further focus on the effect of norepinephrine on the accuracy of memory. As I 

described above, previous rodent studies have provided strong evidence that noradrenergic 

activation is crucially involved in strengthening the consolidation of long-term memory of 

emotional experiences (McGaugh, 2004; Aston-Jones & Cohen, 2005; Sara, 2009; 

Roozendaal & McGaugh, 2011; Takeuchi et al., 2016). Further, in recent studies, we have 

shown that such noradrenergic activation not only increases the strength, but also the 

accuracy, of hippocampus-dependent episodic-like memories (Atucha & Roozendaal, 2015; 

Atucha et al., 2017; Roozendaal & Mirone, 2020). Moreover, we have found that 

noradrenergic activation during the consolidation period keeps the memories accurate over 

time by maintaining long-term hippocampal involvement in the memory (Atucha et al., 2017). 

However, it is currently unknown whether noradrenergic activation also enhances accuracy 

or detailedness of other forms of memories, such as recognition memory, that depend on 

cortical brain regions (Ennaceur & Aggleton, 1997; Bermudez-Rattoni et al., 2005; Norman 

& Eacott, 2005; Balderas et al., 2008; Albasser et al., 2009; Roozendaal et al., 2010; Banks 

et al., 2014; Bermudez-Rattoni, 2014; Olarte-Sánchez et al., 2015). In this thesis, I therefore 

performed a series of experiments in mice to investigate whether noradrenergic activation 

enhances the detailedness of object recognition memory and its underlying cellular 

mechanisms. 

 

 

Summary of main findings 
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In Chapter 2, I first validated the effect of noradrenergic activation on the consolidation of 

object recognition memory in mice. Although many previous studies have examined the 

effect of noradrenergic activation on memory, including object recognition memory, these 

studies were all performed in rats (Dornelles et al., 2007; Jurado-Berbel et al., 2010; Nirogi 

et al., 2012). However, due to the wide variety of available transgenic lines, in recent years 

mice became preferred as experimental animal model for neural circuitry-based 

investigations that could be optimally combined with new technologies such as optogenetics 

(Deisseroth, 2011) or DREADD (Sternson & Roth, 2014). It had not been examined whether 

pharmacological augmentation of noradrenergic signaling, thus on top of endogenous 

noradrenergic activity, can enhance memory consolidation in mice, which exhibit different 

cognitive abilities and show higher endogenous arousal levels compared to rats (Hok et al., 

2016; Stepanichev et al., 2016). 
 

Therefore, in this Chapter, I performed the object recognition memory and object location 

memory tasks in mice. In both tasks, the animals were given a short 3-min training trial 

during which they could explore two identical objects. For object recognition, memory for the 

object encountered during the training was determined by a preferred exploration of a novel 

object over the familiar object on the retention trial. Memory for the location of an object was 

determined by a preferred exploration of an object that had been moved to a new location 

on the retention trial. I could show that a systemic posttraining injection of yohimbine, a 

noradrenergic stimulant which increases noradrenergic signaling in the brain (Szemeredi et 

al., 1991), was able to enhance both the "what" (object identity) and "where" (object location) 

components of object recognition memory (Song et al., 2020). These findings were highly 

similar to those of previous studies in rats (Dornelles et al., 2007; Jurado-Berbel et al., 2010; 

Nirogi et al., 2012), and made it possible for me to subsequently investigate the effects of 

noradrenergic activation on the detailedness of object recognition memory in mice. 

 

In Chapter 3, I therefore examined whether noradrenergic activation and training duration 

influences the detailedness of object recognition memory, and how this is altered over time. 

As the standard object recognition paradigm (which is based on discrimination of a familiar 

object vs a novel object) does not allow for the investigation of memory detailedness, I first 

had to setup a novel memory task, termed the object discrimination task, in which I could 

assess memory detailedness. In this task, I use three different test objects (familiar object, 

similar object and dissimilar object) that vary in their resemblance with the training object. I 

found that when mice were trained for a brief 3-min period, they were able to discriminate 

the dissimilar object, but not the similar object, from the familiar one 1 day later. However, if 
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the animals had received more extensive training for 10 min, they were also able to 

discriminate the similar object. Thus, these findings indicate that this more extensive training 

created a more detailed memory of the training object. Noradrenergic activation with 

yohimbine given after a 3-min training trial was found to have a very similar enhancing effect 

on the detailedness of this memory when the animals were tested at 1 day after the training 

session. However, this yohimbine effect on enhanced detailedness became gradually lost 

when I tested the animals at 7 and 14 days after the training session, indicating that 

noradrenergic activation did not have any major effect on the maintenance of the memory 

over time.  

 

To understand how yohimbine can enhance detailedness of object memory, I assessed 

retention-induced neuronal activity within several brain regions that are known to be involved 

in recognition memory (Ennaceur & Aggleton, 1997; Bermudez-Rattoni et al., 2005; Norman 

& Eacott, 2005; Balderas et al., 2008; Albasser et al., 2009; Roozendaal et al., 2010; Banks 

et al., 2014; Bermudez-Rattoni, 2014; Olarte-Sánchez et al., 2015). I found that retention-

induced neuronal activity in yohimbine-treated animals was increased in the anterior insular 

cortex (aIC) and perirhinal cortex (PRh), but not in the posterior insular cortex (pIC) or 

basolateral amygdala (BLA). I further found that this increased retention-induced neuronal 

activity within both the aIC and PRh was positively correlated with the mice’ ability to 

discriminate the similar object, but not dissimilar object.  

 

Furthermore, consistent with the behavioral finding that the yohimbine effect on memory 

detailedness was gradually lost over time, I found no yohimbine effect on retention-induced 

neuronal activity at such later retention intervals. These findings strongly suggest that the 

animals do not only show a reduction in memory detailedness over time, but that there 

appears to be a complete loss of memory for the training object. Moreover, these findings 

also indicate that, unlike episodic-like memories, such cortex-dependent object memories 

seemingly do not follow a systems consolidation process (Zola-Morgan et al., 1986; Squire 

& Alvarez, 1995; Frankland et al., 2004; Wiltgen & Silva, 2007; Winocur & Moscovitch, 2011; 

Wiltgen & Tanaka, 2013). 

 
In Chapter 4, I further investigated the role of the aIC and PRh in regulating the effect of 

noradrenergic activation on memory detailedness. In Chapter 3, I showed that 

noradrenergic activation increased retention-induced neuronal activity within both the aIC 

and PRh. However, that experimental design did not allow me to draw any conclusions as 

to whether this activity was induced by exploration of the familiar or similar object, and 
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whether these two brain regions have a similar or different role in this process. Therefore, in 

this Chapter I assessed retention-induced neuronal activity within these two brain regions 

after exposure to only a single object. Further, I aimed to determine to what extent those 

neurons were also active during the training and consolidation period by comparing this 

retention-induced neuronal activity with the pattern of neuronal activity during the 

training/consolidation period (i.e., reactivation rate). For this, I made use of a newly 

developed transgenic mouse line, termed the FosTRAP2 × tdTomato mice, in which an 

injection of the estrogen receptor agonist 4-hydroxytamoxifen (4-OHT) induces the 

permanent labeling of active (i.e., immediate-early gene c-Fos-expressing) neurons in a 

specific time window (Guenthner et al., 2013; DeNardo et al., 2019). This transgenic line is 

able to tag the neuronal representations activated during training and consolidation, which 

can be compared to later (re-)exposure-induced neuronal activity.  

 

I first showed that posttraining yohimbine administration to these FosTRAP2 × tdTomato 

mice, highly comparable to wild-type mice, enhanced the detailedness of object memory. 

Next, in the object (re-)exposure task, I found that yohimbine treatment increased neuronal 

activity within the aIC after exposure to the familiar object, whereas it increased neuronal 

activity within the PRh after exposure to the dissimilar object. These findings thus support 

the idea that the aIC and PRh might be involved in the detection of familiarity and novelty 

information, respectively (Kafkas & Montaldi, 2014; Chen et al., 2018). Most importantly, 

yohimbine increased neuronal activity within both the aIC and PRh after exposure to the 

similar object, suggesting that the display of memory detailedness requires a coordinated 

recruitment of the neural circuits implicated in both familiarity and novelty detection. Further, 

I found that the neuronal activity changes within the aIC, particularly the agranular insular 

cortex ventral part (AIV), were most pronounced within layers II/III, whereas the effects in 

the PRh were strongest in layers V/VI, which might reflect specific alterations in incoming vs 

outgoing information processing, respectively (Sewards & Sewards, 2003).  

 

Unfortunately, tdTomato expression, reflecting neuronal activity during the memory 

encoding and consolidation phase, was generally very low, suggesting a lower sensitivity of 

this labeling system compared to regular immunohistochemistry. Moreover, yohimbine 

administration did not induce any marked changes in the number of tdTomato-expressing 

neurons within the brain regions we investigated. As will be discussed below, these findings 

were rather unexpected, but it is likely that the time window during which neuronal activity is 

labeled in these transgenic mice (up to 5-6 hours post 4-OHT injection) might be too long to 

detect any transient changes (Guenthner et al., 2013). Further, I found that posttraining 
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yohimbine treatment did not affect the reactivation rate of neurons within the aIC or PRh. 

However, an interesting observation was that yohimbine significantly increased the 

reactivation rate of neurons within the BLA upon exposure to the similar object, thus 

indicating that noradrenergic activation increases the reactivation of a subset of BLA 

neurons involved in modulating memory consolidation upon detection of a similar object.  

 

In the second experiment, I investigated whether the effect of yohimbine on memory 

detailedness is dependent on BLA projections to the aIC. An inhibitory DREADD 

manipulation (Sternson & Roth, 2014) was applied in order to inactivate the BLA-aIC 

pathway during the post-learning consolidation period. Many previous studies have shown 

that the BLA and IC (mostly not differentiating between the aIC and pIC) closely interact in 

mediating the effect of noradrenergic activity and emotional arousal on different forms of 

recognition memory (Miranda & McGaugh, 2004; Miranda et al., 2008; Beldjoud et al., 2015; 

Rodríguez-Durán et al., 2017; Chen et al., 2018). In this Chapter, I found that selective 

silencing of the BLA-aIC pathway blocked the yohimbine effect on memory detailedness, 

but that it spared the ability of mice to discriminate the dissimilar object. These findings are 

thus consistent with previous evidence indicating that the BLA does not appear to have a 

direct participation in recognition memory but that it mediates the modulatory effects of 

stress hormones by regulating information storage processes in other brain regions 

(McGaugh et al., 1996; Roozendaal et al., 1996; Ikegaya et al., 1997; Setlow et al., 2000; 

Roozendaal et al., 2001; McReynolds et al., 2010; Roozendaal & McGaugh, 2011; 

Holloway-Erickson et al., 2012). 

 
Collectively, these findings indicate that noradrenergic activation enhances the detailedness 

of object memory and that the aIC and PRh might each have a very specific role in this 

behavioral effect. In the following sections, I will further discuss the most interesting findings 

in more detail. 

 

 

Time-dependent effect of posttraining noradrenergic activation on the 

detailedness of object memory  
 
The first major aim of this research was to determine whether posttraining noradrenergic 

activation enhances the detailedness of object memory. Extensive evidence indicates that 

noradrenergic activation is crucially involved in strengthening the consolidation of long-term 

memory (McGaugh, 2004; Aston-Jones & Cohen, 2005; Sara, 2009; Roozendaal & 
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McGaugh, 2011; Takeuchi et al., 2016). These studies typically ascribed a ubiquitous role 

to the BLA (McGaugh, 2004; Roozendaal & McGaugh, 2011) and the locus coeruleus-

norepinephrine system (Aston-Jones & Cohen, 2005; Sara, 2009; Takeuchi et al., 2016) in 

facilitating the consolidation of memory of many different kinds of training experiences, 

though no conclusion was drawn as to whether the noradrenergic activation also enhanced 

the accuracy or detailedness of the memory.  

 

In several recent studies, we have shown that noradrenergic activation not only increases 

the strength, but also the accuracy, of episodic-like memories in an inhibitory avoidance 

discrimination task (Atucha et al., 2017; Roozendaal & Mirone, 2020). In this inhibitory 

avoidance task, rats were trained in two different inhibitory avoidance apparatuses with a 

short interval in between, but footshock was given only in the latter apparatus. The findings 

indicated that whereas control rats were unable to accurately discriminate the context in 

which they had received footshock, rats that had received a systemic injection of yohimbine 

after the training trial showed a highly accurate memory of the training experience on the 

retention test 2 days later as indicated by long retention latencies only in the shock box 

(Roozendaal & Mirone, 2020). Interestingly, the BLA might have a unique role in mediating 

the effect of norepinephrine on enhancing this episodic-like accuracy as norepinephrine 

administration directly into the BLA induced a very similar enhancement of both the strength 

and accuracy of memory on the inhibitory avoidance discrimination task (Atucha et al., 2017), 

whereas norepinephrine administration into the hippocampus only enhanced the strength, 

but not the accuracy, of that memory (Atucha et al. unpublished findings). These two studies 

show that noradrenergic activation, either by systemic administration of the noradrenergic 

stimulant yohimbine or by norepinephrine infusion into the BLA, enhances the episodic-like 

accuracy of memory in a hippocampus-dependent inhibitory avoidance discrimination task. 

 
Noradrenergic activation is also known to enhance the consolidation of object recognition 

memory (Dornelles et al., 2007; Roozendaal et al., 2008; Roozendaal et al., 2009; 

Barsegyan et al., 2014; Beldjoud et al., 2015; Song et al., 2020); yet, the effect of 

noradrenergic activation on the detailedness of object recognition memory had not been 

investigated. In order to assess whether noradrenergic activation could enhance the 

accuracy/detailedness of memory for objects, I developed a new behavioral task. First of all, 

I found that animals after 3 min of object training were not able to discriminate the familiar 

object from a similar-looking object, but were still able to discriminate the training object from 

a dissimilar object, which is highly different from the training object, indicative of having a 

memory for the training object per se. Interestingly, the interpretation of these findings is 
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inconsistent with that of previous findings on the standard object recognition task in both 

mice and rats that indicated that 3 min of object training was insufficient to induce any 24-h 

memory for the training object (Dornelles et al., 2007; Roozendaal et al., 2010; Nirogi et al., 

2012; Chen et al., 2018; Song et al., 2020). However, critically, the two objects used in the 

standard object recognition task are the ones we used as similar objects (i.e., the jar and 

bulb). This suggests that one should reinterpret the lack of memory as reported in these 

original works rather as reflecting a lack of detailed memory.   

 

Further, I found that posttraining systemic yohimbine administration enhanced the 

detailedness of the memory in a highly similar manner as more extensive training did. This 

memory detailedness enabled animals to discriminate the similar object from the training 

object during the 1-day retention test (and 3-day retention test in TRAP2 mice). As such, 

these findings are in line with the memory-enhancing effect of yohimbine as previously 

reported on the standard object recognition task, which in retrospect should be interpreted 

as an increase in memory accuracy for the training object (Roozendaal et al., 2006; Nirogi 

et al., 2012). Notably, in all experiments described in this thesis, noradrenergic activity was 

enhanced by a systemic injection of yohimbine, a centrally acting noradrenergic stimulant 

which induces a brain-wide increase in noradrenergic activity (Szemeredi et al., 1991). 

Previous studies in rats showed that the memory-enhancing effects of systemic yohimbine 

administration on recognition memory are mimicked by the selective administration of 

norepinephrine into the BLA (Roozendaal et al., 2008; Beldjoud et al., 2015). My finding that 

silencing of the BLA-aIC pathway blocked the effect of yohimbine on memory detailedness 

clearly supports the idea that the BLA might also play a critical role in regulating 

norepinephrine effects on the detailedness of object memory. However, future studies 

should confirm this by examining whether norepinephrine administration directly into the 

BLA induces a similar enhancement of memory detailedness in the object discrimination 

task.  

 

A second aim of my experiments was to examine whether such detailed memories induced 

by noradrenergic activation also remain accurate over time. In the study of Atucha et al. 

(2017), noradrenergic activation during memory consolidation was found to keep the 

memories accurate even 28 days later by maintaining long-term involvement of the 

hippocampus in the memory. In contrast, long-term memory of rats given a saline control 

infusion had become generalized at this remote retention interval. These findings in the 

control animals are in line with the hypothesis that episodic memories normally undergo a 

systems consolidation process, such that they are initially dependent on the hippocampus 
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and progressively become more supported by cortical areas (Zola-Morgan et al., 1986; 

Squire & Alvarez, 1995; Frankland et al., 2004; Wiltgen & Silva, 2007; Winocur & Moscovitch, 

2011; Wiltgen & Tanaka, 2013), and suggest that norepinephrine administration into the BLA 

can prevent or slowdown this systems consolidation process and thereby maintain long-

term episodic-like accuracy (Atucha et al., 2017). At apparent contrast to these findings, in 

Chapter 3 and Chapter 4, I found that the mice gradually lost the ability to discriminate both 

the similar and dissimilar objects at the later retention intervals (7 days and 14 days after 

training), with no evidence for yohimbine substantially preventing or slowing down this 

process. These findings are in line with those of a previous mouse study indicating that a 

long-term memory for objects generated by histone deacetylase inhibition (which increases 

gene transcription) was lost 7 days after training (Stefanko et al., 2009). Moreover, the 

(re-)exposure experiment revealed that c-Fos activity in particularly the PRh after exposure 

to the familiar object was stronger at later retention intervals (7 days and 14 days after 

training). As will be further discussed below, such an enhanced neural activity in the PRh 

would be consistent with the hypothesis that the mice processed the objects as being novel 

during the later retention test, which would be indicative of forgetting rather than 

generalization. These findings thus indicate that cortex-dependent object memories 

seemingly do not follow a systems consolidation process. 

 

It should be noted that mouse studies implementing an object-place learning task did 

present evidence for a systems consolidation process by showing an electrophysiological 

correlation between anterior cingulate cortex neuronal activity and object-place memory 

both at a 6 days retention test (Weible et al., 2009), and at 30 days after the last training 

session, suggesting that anterior cingulate cortex neurons are involved in long-term object-

place recognition memory (Weible et al., 2012). Another study using an object-space task 

where animal were exposed to multiple pairs of different objects in different places, also 

confirmed a role for the prefrontal cortex in creating a stable long-term representation of the 

overlapping object location in space (Genzel et al., 2019). However, critically, object 

recognition memory in these tasks involves the integration of memory for the object itself 

with its context and/or place. Although recognition of the object per se has been shown to 

depend on neuronal plasticity in the PRh and IC (Ennaceur & Aggleton, 1997; Bermudez-

Rattoni et al., 2005; Norman & Eacott, 2005; Balderas et al., 2008; Albasser et al., 2009; 

Roozendaal et al., 2010; Banks et al., 2014; Olarte-Sánchez et al., 2015), integrating this 

with its context and/or place involves a network of interacting brain regions (Bussey et al., 

1999; Wan et al., 1999) and is heavily relying on the hippocampus (Mumby et al., 2002; 

Balderas et al., 2008). Therefore, object memory that is incorporated with other components, 



5 

   
 

 
 153 

like place or context, seems to be subject to systems consolidation with the passage of time, 

but my findings did not provide evidence that memory for an object itself undergoes a 

systems consolidation process that could be potentially influenced by noradrenergic activity. 

 

 

Distinct role of the PRh and aIC in novelty and familiarity detection and their 
modulation by noradrenergic activation 
 
Many previous studies have shown that both the aIC and PRh are involved in mediating 

object recognition memory (Ennaceur & Aggleton, 1997; Bermudez-Rattoni et al., 2005; 

Norman & Eacott, 2005; Balderas et al., 2008; Albasser et al., 2009; Roozendaal et al., 2010; 

Banks et al., 2014; Bermudez-Rattoni, 2014; Olarte-Sánchez et al., 2015). Findings from 

human neuroimaging studies have indicated that the role of the PRh and aIC in memory is 

that of detecting novelty and familiarity, respectively (Ranganath et al., 2004; Kafkas & 

Montaldi, 2014). Kafkas & Montaldi (2014) used familiar, novel, or relatively familiar images 

that contained different levels of similarity to the familiar or novel images, and found that the 

brain regions responsive to novelty involved a large-scale network of regions along the 

ventral visual stream, including the PRh, hippocampus and parahippocampal cortex. Further 

studies have indicates that the PRh is particularly important for signaling novelty of an object 

itself or of object-object associations, while other regions such as the hippocampus, 

parahippocampal cortex and retrosplenial cortex are more important for signaling novel 

spatial context and object-context configurations (Wan et al., 1999; Malkova & Mishkin, 2003; 

Norman & Eacott, 2005).  

 

The PRh has been suggested to detect novelty by processes resembling pattern separation 

(Miranda et al., 2017). It facilitates the discrimination of stimuli that display overlapping 

features by coordinating the recollection of the details of a specific item in a multidimensional 

manner; e.g. two items that are similar in only one dimension (like visual, auditory, olfactory, 

or semantic features) could still be represented quite differently by the PRh (Bussey et al., 

2005; Eichenbaum et al., 2007; Graham et al., 2010). A study in monkeys indicated that 

PRh lesions impaired the animals’ ability to discriminate objects that shared many features 

(Bussey et al., 2002). In addition, human studies showed that damage to the PRh was 

associated with an impaired capacity to perceptually discriminate objects with highly 

overlapping features (Barense et al., 2005; Lee et al., 2005; Lee, Buckley, et al., 2006). 

Human imaging studies further provided evidence that PRh activity is increased during 

complex visual discrimination tasks (Lee, Bandelow, et al., 2006), and that this activity is 
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closely related to the accuracy with which this discrimination occurs (O'Neil et al., 2009). 

Interestingly, another study suggested that when highly familiar stimuli are used, no novelty 

signal is triggered within the PRh, as there is simply no novelty to detect (Eldridge et al., 

2005; Yonelinas et al., 2005). These findings are thus in line with my findings of Chapter 4 

indicating that the PRh showed increased activity after (re-)exposure to novel and similar 

objects, but not to the familiar object. Moreover, these studies indicate a crucial role for the 

PRh in discriminating similar, yet distinct, representations, which is in line with our current 

findings of increased PRh activity in response to the similar object after posttraining 

yohimbine treatment being related to enhanced memory detailedness, as observed in 

Chapter 4.  

 

In contrast, human work has indicated that the neural network supporting familiarity 

detection includes the dorsomedial thalamic nucleus, medial prefrontal cortex and medial 

and lateral parietal cortex, including the IC (Kafkas & Montaldi, 2014). Other studies found 

that the aIC, rather than the IC as a whole, became robustly activated by the presentation 

of familiar words (Kikyo et al., 2002; Craig & Craig, 2009) or music (Platel et al., 1997), which 

supports a specific role of the aIC in familiarity detection. My findings of Chapter 4 indicating 

that the aIC showed increased activity after (re-)exposure to familiar objects are in line with  

these human findings. It has been suggested that the dorsomedial thalamic nucleus in fact 

might orchestrate familiarity detection in this network by combining information from novelty-

sensitive regions, such as the PRh and parahippocampal cortex, with the prefrontal cortex, 

which in turn performs familiarity computations (Kafkas & Montaldi, 2018). The PRh is 

closely connected with the brain systems involved in familiarity detection such as the aIC 

(Kealy & Commins, 2011), which supports such coordinated response to detect familiarity 

vs. novelty. To assess potential crosstalk between the aIC and PRh, we tested whether 

activity of these two regions during the processing of the similar item was correlated. Indeed, 

we observed a significant positive correlation between neural activity of the AIV and of the 

PRh (r = 0.66, p = 0.04). Interestingly, this association was only found in yohimbine-treated 

animals during the exploration of the similar object, and thus supports the idea that the 

display of memory detailedness requires functional interactions between the neural systems 

involved in novelty and familiarity detection. However, also other mechanisms underlying 

familiarity detection have been proposed, such that the anterior temporal system facilitates 

the detection of familiar features based on past experiences, encoded by the amygdala and 

orbitofrontal cortex which extract information about the salience and value of items to guide 

future evaluations (Ranganath & Ritchey, 2012). Since there are dense connections 

between the anterior temporal system and the aIC (Höistad & Barbas, 2008), it might be that 
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the familiarity-detection mechanism of the aIC shows a functional commonality with that of 

the anterior temporal system (Kafkas & Montaldi, 2014).  

 

Importantly, aIC and PRh functioning is modulated by noradrenergic activity (in the BLA) 

(Perugini et al., 2012; Laing & Bashir, 2014; Beldjoud et al., 2015; Chen et al., 2018). In 

Chapter 3, I observed that the yohimbine effect on enhancing memory detailedness was 

associated with an increased retention-induced c-Fos expression within both the aIC and 

PRh. In contrast, no changes in c-Fos activity were found within the pIC. This latter finding 

is in line with the more general view that the aIC, but not the pIC, is involved in recognition 

memory (Balderas et al., 2008; Roozendaal et al., 2010; Bermudez-Rattoni, 2014). One of 

our recent rat studies confirmed this by showing that norepinephrine administration into the 

aIC, but not into the pIC, after a 3-min training trial enhanced object recognition memory, 

whereas administration of the b-adrenoceptor antagonist propranolol into the aIC, but not 

the pIC, after a 10-min training trial impaired object recognition memory (Chen et al., 

unpublished findings). Interestingly, Western blot analyses showed that protein levels of 

both the b1-adrenoceptor and b2-adrenoceptor did not differ between the aIC and the pIC 

(Chen et al., unpublished findings), indicating that the selective involvement of the aIC in 

mediating noradrenergic effects on recognition memory was not caused by a higher 

sensitivity of the aIC to the effects of norepinephrine. It is therefore likely that this selective 

involvement of the aIC in object recognition is caused by its specific connectivity pattern with 

other brain regions. The aIC is extensively connected to the frontal lobe and cognitive-

emotion-related areas among which the BLA (Shi & Cassell, 1998), whereas the pIC has 

dense connections with the central amygdala and parietal and temporal lobes (Augustine, 

1996; Shura et al., 2014), but receives only sparse projections from the BLA (Chen et al., 

unpublished findings). In previous experiments, we found that functional interactions 

between the BLA and aIC are involved in regulating object recognition memory. For example, 

we found that an inhibition of noradrenergic activity in the BLA by the administration of 

propranolol blocked the effect of pharmacological manipulations of the aIC on object 

recognition memory (Chen et al., unpublished findings). These findings are consistent with 

my DREADD findings indicating that the BLA-aIC pathway plays an important role in 

regulating noradrenergic effects on the aIC underlying the object recognition memory.  

 

Consistent with the finding that yohimbine administration enhanced memory detailedness 

that was associated with an increased neuronal activity within both the aIC and PRh, we 

previously found that norepinephrine administration into either the aIC or BLA reduced the 

exploration of the familiar object and increased the exploration of the novel object on the 
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retention test of a standard object recognition task (Chen et al., unpublished findings). 

Similarly, in the present study, I found a trend-level significant reduction in the exploration 

of the familiar object (p = 0.07) and a tendency towards increased exploration of the similar 

object (p = 0.09) after systemic yohimbine administration. These findings suggest that the 

enhancement of object recognition memory by noradrenergic activation, either induced 

systemically or locally in the aIC and/or BLA, is associated with an increased ability to detect 

both the familiar and novel object. These findings are thus in line with my neuronal activity 

findings. In the object (re-)exposure task, I found that yohimbine treatment increased the 

(re-)exposure-induced neuronal activity within the aIC after exposure to the familiar object, 

whereas it increased neuronal activity within the PRh after exposure to the dissimilar object. 

These findings are in line with the idea that the aIC and PRh might be involved in the 

detection of familiarity and novelty information, respectively (Kafkas & Montaldi, 2014; Chen 

et al., 2018), and that yohimbine enhanced the ability of the animals to detect both familiarity 

and novelty information. Most interestingly, I found that yohimbine increased neuronal 

activity within both the aIC and PRh after exposure to the similar object (similar in color, 

shape, and texture), indicating that the display of memory detailedness induces a 

coordinated recruitment of the neural circuits implicated in both familiarity and novelty 

detection.  

 

 

Effect of noradrenergic activity on memory consolidation within the aIC and 
PRh underlying memory detailedness 
 
The findings as presented in this thesis show that posttraining yohimbine administration 

enhanced the detailedness of object memory and that this was associated with an altered 

retention-induced activation of the aIC and PRh. An important remaining question is: How 

can noradrenergic activity during the post-learning period alter information storage 

processes in these two brain regions to ensure such a detailed memory of the training object?  

 

Extensive previous work has shown a particularly important role for the BLA in orchestrating 

the memory-enhancing effects of norepinephrine by regulating neural plasticity and 

information storage processes in other brain regions (McGaugh, 2004; Roozendaal & 

McGaugh, 2011; McIntyre et al., 2012; McGaugh, 2013). Previous studies have also shown 

that noradrenergic activity in the BLA alters functioning of the aIC and PRh (Perugini et al., 

2012; Laing & Bashir, 2014; Beldjoud et al., 2015; Chen et al., 2018). In Chapter 4, I showed 

that inactivation of the BLA-aIC pathway by the posttraining DREADD manipulation 
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selectively blocked the effect of systemic yohimbine administration on the enhanced 

memory detailedness, thus confirming the interaction of the BLA with the aIC in mediating 

the memory-enhancing effects of norepinephrine in terms of memory detailedness. Future 

experiments should also examine the consequence of such inactivation of the BLA-PRh 

pathway on memory detailedness. Previous studies have already demonstrated that in vitro 

electrical stimulation of the BLA reduces the threshold for the induction of long-term 

potentiation in the PRh (Perugini et al., 2012), and that administration of the β-adrenoceptor 

agonist isoprenaline combined with subthreshold electrical stimulation of the BLA-PRh 

pathway results in a long-lasting potentiation of synaptic plasticity within the PRh (Laing & 

Bashir, 2014). In the (re-)exposure task of Chapter 4, I found that noradrenergic activation 

induced an increased reactivation of the neurons in the BLA during the detection of the 

similar object, suggesting an enhanced activation of a memory-modulating BLA-originating 

circuit. These findings make it tempting to speculate that these re-activated BLA neurons 

are in fact reflecting the activation of efferent projections to the PRh and aIC, facilitating the 

detection of novelty and familiarity, respectively. Such an interpretation would be consistent 

with more general evidence that the BLA is also known to interact with efferent brain regions 

in regulating emotional arousal effects on memory recall (Roozendaal et al., 2004). 

 

There is extensive evidence that both the aIC and PRh are involved in memory storage 

processes underlying object recognition memory (Bermudez-Rattoni et al., 2005; Norman & 

Eacott, 2005; Balderas et al., 2008; Albasser et al., 2009; Roozendaal et al., 2010; Guzmán-

Ramos & Bermúdez-Rattoni, 2012; Banks et al., 2014; Bermudez-Rattoni, 2014; Olarte-

Sánchez et al., 2015). For example, it has been demonstrated that posttraining 

administration of the protein-synthesis blocker anisomycin into either the aIC or PRh impairs 

the consolidation of object recognition memory (Balderas et al., 2008). An important 

question is whether the aIC and PRh might store similar or different features of an object 

and whether this consolidation process depends on functional interactions between these 

two brain regions. In Chapter 4, I used the TRAP2 mice in an attempt to specifically address 

this research question. However, no evidence was found for such hypothesized alterations 

in neuronal activity in the aIC and PRh during the memory consolidation phase. This is likely 

due to the insensitivity to transient neuronal activity changes in this transgenic model, which 

is characterized by a relatively long period during which neuronal activity is labeled (up to 5-

6 hours) (Guenthner et al., 2013). However, there is evidence from previous experiments in 

our laboratory and by others that do support the idea that consolidation processes in the aIC 

and PRh might be different. Our findings indicated that object recognition memory 

enhancement induced by locally increasing gene and protein expression in the aIC was 
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selectively associated with a reduced exploration of the familiar object on the retention test, 

but that this did not affect exploration of the novel object (Chen et al., 2018), suggesting that 

aIC activation mainly modulates the processing on familiarity detection of previously 

encountered objects. On the other hand, another study revealed that the PRh is involved in 

the consolidation of overlapping representations in object recognition memory via a process 

that resembles pattern separation (Miranda et al., 2017). Brain-derived neurotrophic factor 

(BDNF) and activity-regulated cytoskeletal-associated protein (Arc) were found to be 

required for the separated storage of overlapping object representations in the PRh, within 

this time-restricted window of the consolidation period (Miranda et al., 2017). Therefore, it 

could be hypothesized that consolidation processes within the aIC are able to support 

familiarity detection which might be sufficient to discriminate the dissimilar object from the 

familiar one, but that consolidation processes within the PRh are required to also enhance 

memory detailedness by separating  overlapping information, enabling the animals to also 

discriminate a similar object.  

 

Interestingly, in a previous study we found that a memory-enhancing dose of norepinephrine 

administered into the BLA was found to reduce aIC activity during the consolidation period 

(Chen et al., unpublished findings). Both the number of neurons expressing the 

phosphorylated form of the transcription factor cAMP response element-binding (pCREB) 

protein and the neuronal activity marker c-Fos was decreased in this study (Chen et al., 

unpublished findings). Chen et al. further found that such reduced aIC activity was driven by 

an upregulation of GABAergic activity within the aIC, indicating an increased inhibitory tone 

(Chen et al., unpublished findings). The BLA innervates not only excitatory neurons within 

cortical areas, but has even stronger inputs directly onto GABAergic interneurons (McGarry 

& Carter, 2016). Based on the functional interactions between the aIC and PRh it is tempting 

to speculate that this reduction in aIC activity further enhances consolidation processes in 

the PRh, by boosting pattern separation, ultimately resulting in a more detailed memory. 

This idea is supported by human neuroimaging findings suggesting a model of transient 

changes in large-scale neural networks following stress, such that activity of the aIC is 

initially increased in response to stress and emotional arousal, but suppressed in its later 

aftermath (Hermans et al., 2014). Specifically, exposure to emotional arousal first induces a 

rapid strengthening in connectivity within the salience network (and thus between the BLA 

and aIC) at the cost of the central executive network (Seeley et al., 2007; Hermans et al., 

2011). Such rapid increase in salience network activity and connectivity is critically 

dependent on noradrenergic activity, and related to the increase in attention and detection 

of emotionally salient information (Hermans et al., 2011; Hermans et al., 2014). After a delay, 
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resource allocation to these two networks reverses: The salience network shuts off and the 

central executive network becomes active, which normalizes emotional reactivity and 

enhances higher-order cognitive processes  (Hermans et al., 2014; van Leeuwen et al., 

2018). Our rats study confirmed this idea by showing that administration of the GABAergic 

agonist muscimol into the aIC 1 hour after training enhanced object recognition memory, 

indicating that such inactivation of the salience network, including the aIC, might be 

necessary for mediating emotional arousal effects on the memory consolidation process in 

other brain regions (Chen et al., unpublished findings). These findings suggest that an 

inactivation of the aIC activity during consolidation facilitates consolidation processes in 

other regions that are part of the executive control network. The aIC would then be activated 

again in a later phase during familiarity detection.  

 

 

Working model  
 
Collectively, it could thus be hypothesized that noradrenergic activation after object training 

reduces aIC activity during the memory consolidation period, which is necessary for 

facilitating consolidation processing in other brain systems for novelty detection, especially 

the PRh. Thereby, the pattern separation mechanism of the PRh, and the memory 

processing supporting the detection of familiarity in the aIC, are both initiated. The BLA 

proposedly plays a critical role in both this suppression of aIC activity and activation of PRh 

activity during the consolidation phase via its dense connections with these two regions, 

modulating local synaptic plasticity. These norepinephrine-stimulated mechanisms during 

memory consolidation are hypothesized to result in an increased activity of the aIC and PRh 

during the retention test for familiarity and novelty detection, respectively. Together, based 

on a better storage of the detailed features of the object during consolidation, a coordinated 

activation of these two brain regions could thereby lead to a better evaluation of the object 

compared to the previously encountered one, thus discriminate the familiar, similar and 

novel stimuli during retention (Figure 1). 
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Figure 1. Schematic summarizing the role of BLA, aIC and PRh, and their neural activity changes in regulating 

the effect of noradrenergic activation on the detailedness of object recognition memory. 

 

 
Prospects for future work 
 

Although based on data from prior literature and the findings in this thesis, several aspects 

of this model are still hypothetical and should be empirically tested. First of all, the current 

study is limited in showing the proposed real-time dynamic shifts in the activity of the neural 

networks. In the current study, neuronal activity was assessed by immediate-early gene 

expression, but this readout lacks the temporal specificity to dissociate between the initial 

encounter and exploration of certain objects (potentially triggering aIC activity) and the 

subsequent consolidation of this object into memory (potentially related to a suppression of 

aIC activity). Therefore, it would be important to also track neuronal activity changes within 

or between brain regions of interest across the distinct memory phases. For this, a newly 

developed technique, termed fiber photometry, could be used. Fiber photometry allows for 

the visualization of neuronal activity by means of calcium imaging with a fast temporal 

resolution through an optical fiber located at the target brain region (Girven & Sparta, 2017). 

This technique would enable us to directly assess neural activity changes within the aIC and 

PRh during the retention test while the animals are exploring the different test objects. 
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The aIC and the PRh are known to be reciprocally connected (Kealy & Commins, 2011), 

and the above-mentioned findings suggest that the discrimination of memory detailedness 

should depend on functional interactions between these two regions. In ongoing 

experiments, we are analyzing how the suppression of the BLA-aIC pathway as described 

in Chapter 4 modulates retention-induced activity in the aIC and PRh. It would also be 

interesting to assess how this suppression affects PRh activity during the memory 

consolidation phase itself. Moreover, it would be important to determine whether inactivation 

of the BLA-PRh pathway also blocks the yohimbine effect on memory detailedness and how 

this affects retention-induced neuronal activity patterns. Additionally, future experiments 

implementing neural circuitry manipulations using DREADD could be optimally used to 

manipulate direct crosstalk between the aIC and PRh in different memory phases. For 

instance, one could use an inhibitory DREADD to suppress the aIC input to the PRh to 

examine the hypothesis that such reduced aIC input would enhance the consolidation 

process in the PRh. Moreover, DREADD manipulations of the aIC-PRh circuit can be used 

to whether a crosstalk between these two brain regions is needed during the detection of 

selectively a similar object. Moreover, additional DREADD manipulations of specific cell 

types could inform us on the exact neuronal substrate of these effects. For example, one 

could selectively target GABAergic neurons within the aIC to test the hypothesis that an 

increase in their activity during memory consolidation would increase activity in the PRh 

related to the improved storage of detailed information, or during later novelty and familiarity 

detection.  

 

 

Conclusion  
 
Overall, the research reported in this thesis revealed that noradrenergic activation enhances 

not only the strength, but also the detailedness of object memory. Increased memory 

detailedness was associated with the modulation of neuronal activity within the aIC and PRh, 

regions critically involved in the detection of familiarity and novelty, respectively. Moreover, 

I showed that the BLA is importantly involved in mediating the norepinephrine effect on 

increasing memory detailedness. As such, these findings provide novel insight into a hitherto 

unexplored fact of the manifold effects of emotional arousal on memory in guiding adaptive 

behaviors.  
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Samenvatting 

In dit proefschrift heb ik onderzocht of de neurotransmitter noradrenaline de 

gedetailleerdheid van onze herinneringen beïnvloedt en welke hersenprocessen daar een 

rol bij spelen. Deze onderzoeksvraag komt voort uit eerder opgedane kennis dat stressvolle 

en emotionele ervaringen een sterk effect hebben op veel aspecten van leren en geheugen, 

uiteenlopend van het aanleren tot de opslag en het ophalen van informatie. Eerdere studies 

hebben uitgebreid onderzocht hoe stress en emotie deze herinneringen versterken. Een 

beter geheugen voor emotionele gebeurtenissen is een adaptief verschijnsel dat helpt om 

vooral belangrijke gebeurtenissen te onthouden. Dit fenomeen was zelfs al bekend in de 

middeleeuwen: Om een blijvende herinnering te creëren aan een specifieke gebeurtenis 

werden kinderen ondergedompeld in een rivier (om stress te veroorzaken) nadat ze iets 

belangrijks hadden meegemaakt zoals een huwelijk of schenking van land. Echter, in welke 

mate stress en emotie ook de betrouwbaarheid van dergelijke herinneringen beïnvloeden, 

d.w.z. hun accuraatheid en gedetailleerdheid, is veel minder onderzocht.  

 

Gedragsstudies bij de mens hebben aangetoond dat emotionele herinneringen anders 

kunnen zijn in kwaliteit, maar de bevindingen zijn tegenstrijdig. Sommige studies toonden 

aan dat emotie de accuraatheid van het geheugen verbetert, terwijl andere studies juist 

lieten zien dat emotionele herinneringen in een meer gegeneraliseerde, algemene wijze 

worden onthouden, en vaak verkeerde informatie bevatten. Het is duidelijk dat een minder 

betrouwbaar geheugen veel minder adaptieve waarde heeft. Zo is bijvoorbeeld een zeer 

sterke, maar weinig specifieke herinnering aan een stressvolle gebeurtenis een belangrijke 

risicofactor voor het ontwikkelen van posttraumatische stressstoornis en fobieën. Naast 

zulke klinische implicaties, zijn verstoringen in de betrouwbaarheid van het geheugen ook 

maatschappelijk relevant, zoals de accuraatheid van de herinneringen van ooggetuigen in 

de rechtbank of voor theorieën over emotionele versterking van leerprestaties in het 

onderwijs. Het is daarom belangrijk te begrijpen welke effecten stress en emoties hebben 

op de accuraatheid en gedetailleerdheid van het geheugen, en hoe deze effecten worden 

bewerkstelligd in het brein. In gedragsexperimenten bij proefdieren kan dit worden 

onderzocht. 

 

In Hoofdstuk 2 heb ik bij muizen onderzocht of noradrenaline na het kort exploreren van 

een object tijdens de leerfase ervoor zorgt dat dit object later beter herkend wordt. Hoewel 

vele studies al eerder de effecten van noradrenaline op het geheugen, inclusief dat voor 

objecten, hadden onderzocht, waren deze studies dusver alleen uitgevoerd bij ratten. 

Tegenwoordig worden echter vooral studies bij muizen gedaan omdat er veel transgene 
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muizenlijnen beschikbaar zijn die uitermate geschikt zijn om onderzoek te doen naar de 

betrokkenheid van specifieke hersencircuits bij het geheugen. In Hoofdstuk 2 heb ik daarom 

de effecten van noradrenaline op het geheugen van muizen onderzocht in twee 

verschillende leertaken: de objectherkenningstaak en de objectlocatieherkenningstaak. In 

de objectherkenningstaak kunnen muizen tijdens een trainingssessie twee dezelfde 

objecten voor een bepaalde tijd exploreren. Om vervolgens te testen of zij dit object daarna 

kunnen herkennen wordt een retentietest uitgevoerd. Tijdens deze testsessie is een van 

deze nu bekende objecten nog steeds aanwezig, maar is het andere object vervangen door 

een nieuw object. In de andere leertaak, de objectlocatieherkenningstaak, kunnen de 

muizen tijdens de trainingssessie ook twee dezelfde objecten exploreren, maar tijdens de 

testsessie is een van deze objecten verplaatst naar een nieuwe locatie. Aangezien muizen 

van nature een voorkeur hebben voor nieuwe objecten or locaties, kan uit de verhouding 

van exploratie van het nieuwe en bekende object of de nieuwe en bekende locatie worden 

bepaald in hoeverre zij het object en/of de locatie hiervan hebben onthouden. Ik kon 

aantonen dat het farmacologisch toedienen (in de buikholte) van yohimbine, een stof die de 

afgifte van noradrenaline in de hersenen vergroot, zowel het geheugen voor het object zelf 

als voor de locatie van dit object verbeterde (Song et al., 2020). Deze bevindingen zijn zeer 

vergelijkbaar met die van voorgaande studies in ratten, en stelden mij in staat om vervolgens 

de effecten van noradrenaline op de gedetailleerdheid van het geheugen voor objecten te 

onderzoeken.  

 
In Hoofdstuk 3 heb ik onderzocht of noradrenaline en de duur van de trainingsfase de 

gedetailleerdheid van het geheugen voor objecten beïnvloeden, en hoe deze 

gedetailleerdheid verandert over de tijd. De standaard geheugentaak die gebruikt wordt voor 

het testen van het geheugen voor objecten was echter ongeschikt voor het onderzoeken 

van de gedetailleerdheid van het geheugen. Daarom heb ik een nieuwe geheugentaak 

ontwikkeld, genaamd de objectvergelijkingstaak. In deze taak gebruik ik drie verschillende 

objecten tijdens de retentietest; een exemplaar van het bekende object, een exemplaar van 

een object dat erg lijkt op het bekende object, en een exemplaar van een object dat totaal 

niet lijkt op het bekende object. Ik zag dat als de muizen tijdens de leerfase het object voor 

een periode van 3 min mochten verkennen, ze in staat waren tijdens de retentietest 1 dag 

later, het totaal verschillende object te herkennen als een nieuw object, maar ze maakten 

geen onderscheid tussen het bekende en het daarop lijkende object. Echter, als de leerfase 

verlengd werd tot 10 min, waren ze ook in staat het lijkende object te onderscheiden van het 

bekende object. Deze bevindingen toonden dus aan dat een langere leerperiode zorgt voor 

een gedetailleerder geheugen voor het object.  
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Wanneer ik yohimbine toediende na een leerfase van 3 min, zag ik een vergelijkbaar effect 

op de gedetailleerdheid van het geheugen voor het object als van een langere leerfase; 

muizen bleken dan ook in staat het lijkende object te onderscheiden van het bekende object 

1 dag later. Echter, dit meer gedetailleerde geheugen door yohimbine raakte geleidelijk 

verloren met het verstrijken van de tijd. De muizen hadden geen gedetailleerd geheugen 

meer 7 en 14 dagen na de leerfase.  

 

Om te begrijpen hoe yohimbine de aanvankelijke gedetailleerdheid van het geheugen voor 

het object kan verbeteren, heb ik gekeken naar de hersenactiviteit in reactie op de 

retentietest 1 dag na het leren. Ik heb daarbij specifiek gekeken naar hersengebieden 

waarvan we weten dat ze betrokken zijn bij het geheugen voor objecten; de anterieure (het 

voorste deel van de) insulaire cortex (aIC), de perirhinale cortex (PRh) en de basolaterale 

amygdala (BLA). Dit heb ik onderzocht met een immunofluorescentie experiment waarbij ik 

onder een microscoop het aantal cellen in deze hersengebieden telde dat immunoreactiviteit 

vertoonde voor c-Fos, een eiwit dat aangemaakt wordt in actieve hersencellen. Ik vond dat 

dieren die yohimbine toegediend hadden gekregen meer actieve hersencellen in reactie op 

de retentietest hadden in de aIC en in de PRh. Ik vond geen verschillen in de activiteit in de 

BLA. Deze toename in activiteit in de aIC en de PRh vertoonde een positieve correlatie met 

de mate waarin de muizen in staat waren het lijkende object van het bekende object te 

onderscheiden.  

 
In Hoofdstuk 4 heb ik verder onderzocht of deze toename in actieve hersencellen in de aIC 

en PRh werd veroorzaakt door het herkennen van het nieuwe, totaal verschillende object of 

juist door het bekende, lijkende object. Recente onderzoeken bij vooral de mens suggereren 

dat het verwerken van informatie voor nieuwe en bekende stimuli afhankelijk is van 

verschillende neurale systemen. Dit is een volledig nieuw idee en in hoeverre dit ook 

betrekking heeft op objectherkenning is niet eerder onderzocht. Daarom heb ik in dit 

hoofdstuk de activiteit van hersencellen in de aIC en PRh onderzocht in reactie op slechts 

een type object tijdens de retentietest. Dit experiment leverde een aantal interessante 

resultaten op. Ik vond namelijk dat het toedienen van yohimbine zorgde voor meer actieve 

cellen in de aIC na het verkennen van het bekende object, terwijl ik juist meer actieve cellen 

in de PRh vond na het verkennen van het totaal verschillende object. Deze resultaten laten 

dus zien dat de aIC vooral betrokken is bij het herkennen van bekende informatie en de PRh 

vooral bij het herkennen van nieuwe informatie. Mijn belangrijkste bevinding was dat het 

aantal actieve cellen in zowel de aIC als PRh omhoog ging na het verkennen van het lijkende 
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object. Deze bevinding suggereert dus dat om de details van een object goed te kunnen 

herkennen zowel hersengebieden die betrokken zijn bij het herkennen van bekende als 

nieuwe informatie gebruikt worden.  

In een tweede experiment heb ik onderzocht of het effect van yohimbine op de 

gedetailleerdheid van het geheugen afhankelijk is van anatomische verbindingen tussen de 

BLA en de aIC. Met behulp van een specifieke techniek (DREADD) kon ik selectief de 

activiteit van deze verbinding onderdrukken na de leerfase. Ik kon hier aantonen dat het 

remmen van de activiteit van deze verbinding specifiek het effect van yohimbine op de 

gedetailleerdheid van het geheugen tijdens de testsessie blokkeerde terwijl het geen effect 

had op het herkennen van het nieuwe object.  

 

In Hoofdstuk 5 geef ik een samenvatting van mijn onderzoeksresultaten en heb getracht 

deze in een bredere context te plaatsen. Ik beschrijf drie belangrijke thema’s. Ten eerste, 

wat zeggen mijn resultaten over de effecten van noradrenaline op de gedetailleerdheid van 

het geheugen en hoe dit verandert met de tijd? Ten tweede, welke rol spelen de aIC en PRh 

in de gedetailleerd van het geheugen en het herkennen van bekende en onbekende 

informatie? Ten derde, hoe kan noradrenaline na de leerfase in samenspraak met de aIC 

en PRh er uiteindelijk voor zorgen dat er een meer gedetailleerd geheugen ontstaat? Aan 

de hand van deze discussie presenteer ik tot slot een nieuw model hoe ik denk dat 

noradrenaline de gedetailleerdheid van het geheugen voor objectherkenning kan verbeteren. 

In dit model stel ik voor dat een verhoogde afgifte van noradrenaline in de hersenen in de 

periode na de leerfase zorgt voor een versterkte interactie tussen de BLA enerzijds en zowel 

de aIC als PRh anderzijds. Vorig onderzoek heeft aangetoond dat dit ervoor zorgt dat tijdens 

de opslag van de herinnering in het geheugen de activiteit in de aIC afneemt, en ik stel voor 

dat dit leidt tot een toename in de activiteit in de PRh. Dit zorgt er vervolgens voor dat het 

geheugen voor objecten niet alleen sterker wordt opgeslagen maar ook nauwkeuriger. 

Tijdens de herkenning van het object worden de aIC en PRh daardoor sterker geactiveerd 

en werken ze nauw samen om zo meer details van het object te kunnen ophalen en 

herkennen.  
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Research data management 

Type of data Subject 
to privacy 

Way of 
anonymization 

Storage 

Behavioral data No N.A. All behavioral videos are stored at 
the Cognitive Neuroscience 
department on secured servers 
from Donders Repository with 
regular back-up (\\project\ 
fileserver.dccn.nl\P:\ 4040000.02) 
 

Microscope data No N.A. All microscopy files are stored at 
the Cognitive Neuroscience 
department on secured servers 
from Donders Repository with 
regular back-up (\\project\ 
fileserver.dccn.nl\P:\ 4040000.02) 
 

Documentation and 
files containing 
experimental data 

No N.A. Data files are stored at the 
Cognitive Neuroscience 
department on secured servers 
from Donders Repository with 
regular back-up (\\project\ 
fileserver.dccn.nl\P:\ 4040000.02) 
 

Documentation and 
files containing 
experimental 
protocol 

No N.A. Documentation in form of 
electronic lab book is stored in the 
online lab journal system 
Labguru(https://radboudumc.labgu
ru.com/knowledge/projects/) 
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