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Abstract 

 

Marble Burying Test (MB) is a commonly used in neuroscience to assess burying 

behavior in rodents. Initially, this test was pharmacologically validated for its use to 

measure anxiety-related behaviors and screening for anxiolytic pharmacological. 

However, controversy existed regarding its specificity as it was also proposed to model 

better repetitive and/or perseverative behaviors manifested in obsessive-compulsive 

disorder (OCD) symptoms. Currently, is also proposed to model repetitive behavior 

exhibited in autism spectrum disorders (ASD).  

 

But the debate is no longer whether marble burying mimics anxiety-like or compulsive-

like disorders. Nowadays, the major concern is whether MB is a reliable test to model 

any behavioral and/or neuropsychiatric symptom (BNPS). Their major are 

methodological inconsistencies, a wide variety of BNPS modeled based solely on a 

single variable and a lack of robust hypothesis to justify the attribution of such constructs, 

contradictory drug effects, and an absence of well-defined and probed neurocircuitry 

explaining burying behavior. Hence, MB's reliability in modeling any BNPS is severely 

questioned. But not the test itself but how it is applied, executed, and reported. 

  

In this scenario, in this thesis we provide a proposal to overcome this issue based in the 

implementation of methodological changes, new variables, and multicriteria hypothesis. 

Our objective is to experimentally validate this proposal to improve MB BNPS screening 

capabilities and providing then a practical demonstration of the application of such 

modifications to facilitate and encourage their use.  

 

This thesis is divided into two independent experimental phases that address the 

application of MB as a BNPS screening in two different scenarios: 1) a mutant mice 

model with unknown behavioral phenotype which high possibilities of exhibiting an 

anxious phenotype, the PDK1 K465E KI mice, that was described here for the first time; 

and 2) a transgenic mice model for Alzheimer Disease with anxious phenotype and also 

increased burying, the 3xTg-AD mice. Results obtained in each phase answered specific 

questions of the respective animal models employed.  

 

Subsequently, the collected evidence in the two phases was integrated to address the 

general objectives of this thesis, providing the following conclusions: 1) Genotype is the 

most influential factor for the appearance of burying phenotypic differences, appearing 
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sex and age/ageing effects in specific circumstances or in interactions.; 2) MB burying 

behavior features make it incompatible to model an anxiety-like behavior, even 

considering differentiated coping-strategies; 3) MB burying behavior features make it a 

normal repetitive behavior by itself, fitting better to model psychiatrics repetitive-like 

behaviors; 4) In non-related OCD/ASD animal models, MB burying could be accurate to 

model impulsivity and apathy; 5) Mice that perform a certain of burying activity are likely 

also to present a similar burrowing activity; the initiation of both behaviors is intentional, 

exclusive, and correlated; and both are the manifestation of closely related goal-directed 

diggings; 6) Employing multicriteria hypothesis in the MB, including core features of the 

BNPS to model, facilitates the interpretation of the results and provides robustness to it 

BNPS screening capabilities; 7) Transforming the MB in a multivariable test, through 

methodological changes and new variables, provides meaningful burying behavior 

insights to refute or accept multicriteria hypotheses; 8) The combined application of the 

two-zone analysis of digging activity variables and the time-course of marbles buried 

along the tests provide the most profitable burying information to reject or accept 

multicriteria hypotheses; 9) MB repeated trial should be employed depending on which 

BNPS needs to be modeled.   
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1.1. The Marble Burying Test  

 

According to the latest World Health Organization (WHO) data, 1 in every 8 people 

worldwide suffer from a mental disorder. A mental disorder is a condition characterized 

by cognitive and emotional disturbances, abnormal behaviors, impaired functioning, or 

any combination of these (APA, 2014). There are many different types of mental 

disorders, but all the disorders have one thing in common: they cause suffering, distress, 

or impairment in critical areas in a person's life and those around them. 

In neuroscience, mental disorders are studied collectively from various disciplines in an 

attempt to discover new treatments. One of the many ways to expand our knowledge 

about them is by employing animal models. Nowadays, one method consists of using 

rodents and evaluating them in a behavioral test (Fernández-Teruel et al., 2001; Dixit et 

al., 2020). Usually, these mice are subjected to genetic, selective breeding, lesional, or 

pharmacological interventions, among others, to elicit in them some trait that mimics or 

models features of a specific mental disorder. In this context, both behavioral tests and 

mice models can be used to study the etiology, neurobiology, and cognitive and non-

cognitive deficits behind the modeled disorder. Also, it can be employed to evaluate the 

therapeutical effect of pharmacological or non-pharmacological treatments in them (de 

Brower et al., 2019). A test or mice model must fulfill several requirements to be 

considered reliable. The more they meet, the more valid they will be (Fernández-Teruel 

et al., 2001). First, the mice's behaviors or characteristics must share similar features to 

the modeled disorder. This is called face validity. Both the behavior elicited in the test or 

the mice themselves also should possess construct validity, demonstrating that 

neurobiological and/or neurocognitive systems involved in the human expression of the 

disorder are manifested in them too. The last requisite is predictive validity; effective 

pharmacological or non-pharmacological interventions in the human condition should be 

effective in the model, whereas those without demonstrable efficacy should be inactive 

(Belzung & Lemoine, 2011; de Brower et al., 2019; Dixit et al., 2020).  

 

1.1.1. The Marble Burying Test 

 

Behavioral neuroscience uses several tests to assess possible behavioral- and 

neuropsychiatric-like symptoms (BNPS) in mice resembling symptoms presented in 

mental disorders. The Marble Burying test (MB) is one of them. Since its first appearance 

(Broekkamp et al., 1986), its experimental use has not ceased, being a widely used tool 
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in pharmacology due to its high sensitivity to various drugs. Currently, its use goes 

beyond that and is often incorporated into large test batteries and used to perform 

behavioral phenotyping of many animal models. It is an unconditioned test, easy to 

perform, and economically affordable. Usually, MB is applied in the following way. A 

number of small objects, commonly glass marbles, are placed in a cage with the 

sufficient substrate to allow their burial; usually, the same type of substrate as their home 

cage. Once the animal is in the cage, it is left to interact freely with them for a certain 

period. At the end of the test, the animal is retired, and the buried marbles are counted, 

following a criterion established by the investigator (usually, the most common is buried 

by 2/3). Initially, this test was pharmacologically validated for its use to measure anxiety-

related behaviors and screening for anxiolytic pharmacological drugs (Broekkamp et al., 

1986; Njung'e & Handley, 1991a). However, controversy existed regarding its specificity 

as it was also proposed to model better repetitive and/or perseverative behaviors 

manifested in obsessive-compulsive disorder (OCD) symptoms (e.g., Gyertyán, 1995)  

 

1.1.2. Validity Concerns 

 

Although the controversy over whether BNPS are modeled in the MB has existed since 

the 90s, many publications have addressed this topic in recent years. However, the 

debate is no longer whether marble burying mimics anxiety-like or compulsive-like 

disorders. The major concern is whether MB is a reliable test to model any BNPS 

(Thomas, 2009; Wolmarans et al.,2016, de Brower et al., 2019, Dixit et al., 2020).  

Here, one must highlight the review by Brower et al. (2019), entitled: “A critical inquiry 

into marble-burying as a preclinical screening paradigm of relevance for anxiety and 

obsessive-compulsive disorder: Mapping the way forward”. Their work, an important 

work of reference in this thesis, is a comprehensive and critical review that challenges 

both the anxious-like and OCD-like modeling of the MB. In general terms, the main 

criticisms of the MB can be summarized in the following aspects (Thomas et, 2009; 

Alonso et al., 2015; Torres-Lista et al., 2015; Çalişkan et al., 2017; de Brower et al., 

2019; Dixit, 2020): 1) Methodological inconsistencies: there is no standard application 

consensus leading to incongruences in methodological aspects, as the number of 

marbles, cage size or bedding material, that can alter the results; 2) Wide variety of 

BNPS modeled based solely on a single variable, the number of buried marbles, and a 

lack of robust hypothesis to justify the attribution of such constructs; 3) indiscriminate 

effect of anxiolytics and anticonvulsive drugs, whereas in humans anxiolytics do not 

reduce OCD symptoms, and pharmacological contradictions; 4) absence of well-defined 
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and probed neurocircuitry explaining burying behavior, provoking a lack of construct 

validity independently of the BNPS modeled.  

In this scenario, MB's reliability in modeling any BNPS is severely questioned. But not 

the test itself but how it is applied, executed, and reported (de Brouwer et al., 2019). In 

consonance with this vision, we will provide a proposal to overcome this issue in this 

thesis. But first, we will address what burying behavior is from an ethological perspective, 

and then which are the strengths and flaws of the BNPS proposed to be modeled by this 

test.  

 

1.1.3. Digging, Burying, and Burrowing 

 

Digging, burying, and burrowing are normal in the behavioral repertoire of mice. In nature 

or our labs, mice dig using their forepaws to displace substrate (Tomas et al., 2009). 

With such simple behavior, they can perform many different things, such as digging in 

the ground to find food, hoarding food, creating a refuge from predators or cold, and 

making a safe nursery area for the young (Deacon, 2006). Digging can be explained as 

a primary action to perform a more complex task. Then, both burying and burrowing are 

goal-directed diggings. When mice dig to displace substrates to make a tunnel for 

habitation, it is called burrowing (Deacon, 2012). Whereas burying would be digging to 

displace substrates to either cover or move something (de Brouwer et al., 2009). In 

nature, mice bury both harmful (e.g., predators) and non-harmful things (e.g., food).  

 

At an experimental level, burying could be divided into four categories: defensive burying, 

neophobic burying, inherent burying, and induced burying. Defensive burying is the act 

of burying anxious, threatened, and harmful things, such as predators, bad testing or 

smelling food, or electrified pods (Homma & Yamada, 2009). Neophobic-burying can be 

defined as the act of burying novel but harmless and non-reactive objects (Torres-Lista 

et al., 2015). This is the type of burying that was thought to measure in the MB, but as 

we will see later, this is not the case. What seems genuinely expressed in the MB is the 

inherent burying of the mouse (Thomas et al., 2009). It could be defined as their 

behavioral burying pattern or phenotype triggered by an investigative drive (Londei et al., 

1998). Inherent burying is highly dependent on strain (Deacon, 2006). This is probably 

why MB is so widely used in genetic mice models since inherent burying behavior is 

strongly influenced by the mice's genetics or strain (de Brouwer et al., 2019). Regarding 

the factor of sex, studies are scarce and report no differences (e.g., Taylor, 2017). 
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Additionally, the estrous cycle can influence burying behavior (e.g., Schneider & Popik, 

2007).  However, only 17% of the studies employ the two sexes, while only 8.33% are 

conducted in females. Regarding age, no studies address this question specifically, and 

cohort studies directed at other interests must be used (e.g., Deacon et al., 2008). It is 

inferred that mice younger than one year of age will show a higher burying than those of 

older ages (Deacon, 2006). Undoubtedly, the effect of sex and age needs further study, 

especially when there may be an interaction due to genetic modifications. Lastly, induced 

burying results from a relatively new approach, and its concept is not well defined. Briefly, 

after a non-pharmacological stressful intervention, mice burying is altered (Barnum et 

al.,2012; Kedia, & Chattarji, 2014; Yohn, & Blendy, 2017), and, conversely, it can be 

modulated by non-pharmacological anxiolytic interventions (Torres-Lista et al., 2015). 

Therefore, it could be defined as the modification of inherent mice burying due to an 

induced anxiety state. Although these protocols are scarce and recent, they appear to 

be a more translational way to test possible treatments for anxiety (de Brouwer, 2019). 

 

1.1.4. Marble Burying Test as a Model of Anxiety-like Behavior 

 

The use of burying behavior as a model of anxiety dates back to the 1980s before the 

MB existed. This was born as a "child" of conditioned tests to measure defensive burying 

as a model of anxious responding. Historical work by Pinel & Treit (1981) demonstrated 

that rats, when threatened by electrified pods, perform vigorous burying towards them. 

Furthermore, they showed that the administration of anxiolytics reduced this behavior. 

Nowadays, this model still has a good face and construct validity. In 1986, Broedkamp 

first presented the MB and demonstrated that anxiolytic drugs such as meprobamate, 

clonazepam, and flunitrazepam reduced burying without changes in locomotor and self-

grooming responses. From that moment on, the MB gained predictive validity, and its 

use became popular as a pharmacological screening test.  

 

The use of burying behavior as a model of anxiety dates back to the 1980s before the 

MB existed. This was born as a "child" of conditioned tests to measure defensive burying 

as a model of anxious responding. Historical work by Pinel & Treit (1981) demonstrated 

that rats, when threatened by electrified pods, perform vigorous burying towards them. 

Furthermore, they showed that the administration of anxiolytics reduced this behavior. 

Nowadays, this model still has a good face and construct validity. In 1986, Broedkamp 

first presented the MB and demonstrated that anxiolytic drugs such as meprobamate, 

clonazepam, and flunitrazepam reduced burying without changes in locomotor and self-
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grooming responses. From that moment on, the MB gained predictive validity, and its 

use became popular as a pharmacological screening test.  

 

The American Psychological Association (APA, 2014) defines anxiety as an emotion 

featured by feelings of tension, worried thoughts, and physical changes. People with 

anxiety disorders usually have recurring intrusive thoughts or concerns, avoid certain 

situations and/or experience physical symptoms such as sweating, trembling, dizziness, 

or a rapid heartbeat. Under normal conditions, anxiety is a normal body response that 

helps us prepare to cope with threats (Salaberría et al., 1995). Briefly, to model this type 

of behavior in rodents, we look for changes in their behavior when faced with certain 

aversive situations/stimuli (e.g., electrified pods in a defensive burying test) or when 

exposed to novel and unfamiliar situations/stimuli (e.g., an open an unlimited field like 

the Open Field test) (Hall & Ballachey, 1932; La-Vu et al., 2020). The second one is the 

core concept of MB as a model of anxiety-like behavior. Marbles in this context are 

harmless but unknown objects, so the animal responds by performing burying towards 

them, as they do in nature. This unconditioned fear of unknown situations or stimuli is 

called neophobia. An important characteristic of anxiety responses is that mice could act 

with different coping- strategies in such situations. In the MB, mice could respond with 

both active burying or active avoidance against marbles as a sign of anxiety (Bruins Slot 

et al., 2008; Kinsey et al., 2011). Another important trait is that neophobic-anxiety 

responses tend to habituate. Habituation could be defined as a decremental change in 

the anxiety response after repeated exposures to the situation or stimuli (van der Goot 

et al., 2021). Therefore, for burying elicited in the MB to be considered a model of anxiety, 

mice must display an excessive active avoidance or active burying against marbles and 

habituation in their respective coping strategies among repeated exposures.  

 

However, a large body of evidence clearly shows that an anxiety-like behavior of this 

type is not modeled in the MB. First, burying marbles is probably not driven by neophobia 

since rodents also show similar burying of familiar objects or non-reactive objects like 

food pellets (e.g., Gyertyán, 1995, Thomas et al., 2009). In fact, it has been shown that 

changes in burying behavior do not occur over repeated trials, even when mice can avoid 

them completely or there have been habituated to them (e.g., Njung’e & Handley, 1991b; 

Thomas et al., 2009; Taylor et al., 2017). Moreover, the number of buried marbles 

correlates poorly with anxiety tests such as the Dark-Light box or the Open Field test. 

(Thomas et al., 2009; Savy et al., 2015; Sanathara et al., 2018). Additionally, in recent 

years, the test's predictive validity has been reduced since marble-burying behavior can 

be reduced with non-anxiolytic drugs (Matsushita et al., 2005; Nicolas et al., 2006; Bruins 
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Slot et al., 2008; Torres-Lista et al.,2015). Finally, MB studies with two zones (Torres-

Lista et al., 2015), where the animal can completely avoid the interaction of marbles, did 

not show mice avoidance of marbles, even when a divider separates the two zones (e.g., 

Thomas et al., 2009, de Brouwer & Wolmarans, 2018). This collides with the notion that 

marble burying is induced by novelty/anxiety and suggests that burying is motivated by 

the need to investigate novel surroundings (de Brower et al., 2019). Altogether, the 

behavioral pattern manifested in MB hardly mimics a neophobic anxiety-like behavior. 

 

1.1.5. Marble Burying Test as a Model of Compulsive-like Behavior 

 

Historically, the notion that marble buying mimics OCD was born in the 90s (e.g., Njung'e 

& Handley, 1991a; Gertyán, 1995). Obsessive-compulsive disorder is characterized by 

the presence of obsessions and compulsions, although they can be manifested 

independently (APA, 2014). Obsessions are recurrent thoughts, urges, or impulses 

experienced as intrusive and unwanted, causing anxiety or distress. Compulsions are 

repetitive behaviors or mental acts that the person applies as a ritual to prevent o reduce 

anxiety or distress. For obvious methodological limitations, only compulsions can be 

modeled in rodents models.  

 

Compulsions are modeled through repetitive behaviors, mostly stereotypies. In terms of 

face validity, marble burying resembles compulsion features such as repetitiveness, 

persistence, and resistance to habituation. However, OCD modeling by burying behavior 

also has important validity problems. First, those studies placing marbles spread all over 

the cage (one zone) cannot demonstrate that marble buying was goal-directed. Hence 

animals are more likely to bury them due to investigative or explorative behavior rather 

than compulsive-like behavior (de Brower, 2019). Since compulsions are considered a 

non-normal repetitive behavior, to probe that burying is a compulsion, it should appear 

even when the rodent can avoid them. In addition, doubts about predictive validity are 

increasing. The main reasons are the indiscriminate reduction of burying by anxiolytics 

and anticompulsant drugs or the absence of increased burying with proconvulsant drugs 

(de Brower, 2019; Dixit et al., 2020). Moreover, independence between burying and 

stereotyped behaviors as pharmacological responses have been reported. In deer-

mouse with high stereotypy, burying behavior was not responsive to citalopram, which 

is used to trait both anxiety and OCD, but reduced their stereotypy (Wolmarans et al., 

2016). Finally, the neurocircuitry implied in burying has not been described yet. The 

closest that exists are hypotheses relying on the similarity of burying and other repetitive 

behaviors with well-documented neurocircuitry (Dixit et al., 2020). In summary, although 
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the burying behavior resembles better a repetitive behavior, it does not guarantee that 

compulsion is modeled. 

 

1.1.6. Marble Burying Test as a Model of Autism-Like Disorder 

 

Additionally, MB has also been used to model ASD repetitive- and/or perseverative-like 

behavior (Gal & Yirmiya, 2021). ASD is a heterogeneous group of disorders characterized 

by deficits in social communication and social interaction and the presence of restricted 

and repetitive behavioral patterns, interests, or activities. Their repetitive behavior is 

featured as stereotyped, insistent and inflexible, highly restricted, and hyper- or 

hyporeactive to external stimuli (APA, 2014).  

Multiple mice models, including transgenic and non-transgenic mice, have shown 

enhanced burying behavior (Angoa-Pérez et al., 2013; Bey & Jiang, 2014; Kim, H., Lim 

& Kaang, 2016; Chang et al., 2017). However, it is necessary to mention that some mice 

models of ASD manifest decreased burying albeit expressing ASD-like phenotypes (Lim 

& Kaang, 2016). For example, Shank1 KO mice manifested decreased burying, whereas 

their self-grooming, a repetitive or stereotyped behavior, was enhanced (Sungur et 

al.,2014). Thus, there may be a disparity between the models used. Pharmacologically, 

a treatment with mGluR5-antagonist, a potential therapy for ASD, reduced burying 

behavior among other ASD-like phenotypes in a non-transgenic model of autism and a 

transgenic mouse to model Fragile X Syndrome, highly comorbid with ASD (Mehta et al.; 

2011; Gandhi et al., 2014). Overall, ASD modeling by MB seems reasonable in terms of 

face and predictive validity. However, the major problem is that MB is employed using a 

one-zone configuration. Therefore, mice burying activity toward the marbles cannot be 

characterized as goal-directed. This is detrimental when attributing perseverance, 

insistence, inflexibility, or highly restrictive features to their burying behavior.  

 

1.1.7. Our Perspective 

 

Before explaining our approach, we will quote a few ideas from Cerejeira & cols. (2012) 

that we believe reflects the essence of this thesis: 

“The first step to better understanding the psychiatric manifestations of dementia is 

to appropriately recognize and describe the psychopathology and accurately 

distinguish between similar symptoms (e.g., depression vs. apathy). This can be 
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challenging considering the overlap between symptoms and the lack of proper 

definitions and consensus criteria for their diagnosis. 

The assessment of neuropsychiatric symptoms requires a thorough examination to 

collect specific and detailed information about the clinical history, patient’s subjective 

experiences, and objective behavior. Information from a reliable family member or 

caregiver is essential to obtain adequate characterization of neuropsychiatric 

disturbances from the patient’s own ecological context as many abnormal symptoms 

cannot be elicited during the clinical interview”. 

In behavioral neuroscience, as unfortunately happens with dementia patients, we cannot 

communicate with our mice. We must observe their behavior carefully, patiently, deeply, 

and objectively as if they were our patients. We must use all possible sources of 

information, such as different tests or several behavioral variables. Observe how the 

mice behave in their natural context and how a possible behavioral- or neuropsychiatric-

like symptom impacts their daily lives because this is the only way to truly understand 

how a mental disorder affects a person’s life and, thereby, the source of their suffering. 

 

In this thesis, we will objectively observe the MB test just as it is, a test to measure the 

inherent burying behavior of mice. That allows characterizing a behavioral phenotype 

highly sensitive to their genetic background and always considering relevant factors such 

as sex and age. Through methodological changes and variables in the MB, we will try to 

extract as much information as possible about their behavior. We will analyze their 

burrowing phenotype as alternative and complementary information sources. 

Subsequently, we will use all the information to meticulously contrast if our mice fulfill the 

necessary requirements to model a concrete BNPS. In this way, we will improve the 

BNPS screening capability of MB, and providing then a practical demonstration of how 

to employ the MB to study BNPS in mice models. 

 

1.1.7. Methodological changes, New Variables, and Multicriteria 

Hypotheses 

 

Briefly, the methodological changes and new variables will be described and justified. It 

is important to note that not all modifications have been used in all studies. The 

distribution is reflected in the methodology (see page 39). 

 

The first methodological modification consists of placing the marbles only in one half of 

the cage, a procedure described as two-zone configuration (TZC) used by our (Torres-
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Lista et al., 2015) and other laboratories (reviewed by de Brouwer & cols., 2019) as 

indispensable to be able to infer if burying behavior towards the marbles is goal-directed, 

both in an anxious or in a repetitive response. The next tool is the extended classification 

of marbles (ECM). Once the test is completed, the marbles will be classified into three 

categories: intact, changed of position, and buried (Torres-Lista et al., 2015). With this 

measure, we qualitatively assess the degree of interactions with the marbles. Also, a 

repeated trial (RT) of the MB was used. This condition allows us to observe whether or 

not there is habituation in the burying behavior. Time-course (TC) of the buried marbles 

was applied. This approach allows us to monitor the number of marbles buried 

throughout the test and to appreciate differences that might otherwise go unnoticed. In 

addition, justifying interpretations only using the last score of the MB could lead to 

incorrect conclusions. The last one is the two-zone analysis (TZA). It is based on using 

the TZC distribution to record variables relevant to burying behavior concerning the zone 

in which it is performed. The variables recorded are the latencies of appearance of 

digging and the number of digging in each zone. These variables were chosen because 

they are direct measures of digging activity and, by then, burying. The intention is to be 

able to perform a deeper analysis of the behavioral pattern and obtain correlations 

between the different variables of the test (intra-test) and with other tests (inter-test). 

 

Once we collect all the information, we will use the following multicriteria hypotheses, 

based on core concepts of the construct to moderate, to interpret the results. To prove 

that buying reflects an anxiety-like behavior, will be necessary that: 1) mice exhibit active 

avoidance against marbles or active burying towards them; 2) their response habituates 

in a MB repeated trial; 3) MB variables present meaningful and consistent correlations 

with variables from other tests to assess anxiety-like behavior. As mentioned in previous 

sections, points 1 and 2 are core elements in anxiety-like behavior. In point 3, 

correlations with other tests are used to check if the burying pattern is related to the 

expression of anxiety in another context. Consequently, an excessive anxiety trait could 

be translated to other anxious scenarios, providing more robustness to the resulting 

conclusions (do-Rego et al., 2006). To prove that burying reflects a repetitive-like 

behavior, will be necessary that: 1) mice exhibit active interaction with marbles, even 

with the possibility of avoiding it; 2) burying behavior remains stable in a MB repeated 

trial; 3) Mice manifest increased burying behavior, acquiring an “excessive” nuance. Both 

points 1 and 2 are core symptoms of repetitive-like behaviors, albeit non-pathological. 

Point 3 dismisses between non-pathological and pathological.   
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This thesis is divided into two independent phases that address the application of MB as 

a BNPS screening in two different scenarios: 1) studies in the PDK1 K465E KI mice, a 

mutant mouse with unknown behavioral phenotype which high possibilities of exhibiting 

an anxious phenotype; 2) studies in the 3xTg-AD mice, a transgenic mouse model with 

anxious phenotype and also increased burying. Results obtained in each phase will solve 

specific questions of their respective animal models. Subsequently, the collected 

evidence will be integrated to address the general objectives of this thesis. 
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1.2. The PDK1 K465E PH-Domain Knock-In Mice 

 

1.2.1. The PI3K Pathway 

 

The phosphatidylinositol 3-kinase (PI3K) is an enzyme that acts near the membranes in 

the cell to regulate a wide range of signaling pathways as well as membrane trafficking 

and metabolic processes (Jeans & Kiger, 2014). These signaling pathways respond to 

insulin, growth factors, and numerous other agonists and play fundamental roles in 

regulating virtually every physiological process related to cell growth, proliferation, 

survival, and metabolism (Mora et al., 2004; Bayascas 2010). After PI3K activation, 

phosphatidylinositol-4,5-bisphosphate (PIP2) its directly phosphorylated by PI3K to 

generate the phosphatidylinositol-3,4,5-trisphosphate (PIP3) second messenger. Then, 

PIP3 located at the inner layer of the cell membrane promotes the recruitment and 

activation of the protein kinase B (PKB), a member of the AGC family of protein kinases, 

also known as AKT.  

 

For decades, AKT was considered the major and almost the only effector of PI3K 

signaling response until the 3-phosphoinositide-dependent protein kinase-1 (PDK1) was 

discovered (Alessi et al., 1997). This study proved that PDK1 mediates the activation of 

AKT in a PIP3-dependent manner and could, therefore, trigger many of the actions of 

the PI3K pathway. Decades of studies not only confirmed this finding but also established 

PDK1 as a major transducer of the PI3K pathway. 

 

1.2.2. PDK1, the Major Transducer 

 

Currently, it is well known that PDK1 acts by reading out the levels of PIP3 and regulating 

the activation of as many as 23 AGC kinase family-members besides Akt, including, 

among others S6K, RSK, SGK, and PKC isoforms (Mora et al., 2004). The essentiality 

of this enzyme in the PI3K pathway has been widely demonstrated by the severe 

phenotypes reported in different PDK1-deficient mice models and the early lethality of 

PDK1 knock-out models (reviewed in Bayascas, 2010). 

 

PDK1 is ubiquitously expressed in the cell, and its intrinsic catalytic activity is not directly 

altered by agonist stimulation, which converts the different PDK1 targets into forms that 

can be recognized, phosphorylated, and activated by PDK1 (Bayascas, 2010). The AGC 

kinases are activated trough the phosphorylation of two residues that are each located 
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in two highly conserved motifs: the activation loop (T-loop), present in the catalytic 

domain of the majority of protein kinases, and the hydrophobic-motif (H-motif), a 

structural signature of most AGC kinases that is positioned C-terminal to the kinase 

domain (Bayascas, 2010). Regulation of the H-motif phosphorylation is quite distinct 

among the different PDK1 targets since some of these AGC kinases are phosphorylated 

by mTOR complex 1, namely S6K and classical PKC isoforms. In contrast, mTOR 

complex 2 phosphorylates AKT, SGK, and conventional PKCs and ERK/MAPK 

phosphorylate RSK isoforms. When the H-motif of these AGC kinases is phosphorylated, 

it serves as a docking site for the biding of PDK1, which owns a hydrophobic motif biding 

pocket (PIF-pocket) located in its catalytic domain, enabling in this manner the 

phosphorylation of the T-loop and the activation of the downstream enzyme (reviewed in 

Bayascas, 2010). This is the common activation mechanism of these AGC kinases, 

except for AKT isoforms. In this case, both PDK1 and AKT possess PIP3-binding 

pleckstrin homology domains (PH-domains). The activation of PKB/AKT is independent 

of the phosphorylation in its H-motif since, upon agonist stimulation, the generated PIP3 

recruit AKT and PDK1 to the plasma membrane via the interactions of their PH-domains 

with the second messenger, and then PDK1 can gain access to phosphorylate AKT 

(adapted from Bayascas, 2010). 

 

Figure 1. Differentiated PDK1 signaling mechanisms involved in the phosphorylation of AGC 

kinases (Finlay & Cantrell; 2011) 
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1.2.3. A Pathway to Psychiatric Diseases 

 

Although the PI3K/PDK1/AKT pathway functional roles have been mainly and largely 

explored in cellular biochemistry, physiology, as well as cancer and metabolism areas 

(Bayascas, 2010), the literature have proven that it also is extensively involved in 

controlling neuronal development and function (Waite & Eickholt, 2010). As a result, in 

recent years further evidence have been generated about the role of PI3K in psychiatric 

diseases such as bipolar disorder, depression, anxiety, and schizophrenia, and thereby 

positioning this pathway as a promising therapeutic target for such diseases (e.g., Jope 

& Roh, 2006; Freyberg et al., 2010; Beurel et al., 2015).  

 

However, most works have focused on the study of GSK3, a kinase which is regulated 

downstream of AKT and RSK, among others. GSK3 is dysregulated in patients with 

depression, bipolar disorder and schizophrenia; relevant drugs like lithium inhibit GSK3, 

and behavioral phenotypes in gain-of-function GSK3 transgenic rodent models mimics 

such psychiatric diseases. In addition, brain-derived neurotrophic factor (BDNF), which 

acts as an agonist in the PI3K signaling pathway, plays an important role in cellular 

responses linked to conditionate fear, anxiety and depression (Ou & Gean, 2006; 

Martinowich et al., 2007). Moreover, BDNF stimulation is necessary for the fast 

antidepressant effect of various drugs (e.g., Shi et al, 2012; Tao et al., 2016). Since 

PDK1 and AKT transduce the BDNF signal to GSK3, it is probable that these two kinases 

were also involved in BDNF responses. This is empirically supported by many of the 

studies previously cited, that found dysregulated AKT activity in psychiatric pathology, 

but also by the relationship between AKT dysregulation and the expression psychiatric-

like phenotypes. As an example, mice selected by the high anxiety-related behavior in 

an anxiety test presented stronger acquisition, slower extinction, and more spontaneous 

recovery of learned fear in conjunction with enhanced phosphorylation of AKT in the 

amygdala. Also, in recent years, some studies have also proven that PI3K signaling 

pathway mediates in the therapeutic effect of non-pharmacological interventions. 

Treadmill exercise attenuated the cognitive deficit and depressive/anxiety-like behaviors 

induced by a stressor through the recovery of hippocampal AKT activity and ameliorated 

the contextual fear conditioning and anxiety-like behavior in a post-traumatic 

demoralization syndrome model due to upregulation of BDNF and the related PI3K/AKT 

pathway, among other adaptations (Sun et al., 2020). In addition, mice treated with an 

early life enrichment environment after postnatal maternal separation showed 
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ameliorated depressive and anxiety-like behavior through enhanced phosphorylated 

AKT in the hippocampus (Huang et al., 2021).  

 

Taken the relevance of the PI3K signaling pathway in the manifestation and treatment of 

psychiatric disorders, the specific role of PDK1 and AKT in its topic must be addressed. 

Hence mutant mice with specific alteration of PDK1 and AKT are necessary experimental 

tools to depict the nuances of their biological and behavioral roles in mental illnesses. 

 

1.2.4. Specific PDK1 and AKT Mice Models 

 

Conditional knockout and knock-in strategies are many times required to avoid prenatal 

mortality and generate viable mutant mice (Bayascas, 2010), that allows to explore the 

functional role of PDK1 (and AKT) in the expression of psychiatric disorders. Over the 

years, various models have been generated with increasingly selective PDK1 or AKT 

modifications.  

 

The first mutant model behaviorally phenotyped was the PDK1 hypomorphic mice (PDK1 

Hm), which express up to 10-25% highly reduced PDK1 protein levels when compared 

to the controls (Ackermann et al., 2008). Their behavioral phenotyping revealed 

increased anxiety-like behavior in various task in conjunction with reduced serotonin, 

GABA and taurine and more noradrenaline in the amygdala. Similar changes were 

manifested in the olfactory bulb. Later, the AKT isoform 2 knock-out mice (AKT2 KO) 

manifested a higher anxiety-like and depressive-like behaviors (Leibrock et al., 2013). 

Soon after, AKT isoform 3 knock-out mice (AKT3 KO) showed a schizophrenic, 

depressive and anxiety-like phenotypes (Bergeron et al., 2017). Due to this genetic 

alteration, inhibition of GSK3 by AKT-mediated phosphorylation was reduced; re-

inhibiting GSK3 with lithium rescued the depressive and anxiety-like behaviors but not 

the schizophrenic phenotype. Likewise, another study revealed cognitive dysfunction 

and schizophrenic like phenotype, but no manifested enhanced anxiety-like behavior, in 

the AKT3 KO mice (Howell et al., 2017). Recently, Wong et al. tested the three AKT 

knock-out mice models, proving that their anxiety-like phenotype depended on which 

AKT isoform was altered (Wong et al 2020). Lastly, tissue–specific PDK1 L155E (PDK1fl 

/ fl CRE+) conditional knock-in mutant mice expressing a mutant form of PDK1 with a 

disruption in the PIF-pocket were generated. This mutation abolishes the activation of 

several AGC kinases by PDK1, but left AKT activation intact (Biondi et al., 2002; Collins 

et al., 2003; Bayascas et al., 2006). In the brain-specific PDK1 L155E mice, ablating the 

activation of most PDK1-regulated AGC kinases with the exception of AKT resulted in 
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sensorimotor problems, exacerbated disruptive behavior and cognitive deficits (Cordón-

Barris et al., 2016). These mice model is especially relevant, since it highlights the 

importance of AKT-independent actions in the PDK1 signaling for brain development and 

function.  

 

Despite differences in the behavioral outputs, it is clear that specific modifications of both 

PDK1 and AKT have consequences in the PI3K signaling pathway, causing diverse but 

consistent expression of anxiety-, depression-, and schizophrenic-like behaviors. 

 

1.2.5. The PDK1 K465E PH-Domain Knock-In Mice 

 

In this thesis, we work with the PDK1 K465E PH-domain knock-in mice (Bayascas et al., 

2008), whose behavioral phenotype was at the time uncharacterized. This mutation in 

the PH-domain was meant to affect exclusively the phosphorylation and activation of 

AKT isoforms, but leave intact the activation of the other AGC-kinase family members 

regulated by PDK1. However, mice still showed low levels of AKT activation, whereas 

the activation of some substrates shared by PDK1 and AKT, namely S6K, was 

moderately reduced. These mice exhibited a smaller body size, insulin resistance but no 

differences in the total number of neurons in the brain. By contrast, mild deficient 

neurogenesis, abnormal cell polarization and reduced axonal outgrowth was present 

(Zurashvili et al 2013). The selective alteration of such cellular processes hints the 

possibility that AKT activity regulates them in a threshold-manner, leading then to diverse 

physiological responses depending on the level of AKT activation (Zhou et al., 2014). 

Recently, our group reported that the deficits in the AKT activation are pronounced both 

in the cortex and the hippocampus during young adulthood (3–4 months) but tend to be 

attenuated at middle age (11–14 months) in these mutant mice (Yang et al., 2018). 

 

Due to the specificity of the PDK1 PH-domain mutation, mice homozygous for the PDK1 

K465E mutation (from now termed PDK1-/- for simplicity) represented a promising model 

to investigate the in vivo relationship between specific reduction of AKT phosphorylation 

and anxiety-like behavior. The lack of knowledge of these mice in conjunction with its 

high potential to display and anxious phenotype provided a valuable opportunity to 

illustrate how helpful the methodological refinement of the MB can be in similar 

scenarios. In order to assess if genotype-load could mediates in vivo the behavioral 

responses, PDK1 K465E heterozygous mice (PDK1+/-) were also employed in one of 

our studies, mimicking the distinctive AKT activity levels necessary for the activation of 

differentiated physiological responses. 
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1.3. The 3xTg-AD Mice Model for Alzheimer Disease 

 

1.3.1. Alzheimer Disease 

 

Alzheimer’s disease (AD) is a neurodegenerative disorder that leads to a progressive 

decline in the brain functionally and morphologically (Knopman et al., 2021). It is one of 

the most important healthcare challenges of current times since it is the main cause of 

dementia, and there is not yet a cure for it (Philip et al., 2016; Morley et al., 2018). The 

causes of the disease are not yet completely understood, but several risk factors partly 

explain the disease's development. 

 

Age is the major risk factor for developing AD (Konopman et al., 2021). In their work, 

Ritichie and Kildea (1995) showed that “for every 5-year increase in age, AD incidence 

rates triple before age 64, double before age 75, and drop down to an increase of 1.5 

times around age 85”. Therefore, AD is age-related, where the relationship to age is 

simply an expression of other biological risk factors and not age-dependent since the 

increase slows as age increases (Ritichie and Kildea, 1995; Sujuan et al.,1999, Niu et 

al., 2017). In recent years, the relevance of sex and gender as risk factors has been 

highlighted (Mielke,2014; Ferretti et al., 2018). The literature suggests that women are 

more likely to develop AD, experiencing worse pathology and faster cognitive decline in 

the later stages of the disease, whereas men are more affected in the early stages (Niu 

et al., 2017; Ferretti et al., 2018). These differences are partially explained by sex- and 

gender-specific risk factors (Mielke et al., 2014; Ferretti et al., 2018). In this scenario, the 

practice of sex-approach AD research is recommended since it is necessary to develop 

better and more efficient therapeutic strategies (Dennison et al., 20221).  

 

Although genetics represent only a modest part of the risk factors for developing AD, its 

study has been crucial to further understanding the disease. The most studied gene 

mutations have been those that cause the dominantly inherited AD, which onset is 

approximately 40 years earlier than sporadic AD (Knopman et al., 2021). Most patients 

with dominantly inherit AD present mutations in APP (encoding amyloid precursor 

protein), PSEN1 (encoding presenilin 1), and PSEN2 (encoding presenilin 2) genes. 

(Thambisetty & Tanaka, 2013). Currently, more than 600 genes have been investigated 

as risk factors for AD (Knopman et al., 2021). Lastly, lifestyle factors such as low 

educational attainment, metabolic disorders, hearing loss, traumatic brain injury, alcohol 

abuse, smoking, depression, low physical activity, social isolation, and air pollution can 
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potentially increase the risk of AD development (Philip et al., 2016; Knopman et al., 

2021).  

 

Histopathologically, AD is distinguished by the presence of extracellular plaques of β-

amyloid peptide (Aβ-plaques) and intraneuronal neurofibrillary tangles (NFTs), which are 

aggregates of hyperphosphorylated tau protein (Knopman et al., 2021). Aβ-plaques 

formation occurs in the early stages of the disease, slowly accumulating at neocortical 

association areas and medial temporal lobe structures. In more advanced stages, they 

appear in subcortical nuclei such as the thalamus and striatum (Arnold et al., 1991; 

Serrano-Pozo et al., 2011). In contrast, NFTs begin to appear at later stages, emerging 

first in the entorhinal cortex, hippocampus, and neocortical association areas. In the later 

stages, NFTs appear in primary cortical areas and subcortical structures such as the 

striatum and substantia nigra. (Arnold et al., 1991; Serrano-Pozo et al., 2011). The 

accumulation of Aβ-plaques and NFTs eventually leads to neuronal death in the brain 

areas leading to the clinical symptoms of the disease and aggravating it over time. 

At the clinical level, undoubtedly, the most notable hallmark of AD is the cognitive 

deterioration that patients gradually experience. Memory loss is one of the most 

characteristic symptoms of the cognitive deterioration of the disease. From the early 

stages, patients begin to experience difficulties acquiring new memories and forget the 

most recent ones more quickly; as the disease progresses, they lose older and more 

remote memories (Albert, 1996; Arnaiz and Almkivist, 2003). Executive function 

impairment also occurs in the early stages of AD (Baudic et al., 2006; Webster-Cordero 

& Giménez-Llort, 2022). This cognitive loss is evidenced in tasks that require concurrent 

manipulation of information or the rapid and simultaneous integration of multiple types of 

information. Other cognitive impairments such as aphasia, apraxia and/or agnosia) and 

abstract reasoning ability also appear in later stages (Buaudic et al., 2006; Kirova et al., 

2015).  

 

1.3.2. Behavioral and Neuropsychiatric Symptoms in Alzheimer 

Disease 

 

Another relevant AD clinical manifestation is the neuropsychiatric symptoms, also 

referred to as ‘Behavioral and Psychological Symptoms of Dementia’ (BPSD). BPSD are 

an offset of perceptual, behavioral, and emotional disturbances similar to those 

manifested in psychiatric disorders. Nowadays, commonly BPSD manifested in AD 

patients such as depression, apathy, aggression, agitation, psychosis, and sleep 
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disruption, are now recognized as core symptoms of the disease (Lyketsos et al., 2011; 

Li et al., 2014; Cloak & Khalili, 2019; Giménez-Llort & Johansson, 2020).  

 

These non-cognitive problems affect 50–90% of people with AD decreasing their quality 

of life, causing an important source of distress to them and their caregivers, deteriorating 

the relationship between patient and caregiver, frequently leading to premature 

institutionalization, and increasing their risk of mortality (Hope, et al., 1998; deVugt et al., 

2003; Shin et al., 2005, Ballard & Corbertt, 2010; Keszyck et al., 2019). Moreover, its 

noteworthy that, in many cases, these symptoms appear before cognitive impairment 

and their appearance in the early stages predicts a worse and more rapid cognitive 

decline (Cerejeira et al., 2012).  

 

The appearance of BPSD is explained by the damage caused by the disease to different 

brain regions, so their appearance depends on the affected area and changes in 

neurotransmitter systems involved in AD (Lyketsos et al., 2011; Cerejeira et al., 2012). 

The complex and diverse manner in which BPSDs manifest themselves makes their 

treatment challenging for clinicians (Ballart & Corbett, 2010, Giménez-Llort and 

Johansson, 2022). Their expression has a high degree of variation and affects each 

individual distinctively (Cerejeira et al., 2012). Moreover, they are also differentially 

manifested between sexes (Ferretti et al., 2018). Likewise, the presence of up to 4 

simultaneous symptoms occurs in 50% of patients (Frisoni et al., 1999). This complex 

scenario causes, in part, the absence of a clear and concise classification of BPSD. We 

found useful the one put forward by Cloak & Khalili (2019), which divides them into 5 

categories: cognitive/perceptual (delusions, hallucinations), motor (e.g., pacing, 

wandering, repetitive movements, physical aggression), verbal (e.g., yelling, calling out, 

repetitive speech, verbal aggression), emotional (e.g., euphoria, depression, apathy, 

anxiety, irritability), and vegetative (disturbances in sleep and appetite. Another 

promising classification is the one proposed by van der Linde & cols. (2014), through a 

cluster analysis of 62 studies, obtained 5 categories: affective domain, apathy domain, 

psychosis domain, euphoria domain, and hyperactivity-impulsivity-irritibility-disinhibition-

aggression-agitation (HIDA) domain.  

 

Currently, pharmacological treatments for BPSD are not effective and some may pose a 

risk to patients (Liketsos et al., 2011, Giménez-Llort and Johansson, 2022), a fact that 

has been reproduced in animal models (Torres-Lista et al., 2019). The most 

recommended clinical practice is the application of non-pharmacological interventions 
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and the use of the least harmful medication for the shortest possible time (Cerejeira et 

al., 2012; Giménez-Llort & Johansson, 2022). 

 

1.3.3. Activities of Daily Living 

 

As cognitive and non-cognitive impairment progresses, the patients lose their ability to 

interact with others and their environment. Gradually, they begin to experience difficulties 

in activities that they used to do with ease, eventually becoming unable to fend for 

themselves in simple tasks such as eating or bathing. Currently, almost 80% of people 

suffering from AD live in their homes, being taken care of by their families (Opara, 2012). 

The loss of functional independence, so precious in later life, diminishes patients' self-

esteem and impoverishes the quality of life of both patients and caregivers (Potkin, 2002; 

Cipriani, 2020). This is the cruelest effect that AD has on people’s life.  

 

The loss of functionality to perform activities of daily living (ADL) is a requirement to 

diagnose dementia (Slachevsky et al., 2019). These are classified into instrumental ADL 

(iADL) and basics ADL (bADL). iADL are those essential to maintain independent living 

and maintaining life in the community, such as managing finances, shopping, handling 

medications, or using public transport. Its deterioration usually manifests in mild cognitive 

impairment, a phase prior to dementia, and its presence is associated with worse 

prognostic (Marshal et al., 2012; Slachevsky et al., 2019). As the disease progresses, 

the iADLs deterioration continues until a certain point when bADL deterioration appears 

too. bADL consists of activities like eating, dressing, grooming, bathing, and toileting, 

and their deterioration appears in the moderate/severe stages of AD dementia (Mioshi 

et al., 2007). In recent years, complex ADL (cADL) has been proposed (Marshal et al., 

2012, Slachevsky et al., 2019). These activities require a high cognitive, physical, and 

social skill level. Their deterioration goes unnoticed by those affected and their families, 

as they remain fully independent, but their presence could hint at a subtle cognitive 

impairment (Marshall, 2012). This category is composed of activities requiring complex 

interpersonal or social functioning, such as using smartphones, planning a holiday, 

practicing hobbies, working, etc. Anatomically, impaired bADL is related to frontal 

atrophy, iADL with widespread frontal, temporal and occipital atrophy, whereas aADL 

with occipital and temporal atrophy (Slachevsky et al., 2019).  

 

The impairment of ADL, especially iADL, is related to the deterioration of executive 

functions (Norton et al., 2001; Cipriani et al., 2020). This cognitive function includes the 
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capability to goal-planning, initiating and executing actions, multitasking, switching 

between tasks, monitoring, and inhibiting habitual behaviors (Cipriani et al., 2020). 

However, impaired ADL is not only caused by cognitive impairment; BPSD play a critical 

role too. Both bADL and IADL impairment has been linked with symptoms such as 

apathy, depression, agitation, irritability, disinhibition, and anxiety (Norton et al., 2001; 

Ikeda et al., 2020).  Although more research is needed, cADL could also be sensible to 

BPSD since it has been demonstrated that apathy is a predictor of their impairment 

(Delgado et al., 2019).  Due to their critical role in AD, ADL measures emerge as valuable 

tools to predict and monitor disease progression, assess the functional impact of 

cognitive and BPSD, and evaluate the efficacy of pharmacological and non-

pharmacological treatments (Green et al.,1993; Marsha et al., 2012; Ikeda et al., 2020).  

 

In this scenario, natural species-typical behaviors can be excellent ethological scenarios 

to mimic the impairment of ADL in AD patients (Deacon, 2012; Torres-Lista & Gimenez-

Llort, 2013; Jirkof, 2014; Si et al., 2022) and to assess their welfare and disease 

progression (Muntsant &Giménez-Llort, 2021; Giménez-Llort &and Torres-Lista, 2021). 

They could be important as preclinical tools for drug design, development, and 

assessment, but also to investigate pharmacological and non-pharmacological 

strategies before they can be effectively translated into clinical scenarios. Social 

interactions, nesting, burying, and borrowing are rodent-typical behaviors commonly 

affected in a cross-sectional manner among mice models of AD (e.g., Deacon et al., 

2009; Torres-Lista & Gimenez-Llort, 2013; Kemppainen et al., 2015; Si et al., 2022). As 

products of the disease, changes in their typical behaviors mirror the ADL deterioration 

in humans. From a translational perspective, these behaviors also represent an 

important opportunity to model BPSD, since they are a core aspect of ADL impairment, 

and both patients’ and caregivers’ lives are greatly affected by them. Consequently, our 

research in 3xTg-AD mice is committed to such an approach.  

 

 1.3.4. The 3xTg-AD Mice Model 

 

The triple transgenic mouse model for AD (3xTg-AD) possesses the human transgenes 

PS1/M146V, APPswe, and tauP301L (Oddo et al., 2003a). Amyloid-beta and tau 

development in brain regions such as the cortex, hippocampus, and amygdala 

progressively develop in their brain (Oddo et al. 2003b). The temporal progression of the 

disease and anatomical structures affected in this model reproduces a similar pattern 

observed in AD patients (Oddo et al. 2003a; Mesulam 2000).  
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The onset of symptoms is noted at 4-6 months, although at that age, they only present 

intraneuronal Aβ immunoreactivity (Oddo et al., 2003a). Even so, they exhibit deficits in 

electrophysiological in the hippocampus, learning and memory problems, cholinergic 

deficiencies, and emotional disturbances (Oddo et al., 2003a; Giménez-Llort et al., 

2007). At 12 months of age, βA deposits and NFTs can be seen in their brain, displaying 

neuropathological parallelism with the advanced stages of AD in humans (Oddo et al., 

2003a). Currently, several studies report cognitive, emotional, and motor deficits in the 

different stages of AD (e.g., Giménez-Llort et al., 2007, Sterniczuk et al., 2010; Belfiore 

et al., 2019; Castillo-Mariqueo et al., 2021). It is very important to report that, in recent 

years, a delay in the development of brain pathology and the appearance of sex 

differences have been warned and assessed (Belfiore et al., 2019; Javonillo et al., 2022). 

Results vary among the different colonies, but, as a general pattern, AD pathology begins 

to be more relevant around 12 months old or later. In addition, females tend to show a 

more marked pathology, while males sometimes fail to show Aβ-plaques or NFTs. Even 

so, it is still a valid model to study the disease as it continues yielding valuable findings 

(e.g., Chiquitita et al., 2019), but it’s necessary to choose wisely the age and sex of the 

mice and be careful in comparing results between colonies. This delay can also be 

exploited as an opportunity to study the progression of AD in a more accurate and 

human-like manner (Javonillo et al., 2022).  

 

Throughout the years, our lab has conducted in-depth research about ADL-like 

impairment in 3xTg-AD mice, taking into account sex factor. This is not only because of 

the relevance of sex in AD but also because we consider males and females as two 

natural biological scenarios where genotype-phenotype translations are divergent-

convergent depending on the level of study and temporal frames of lifespan and/or 

disease progression (Giménez-Llort et al., 2012). Nesting behavior was impaired in 

3xTg-AD mice at 6 and 12 months of age in individual and parental structures (Torres-

Lista & Giménez-Llort, 2013). However, the impaired ability to build the nest was only 

shown with paper material because it is more difficult to manipulate than cotton making 

the task more demanding. When cotton was used, the variable of latency to start to build 

the nest was the only one that discriminated the performance per genotype, suggesting 

impairment of goal-directed behaviors influenced by their apathy- and anxiety-like 

profiles, as it worsened with them and the progress of the disease. In addition, nesting 

behavior was more impaired depending on the genotype and sex (3xTg-AD females 

worse than in males) and stage of disease (at advanced (12 months of age) than at the 

onset of cognitive symptoms (6 months of age)). Social nesting (Giménez-Llort & Torres-

Lista, 2021), was also impaired in the 3xTg-AD mice, and the phenotype was attenuated 
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by pharmacological (Van der Jeugd et al., 2018) and non-pharmacological (early 

postnatal handling, Giménez-Llort & Torres-Lista, 2019) interventions. In the social 

interaction test (Torres-Lista & Giménez-Llort, 2019), 3xTg-AD mice presented a 

different pattern of social interaction from NTg mice, showing sex differences in their 

phenotype. These phenotypes were replicated in a second study, and also their profile 

was attenuated by risperidone (Torres-Lista et al., 2019), an antipsychotic often used to 

treat BPSD symptoms (Yunusa & Helou, 2020). Finally, burying behavior was enhanced 

in 12-month-old 3xTg-AD males and their phenotype was reduced with risperidone, 

handling, and caffeine (Torres-Lista et al., 2015; Baeta-Corral, et al., 2018; Torres-Lista 

et al., 2019) and increased by social isolation (Giménez-Llort & Alveal-Mellado, 2021).  

 

Altogether, the 3xTg-AD mice model mimics relevant features present in ADL 

impairment, such as the presence or not of difficulties depending on task complexity, 

sex-dependent differences, deterioration through time, and response to drug or non-

pharmacological interventions. However, we consider that there are still many 

unknowns. Regarding burying behavior, we do not know 1) how the phenotype of 3xTg-

AD females is, 2) if burying further deteriorates at older ages, and 3) most importantly, 

we are not confident on which BPSD is modeled. About burrowing behavior, a relevant 

test to measure ADL in AD, the behavioral phenotype of 3xTg-AD mice is still unknown. 

Therefore, these questions will be addressed in the second part of this thesis using the 

3xTg-AD mice. 
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2.1.  Hypothesis 

 

This thesis is guided by the following hypotheses: 

 

1. Burying behavior is sensitive to genotype, sex, age/ageing, and its interactions.  

 

2. Standard MB application is insufficient to provide empirical justification for any 

proposed BNPS modeled by the test. 

 

3. MB methodological changes and new variables can enhance the interpretability 

of the test outcome.  

 

4. Burying behavioral patterns in the MB will be similarly reflected in burrowing 

behavior. 

 

5. Considering the multicriteria hypothesis can improve the modeling of BNPS 

 

6. If burying reflects an anxiety-like behavior, it is necessary that:  

• Mice exhibit active avoidance against marbles or active burying towards 

them.  

• Their response habituates in a MB repeated trial. 

• MB variables present meaningful and consistent correlations with variables 

from other tests to assess anxiety-like behavior. 

 

7. If burying reflects a repetitive-like behavior, it is necessary that:  

• Mice exhibit active interaction with marbles, even with the possibility of 

avoiding it. 

• Mice manifest increased burying behavior, acquiring an “excessive” nuance. 

• Burying behavior remains stable in a MB repeated trial. 
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2.2.  Objectives 

 

The main objectives of this works are:  

 

1. To validate methodological changes, new variables, and multicriteria hypothesis in 

the MB to improve its BNPS screening capabilities using the two described models. 

 

2. To provide a practical demonstration of the application of such modifications to 

facilitate and encourage their use. 

 

2.3. Specific Objectives 

 

The thesis is divided into two differentiated phases, one for each animal model. 

Therefore, the specific objectives are accordingly presented.  

 

2.3.1. Studies in PDK1 k465E Knock-In Mice 

 

The specifics objectives in this phase are: 

 

1. To provide a behavioral and functional phenotype of the PDK1-/- mice.  

 

2. To assess the burying behavior in these mutant mice, evaluate if their behavior 

is altered by genotype, genotype-load, sex, age/ageing, and the interactions of 

these variables. 

 

3. To implement methodological changes and new variables in the MB for a better 

understanding of the burying behavior: 

• To employ the two-zone configuration (TZC) to ensure that marble interaction 

is goal-directed and voluntary. 

• To use the extended classification of marbles (ECM) to assess the degree of 

interactions with them in a qualitative manner. 

 

4. To examine the correlations between variables from other tests to assess anxiety 

and the MB outcome 

 

5. To ponder if burying behavior could mimic some BNPS in the PDK1-/- mice. 
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2.3.1. Studies in the 3xTg-AD Mice 

 

The specifics objectives of this phase are: 

 

1. To replicate and confirm the increased burying behavior of 3xTg-AD male mice 

previously described by our research group, to establish the burying behavior 

pattern of 3xTg-AD female mice, and to assess if burying behavior is affected by 

AD-pathological aging. 

 

2. To implement methodological changes and new variables in the MB for a better 

understanding of the burying behavior: 

• To employ the two-zone configuration (TZC) to ensure that marble interaction 

is goal-directed and voluntary. 

• To check, through the time-course of marbles buried (TC), if differences in 

the number of marbles buried are present along the test. 

• To verify if burying behavior is habituated through a repeated trial (RT).  

• To develop a more comprehensive profile of the displayed burying behavior 

by recording and analyzing behavioral variables related to each zone of the 

MB (TZA), the zone with marbles and the zone without marbles. 

 

3. To examine, through behavioral correlations, the relationship between tests to 

model anxiety and the MB outcome. 

 

4. To stablish the burrowing behavioral pattern of the 3xTg-AD mice and determine 

if it corresponds to the burying profile shown in the MB. 

 

5. To employ the results to discuss the possible BPSD modelled by burying behavior 

in the 3xTg-AD mice. 
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Chapter 3. Methodology 
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3.1. Methodological Changes and New Variables Distribution 

 

The methodological changes and new variables are distributed across studies in the 

following manner: 

• Study 1: TZC and ECM 

• Study 2: TZC and ECM 

• Study 3: TZC, TC and RT. 

• Study 4: TZC, TC and TZA 

 

3.2. Studies in the PDK1 K465E Knock-In Mice 

 

As indicated in the section on organization and list of publications, Phase I comprises 

Study 1 and Study 2. The methodology employed can be consulted in each published 

original research article. 

 

3.3. Studies in the 3xTg-AD Mice 

 

As indicated in the section on organization and list of publications, Phase II comprises 

Studies 3 and 4. The methodology employed in Study 3 can be consulted in the published 

original research article. Study 4, included as an annex, is in review and pending of 

academic editor's decision. The methodology employed will be addressed here. 

 

3.3.1. Study 4.  

 

3.3.1.1. Animals 

A total number of sixty-four 12-month-old male and female mice, homozygous 3xTg-AD 

(males n=20, “AD males”; females n=16, “AD females”) and NTg (males n=18, “NTg 

males”; females n=10, “NTg females”) mice on a C57BL/6J background after embryonic 

transfer and backcrossing at least 10 generations, established in the Universitat 

Autònoma de Barcelona (Baeta-Corral & Giménez-Llort, 2014) were used. The 3xTg-AD 

mice harboring transgenes were genetically engineered at the University of California 

Irvine, as previously described (Belfiore et al., 2019). Animals were maintained in groups 

of 3-4 mice per cage (Macrolon, 35 × 15 × 15 cm) filled with a 5 cm thick layer of clean 

woodchips that were the same used for behavioral testing (Eco-pure, Chips6, DateSand, 

UK; Uniform cross-cut wood granules with 2.8–1.0 mm chip size) and nesting materials 

(Kleenex, Art: 08834060, 21 × 20 cm, White). All animals were maintained under 
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standard laboratory conditions of food and water ad libitum, 22 ± 2°C, 12 h light: dark 

cycle with lights on at 8:00 am, and relative humidity 50–60%.  

3.3.1.2. Experimental Design  

As illustrated in figure 1, animals were behaviorally assessed for four consecutive days 

in a counterbalanced manner using a factorial design genotype (G) x sex (S).  

 

Figure 2. Graphical abstract. Experimental design: a 5-day battery of behavioral tests consisting 

of an open field test (OF) test on day 1, a two-zones marble test (MB) on day 2, a Deacon’s bur-

rowing test (DB) on day 3 until day 4, and a two-zones brief burrowing test (BB) on day 5. 

 

3.3.1.3. Behavioral Assessment 

Behavioral assessments in the different tests were conducted under dim white light (20 

lx) and during the light phase of the light: dark cycle, in the morning (from 10 am to 1 pm) 

except for the Deacon’s burrowing test that started at 3 pm and ended on the next day 

at 9 am, as detailed below. A trained observer performed direct observation 

assessments, blind to the genotype and with a camera’s support. All procedures were in 

accordance with the Spanish legislation on the “Protection of Animals Used for 

Experimental and Other Scientific Purposes” and the EU Directive (2010/63/UE) on this 
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subject. The protocol CEEAH 3588/DMAH 9452 was approved on the 8th of March 2019 

by the Departament de Medi Ambient i Habitatge, Generalitat de Catalunya. The study 

complies with the ARRIVE guidelines developed by the NC3Rs and aims to reduce the 

number of animals used (Kilkeny et al, 2010) . 

 

Day 1— Open field test (OF) 

This classical anxiety test was used to evaluate the ethogram of anxiety-like behaviors 

and exploratory activity. The animal was placed in the center of an open and illuminated 

field (homemade woodwork, white box, 55 × 55 × 25 cm) and observed for 5 minutes. 

First, the ethogram of action programs (sequence of behavioral events) was recorded. 

Thus, the duration of freezing behavior (OFlatM) and the latency of the behavioral events 

that follow it were recorded: leaving the central square (OFlatC), reaching the periphery 

zone (OFlatP), performing the first rearing (OFlatR) and the first grooming (OF-latG). 

Additionally, the number of rearings (OFnR), the number of grooming episodes (OFnG), 

the distance traveled (OFd), the number of entries in the center zone (OFeC), the time 

spent in the center zone (OFtC), the distance traveled in the center zone (OFdC), the 

time spent in the periphery zone (OFtP) and the distance traveled in the periphery zone 

(OFdP) were also recorded. 

 

 

Figure 3. Open Field Test. The apparatus was divided into three zones: central square, center 

zone, and periphery. 
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Day 2—Marble Burying test (MB) with Two-Zones analysis (TZA) 

The Marble Burying test (marbles equally spaced in a cage) is usually used to evaluate 

burying behavior. In the present work, we propose using our two-zone configuration (8) 

and a dual analysis, evaluating marble burying and digging behaviors. 

The two-zones protocol consisted of virtually dividing a standard home cage (Macrolon, 

35 × 15 × 15 cm), with a 5 cm thick layer of clean woodchips, into two zones: with marbles 

(w/MB) and without marbles (w/oMB). In this way, we allow the animals to avoid 

interacting with the marbles if they do not want to. In this work, fifteen glass marbles were 

placed evenly spaced (five rows of three) in one-half of the cage (zone w/MB), and the 

test was video recorded. Then, the mouse was introduced in the zone w/oMB facing the 

wall and left to interact with the cage freely. After 30 minutes, the mouse was gently 

removed from the cage, and the buried marbles were counted (MB30). Later, to assess 

the buried marbles time-course, the number of buried marbles was counted every 5 

minutes in the video recording (MBx, x=minute). In all the measures, the number of 

marbles buried was transformed into a percentage for further statistical analysis. The 

burying criteria was strict: marbles were counted as buried when their surface was 

covered at least 90% with bedding material. 

Additionally, TZA for a better understanding of digging intentionality was applied, the 

latency of dig-ging appearance and the number of diggings episodes were registered, 

taking into account the area in which it was made (MBlatDw/ and MBnDw/, in the zone 

with marbles) (MBlatDw/o and MBnDw/ in the zone without marbles). Subsequently, 

regardless of the zone, the latency of digging appearance in the test was established 

(MBlatD), and the number of total digging episodes was calculated (MBnD). All these 

variables were counted through the video recording. Digging was defined as using front 

legs and/or hind legs to displace the substrate of the cage. 

 

Day 3 and 4— Deacon’s Burrowing Test (DB) 

Burrowing behavior was measured using this test (Deacon, 2009). A burrowing tube 

(PVC, 20 cm) filled with 200 grams of food pellets was introduced into a big home cage 

(Macrolon, 50 × 22 × 14 cm) with a 3 cm thick layer of woodchips. At 3 pm, mice were 

placed in the cage facing the wall opposite the tube and left to explore freely. After two 

hours, the tube was retired to be weighed and refilled. Then, the tube was reintroduced 

and left until the following day. Sixteen hours later, at 9 am, the tube was retired and 

weighed again. Finally, the animals were returned to their home cage until the following 

day. The amount of food out of the tube was calculated and converted into a percentage 
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in both the 2 hours measure (short, DB%s) and the overnight measure (overnight, 

DB%o). 

 

Day 5— Brief Burrowing Test (BB) with Two-Zone Analysis (TZA) 

To assess burrowing behavior in a format easily comparable to the data obtained in the 

MB, here we propose a two-zone approach of the protocol proposed by Deacon and a 

dual analysis, that is, evaluating burrowing and digging behaviors. This test was per-

formed the day after completing the Deacon's test. 

A burrowing tube (PVC, 20 cm) filled with 80 g of woodchip bedding material was 

weighed and introduced into a standard home cage (Macrolon, 35 × 35 × 25 cm) with a 

5 cm thick layer of woodchips. Then, the mouse was placed in the cage facing the wall 

opposite the tube and left to explore freely. After 20 minutes, the mouse was gently 

removed from the cage, and the tube was weighed. Thus, the amount of wood chips out 

of the tube was calculated and converted into a percentage (BB%).  

Digging was defined as using front legs and/or hind legs to displace the substrate of the 

cage. The latency of digging appearance and the number of diggings episodes were 

recorded for each zone: outside the tube (BBlatDout and BBnDout) and inside the tube 

(BBlatDin and BBnDin). Afterward, regardless of the zone, the latency of digging appear-

ance in the test was established (BBlatD), and the number of total digging episodes was 

calculated (BBnD). All these variables, except for diggings inside the tube, were counted 

through the video recording.  
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Figure 4. Marble Burying Test, Deacon Burronwing Test, and Brief Burrowing Test. In both, 

Marble Burying test (MB) and Brief Burrowing test (BB) a two-zone analysis was carried. MB was 

virtually divided into two zones: a zone with marbles and a zone without marbles. BB was virtually 

divided into two zones: inside the tube and outside the tube. In both tests, the latency to dig and 

de number of digging were recorded in each zone, 

 

3.3.1.4. Statistics 

Statistical analyses were performed using SPSS 23.0 software. In all the tests, variables 

were analyzed by ANOVA split-plot analysis, with (G) genotype and (S) sex as the main 

factors, in a G(2) × S(2) design. In the case of the percentage of marbles buried, the time 

(T) was included as a within factor according to the experimental design G(2) × S(2) × 

T(7). Post-hoc comparisons were run with Bonferroni corrections. Spearman correlations 

were made to analyze behavioral correlates. Due to genotype and sex being significant 

factors in almost every variable in MB and both burrowing tests, correlation analyses 

towards OF were performed accordingly. Correlates between MB, DB, and BB were 

generated without any categorial division to assess their general relationship. Correlation 

coefficients (r) are indicated. A p-value < 0.05 was considered statistically significant. 

Graphics were made with GraphPad Prism 6. 
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Chapter 5. Discussion 
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5.1. Studies in the PDK1 K465E Knock-In Mice 

 

5.1.1.  PDK1 K465E Knock-In Mice Behavioral and Functional 

Phenotype  

 

This work explores, for the first time, the behavioral phenotype of the PDK1−/− mice. In 

Study 1, it was found that these mice exhibited increased response of fear- and anxiety-

like behaviors. In the CT that measures mild neophobia in a familiar environment, an 

increased mild neophobia was exhibited as a delayed and reduced number of rearings. 

However, this phenomenon was present exclusively in young adults (3-4 months old). It 

is worth mentioning that mature PDK1−/− mice (11-14 months old) exhibited reduced 

latency of rearing compared to WT mature mice, but this was probably due to the 

presence of an outlier with extremely higher latency in such a group. The increased 

neophobia in the CT was confirmed in a more anxiogenic test such as the OF. There, 

young PDK1−/− mice presented a delayed sequence of events in their behavioral 

ethogram, suggesting an enhanced fear of facing a novel environment (Lát.,1979). In 

addition, the higher number of stretch attendance reflects enhanced risk assessment or 

vigilance when facing a threatening situation. Lastly, the reduction of vertical activity, 

mainly in the first minutes, resembles an inhibition of the exploratory behavior due to 

anxiety that gradually increase as mice become more comfortable with the environment. 

This phenotype is present in other animal models with anxious-like profiles (Baeta-Corral 

& Giménez-Llort, 2014). Lastly, mature adult PDK1−/− mice emotionality was enhanced, 

as evidenced by the higher urination incidence. This differentiated expression of anxiety-

like behavior at both age stages could be explained by the age-dependent different levels 

of deficit in AKT signaling described for this model. As stated in the introduction, deficits 

in Akt signaling are pronounced both in the cortex and the hippocampus during young 

adulthood (3-4 months of age) but tend to be attenuated by middle age (16-21 months 

of age) (Yang et al. 2018). To our knowledge, a similar effect has not been reported in 

the other mutant models reported for this pathway, although it is true that most of them 

were analyzed only at 3-4 months old mice, which is precisely the age stage in which 

enhanced anxiety-like behavior is observed in our mutant. The only study testing a 

mutant model at older ages was conducted in the PDK1fl/fl CRE+ mice, which were 

evaluated at 12 months of age, thereby matching the mature age reported here. It would 

be interesting to study if other mutant models also show a loss of the behavioral 

phenotype with aging. 
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In the T-maze, PDK1−/− mice explored already visited areas of the maze, which are 

considered errors attributed to working memory problems and prefrontal cortex 

dysfunction (Goldman-Rakic, 1994). Alternation behavior has been shown to reflect 

short-term habituation in responding to stimuli based on relative familiarity because of 

recent exposure (Sanderson and Bannerman, 2012). Importantly, similarly to the 

rewarded alternation and win–shift behavior on the radial arm maze, spontaneous 

alternation is sensitive to hippocampal lesions (Deacon et al., 2002). Here again, the 

worse performance was mostly observable in young mutant mice, whose brains 

exhibited more pronounced deficits in Akt signaling in both the cortex and the 

hippocampus (Yang et al., 2018), key neuroanatomical areas for these behaviors. 

Although this event was most prominent in young adults, it is important to note the higher 

number of errors done by a young mutant mouse since it could be and outlier. Altogether, 

these findings could indicate the presence of small cognitive deficits in the PDK1 model 

analyzed, although more research is needed since only one test was employed to 

measure cognition. Cognitive deficits mainly manifest in the AKT3 KO mice, the AKT 

isoform most expressed in the brain (Bergeron et al., 2017; Howell ey al., 2017; Wong 

et al., 2020). Since activation of all three AKT isoforms is equally affected in the PDK1-

/- mice, reduced levels of AKT3 could cause the observed cognitive deficits. Additionally, 

PDK1fl/fl CRE+ mice also manifested severe cognitive deficits (Cordón-Barris et al., 

2016). 

 

The results in Study 2 do not unveil behavioral differences attributable to anxious 

behavior caused by genotype-load. Statistical differences emerged in the OF ethogram, 

but these must be dismissed because the presence of an outlier causes them. Then, we 

fail to behaviorally detect the activation of differentiated physiological responses in 

response to distinctive AKT activity levels. This is perhaps because the study was 

performed in the mature age, where the anxiety phenotype disappears concomitantly to 

the attenuated AKT activity deficits. In view of our results, it would have been preferable 

to do this research at 3-4 months of age, but at the time the experiment was performed, 

age-dependent attenuation of the Akt activity deficits was yet not reported. In the 

literature, only homozygous PDK1/AKT transgenic mice have been behaviorally 

evaluated, and both showed similar deficits in cognitive tests (Howel et al., 2017). Hence, 

the genotypic-load induction of differentiated behavioral phenotypes seems unlikely, 

although further research is needed. Nevertheless, the complex interplay between 

genetic-load and sex was revealed in our studies. Although no evidence of increased 

anxiety is detected, behavioral differences did emerge depending on the genetic load 

and sex interaction. At a mature age, both PDK1−/− and PDK1+/− male mice showed 
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and increased bizarre rearing zone similar to that expressed by both PDK1+/+ wild type 

males and PDK1+/− females, whereas PDK1−/− females expressed a reduced a bizarre 

behavior comparable to that displayed by PDK1-/- males. These results cannot be 

interpreted as a sign of excessive anxiety, but they serve to illustrate how, even at normal 

levels of anxiety, there can be nuances in the behaviors elicited. Only one previous study 

has included both sexes, and divergences could not explain the behavioral differences 

in AKT expression or activation between sexes. Given our scarce results and the limited 

research available, studies on the influence of sex should be continued in the PDK1/AKT 

mutant mice. 

 

In summary, the PDK1-/- mice manifested enhanced anxiety-like behavior in 

concordance with other PDK1/AKT mutant mice models. The presence of this phenotype 

is age-dependent, probably explained by the recovery of AKT activity levels at a mature 

age. The mutant also manifested signs of cognitive deficit, but further research is needed 

to conclude it definitively. At a mature age, genotype-load and sex do not cause relevant 

alterations in the animal's behavior, but it will be recommendable to probe it also at a 

young age. 

 

5.2.2.  PDK1 K465E Knock-In Mice Burying Phenotype 

 

Despite showing increased anxiety-like behavior, the PDK1−/− mice burying behavior 

does not differ from PDK1+/+ mice. This absence of differences persists at both young 

and mature ages. Moreover, burying behavior was not influenced by genotype-load. At 

a mature age, PDK1−/−, PDK1+/−, and PDK1+/+ mice presented similar numbers of 

marbles buried in the MB. In addition, no differences between male and female mice 

were observed, even when the genotype-load was considered. However, it can be 

observed that mature mice (11-14 months) showed a reduction in the number of buried 

marbles compared to young mice (3-4 months old). This event occurred regardless of 

the genotype, although it affected the PDK1−/− mice more prominently. 

 

The absence of genotype differences has relevance regarding the convenience of using 

the PDK1−/− mice to study further and validate new variables and methodological 

strategies in the MB. We conclude that it does not seem to be an appropriate transgenic 

strain to continue this research. 
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5.2.3. Insights from the TZC and ECM Application 

 

Despite the absence of differences in burying behavior, the combined application of the 

TZC and the EC of marbles provides valuable information for a more detailed 

understanding of the behavior exhibited.  

 

First, the TZC allows us to infer that both the interaction and the non-interaction with 

marbles are goal-directed and voluntary. With this methodological approach, the mice 

can avoid interacting with marbles if they wish to. In view of our results, we can state that 

PDK1−/−, PDK1+/− and PDK1+/+ mice show some reticence to bury the marbles. In this 

scenario, we could hypothesize whether this reticence to bury marbles would reflect an 

aversion to interacting with them. Here is where EC provides helpful insights to clarify 

this issue.  

 

The EC allows qualitatively classifying three levels of interaction with marbles (buried, 

changed of position, and intact). We can observe that, regardless of how we group the 

mice, most of the marbles are categorized as changed of position (approximately 4 of 6 

marbles). Meanwhile, the remaining marbles are distributed in the buried or intact 

categories. This distribution is similar to the exhibited by WT mice employed in a previous 

work of our lab (Torres-Lista et al., 2015), although in that study the number of marbles 

employed was higher. The changed of position category included those marbles that 

were partially buried, turned and/or displaced by the mice. If we combine the buried 

marbles and positions changed, we can conclude that the interaction with marbles is the 

most dominant behavior. However, this interaction does not solely reflect burying, as 

they can interact with them in other ways (e.g., by displacing them when moving through 

the cage or burying them when running over them). Therefore, we can conclude that our 

mice's actions are insufficient to completely bury the marbles rather than avoid 

interacting with them. In view of the results, it would be more useful to record direct 

measurement of burying behavior. Since burying is the application of digging to a 

complex task (de Brouwer et al., 2019), the number of diggings made to bury marbles 

would be a promising alternative. In addition, the EC facilitates interpreting the reduction 

of buried marbles in mature-age mice. With aging, along with the reduced buried 

marbles, we could observe an increase in the number of marbles left intact. This increase 

is even statistically significant. Those are marbles that have been unaltered along the 

test. However, although the number of intact marbles surpasses the number of buried 

marbles, it does not exceed those changed of position. Therefore, despite the increase 

of marbles left intact and the reduction of marbles buried, the interaction with marbles is 
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still the main activity displayed by our mice, independently of genotype. This reduction 

of marbles buried could correlate the loss of the anxiety phenotype with aging, although 

in this case, it cannot be attributed to changes in AKT activity levels since it was also 

manifested in WT mice. 

 

Among PDK1/AKT mutant mice, only one model has been tested in the MB, which was 

applied with a TZC and EC methodological modifications. The PDK1fl/fl CRE+ mice 

exhibited a similar phenotype, where most marbles were changed of position 

accompanied by a low number of marbles left intact or buried. In this case, the mutant 

mice showed an enhanced number of marbles changed of position compared to their 

WT, without differences in the other categories.  

 

Despite the lack of MB differences, the TZC and EC have allowed us to interpret better 

their burying behavioral pattern. Both can be useful to extend the BNPS screening power 

of the test, but their explanatory utility may be limited. It would be relevant to incorporate 

and analyze variables that allow us to capture more directly the burying activity and the 

intentionality behind this behavior. 

 

5.1.4. Anxiety Tests and MB Correlations 

 

The analysis of the relationship between both OF and CT variables to MB yields poor 

and incongruent results in both, PDK1−/− and PDK1+/+ mice. Due to the greater 

latencies in the behavioral ethogram of the OF and CT denoted in the PDK1−/− mice as 

a sing of increased anxiety-like behavior, it would be expected that the number of buried 

marbles would correlate inversely with these measures. In addition, the delay in this 

behavioral ethogram causes a reduced number of rearings, so marbles buried should 

correlate positively with them. In contrast, we observed that the PDK1+/+ mice buried 

more marbles at the same time that it took them longer to both perform rearing in the CT 

and to leave the central square in the OF. In PDK1−/− mice, those individuals that buried 

fewer marbles were those that performed fewer rearings in the CT. However, in this 

genotype, it is interesting to note the positive correlation between the number of intact 

marbles and the latency of rearing in the CT. Thus, PDK1−/− mice interacting less with 

the marbles showed a more anxiety-like phenotype in the CT. In view of this, we might 

question whether it would be better to use the number of intact marbles as a measure of 

anxiety rather than buried marbles, although this data would probably be highly 

misleading. Since even the displacement of the mice can modify the marble's state, the 

apparition of marbles left intact could reflect better exploratory/locomotor activity rather 
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than burying activity. The poor correlations between MB and the outcome of other tests 

to measure anxiety have been previously described by other studies (Njung’e & Handley, 

1991b; Thomas et al., 2009; Savy et al.; 2015)  

 

5.1.5. Could be some BNPS modeled by the K465E Knock-In Mice 

Burying Behavior? 

 

Although in these studies we do not employed the necessary methodological changes 

and new variables to fullfil all the critea included in our hypotheses, the results provide 

valuable information to discuss the possible BNPS modeled by the PDK1−/− mice burying 

behavior. 

 

Regarding to prove a repetitive-like behavior, due to their low burying outcome, we can 

reject the “excessive” character criteria. the other criteria cannot be tested. The presence 

of anxiety-like behavior in our mutant mice and other related PDK1/AKT mice models 

would encourage us to hypothesize that this low burying activity could mimic an avoidant 

response, thus depicting an anxiety-like behavior. However, as previously explained, the 

data obtained do not support this hypothesis.  

 

First, the PDK1−/− mice buried marbles did not differ from those buried by the PDK1+/+ 

mice, so their response, even being anxious, would not be “clinically” different from that 

made by the “normal population”.  Second, TZC and EC show a voluntary interaction of 

the PDK1−/− mice with the marbles. The low number of buried marbles indicates that their 

activity in the MB is insufficient to bury the marbles completely rather than reflecting an 

aversion to interacting with them since most marbles are changed of position and are 

not intact. Finally, buried marbles correlations with other tests to measure anxiety are 

scarce and inconsistent. 

 

For all these reasons, the MB modeling of anxiety-like behavior in the PDK1−/− mice is 

quite questionable. We do not deny some type of influence of anxiety on the MB 

performance, but it is clearly not the main BNPS modeled. Furthermore, it is unlikely that 

any BNPS will be modeled on these mutant mice. Thus, the PDK1−/− mice burying 

behavior most likely solely represents an inherent behavioral phenotype of the animal 

(Thomas et al., 2009), which is not modified by their alterations in the PI3K/PDK1/AKT 

signaling pathway. 
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5.2. Studies in the 3xTg-AD Mice 

 

5.2.1. Genetic, Sex and Aging Effects in Burying Behavior 

 

In the present work, we corroborated the previously described increased burying in 3xTg-

AD males at 12 months of age (Torres-Lista & Giménez-Llort, 2015; Torres-Lista et al., 

2019). In our laboratory, this phenotype has been consistently and robustly manifested 

over years of research and independently of variations in the number and material of 

marbles employed. Altered burying behavior has also been found in other AD mice 

models, although depending on the model used, it was described as reduced or 

increased (e.g., Kemppainen et al., 2015; Zhang et al., 2018; Si et al., 2022). Hence, this 

rodent-typical behavior is strongly sensitive to AD pathology in mice, but the pattern of 

impairment varies among the different mice models, suggesting that different genetic 

and neuronal substrates may mediate nuances in the phenotype. 

 

Here, for the first time, we provide the burying phenotype of 12 months old 3xTg-AD 

female mice. The percentage of marbles buried by AD females was similar to that of NTg 

females. This was proved in two independent studies. Although in Study 4, both AD and 

NTg females presented lower percentages than the values shown in Study 3, the 

relationships between the two groups remained the same, as NTg females also 

presented lower percentages. This event could be due to changes in the number and 

material of marbles employed between studies and/or the implicit variability in 

spontaneous behaviors such as burying (Deacon et al., 2008). Despite the absence of 

statistically significant differences in both studies, it is noteworthy that marbles buried by 

AD females were slightly higher than those buried by their NTg counterparts. Moreover, 

in Study 4, the marbles buried by AD males were statistically higher than those buried 

by AD females. The differentiated burying phenotypes manifested by male and female 

AD mice warn about the presence of sexual dimorphism. This finding joins the list of 

sexual differences manifested by 3xTg-AD mice as Aβ plaque load, immune response, 

lifespan, memory, non-memory-related behavior, and therapeutic response (Dennison 

et al., 2021). Due to sex-differentiated impairment in AD patients (Ferreti et al., 2018, 

studying and modeling this phenomenon in AD animal models is necessary to develop 

treatments that can be clinically translated. As far as we know, this is the first time that 

sex differences in burying behavior have been studied in a transgenic mice model of AD. 
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Our longitudinal approach allows us to understand how normal aging and AD-

pathological can influence burying behavior. For this purpose, we retested 12 months 

mice at 16 months old in the MB.  Regarding normal aging, NTg mice buried marbles 

remained stable at 16 months of age. However,  sexual dimorphism was exhibited in AD-

pathological aging. Whereas AD males burying remains intact, AD females showed 

impaired burying at 16 months. This deterioration led to a significantly reduced burial of 

marbles compared to NTg females and accentuated the previous differences regarding 

AD males. This worsening of burying behavior with the disease's temporal progression 

mimics AD's progressive nature. Due to the naturalistic approach of the MB, we could 

be modeling a loss of capability to do and ADL. In this manner, pathological AD aging 

can worsen AD female mice's capability to perform a typical and necessary behavior, 

similar to those patients that lose the capability to perform certain activities. 

But why is there no sign of aging effect in AD males?  A possible explanatory hypothesis 

would be that in AD males, it was already impaired, showing excessive traits, whereas 

AD females showed burying levels comparable to those shown by NTg mice. Also, this 

event could be partly explained by the delayed and sex-dependent apparition of brain 

pathology (Belfiore et al., 2019). Our future directions are to study further burying 

behavior in previous age stages to assess the temporal progression of the behavior and 

clarify this issue.  

 

In addition, the sex-dependent affectation by AD-pathological aging could partially 

explain the differences in burying percentages in AD-females between Studies 3 and 4. 

The AD females in Study 4 could be affected earlier by the disease and thus impaired 

burying at 12 months. Also, due to the longitudinal design of Study 3, a survivor bias may 

be present as the animals that survived 16 months were probably the healthiest mice. 

However, normal aging could not explain the lower burying shown by NTg females in 

Study 4.  

 

To our knowledge, this is the first time a longitudinal study has been conducted 

assessing burying in AD mice models. A few examples in the literature analyze the 

deterioration of burying along AD-pathological aging, but these use a cohort approach 

(e.g., Deacon et al., 2008; Si et al., 2022). In Si & cols. works, Double Knock-Out mice 

burying worsens as age increases, even to the extreme of not burying marbles at 6 

months old. In contrast, in Deacons & cols. work, Tg2576 female mice showed no signs 

of deterioration even at 23 months of age, although they did not show differences from 

their controls in all the age cohorts evaluated. Therefore, the worsening of burying 

behavior as AD advances is a promising topic that could mimic ADL's deteriorative 
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progression, albeit the modeling of this event is subject to the mice model employed. To 

our knowledge, this is the first time that a burying ADL-like impairment has been proven 

through a longitudinal study.  

 

Altogether, our work reveals that burying behavior in 3xTg-AD is sensitive to the complex 

interplay between genotype, sex, and pathological aging and its interactions, confirming 

our hypothesis. 

 

5.2.2. Methodological Changes and New Variables: Insights of 

3xtTg-AD Burying Behavior  

 

The studies in this work reveal important findings that allow an in-depth understanding 

of the burying phenotype manifested by our mice. The most relevant will be discussed 

below. 

 

First, it should be emphasized the utility of the TZC configuration. This methodological 

approach allows us to ensure that mice interaction with marbles is goal-directed and 

voluntary, regardless of their burying phenotype. As will be discussed in later sections, 

such a simple modification is fundamental to interpreting the BNPS modeled by burying 

behavior in our model. 

 

The TC of marbles buried provides valuable information about the behavioral pattern of 

the animal through the test, helping to establish a more accurate profile of the animals 

and giving robustness to the differences between groups. In AD- males, it is noteworthy 

that the greater percentage of buried marbles appeared since the initial 10-15 minutes 

of the test, suggesting that their burying behavior appears earlier and is more frenetic 

than that shown by ADfemales and NTg-males. In addition, it can be noticed that the 

impaired burying of AD females at 16 months is also manifested in the initial 15 minutes 

of the test, which makes the results even more robust. Therefore, the TC allows 

perceiving differences in the pattern throughout the test without solely relying on the final 

test score. 

If we consider only the last score, we could erroneously conclude that there are 

significant differences (false positive) or not (false negative) between the groups when 

in fact, throughout the test, this was not the case. In our experiment, we can see an 

example of each. As a false positive in the final measurement, we have that the 16-

month-old AD-females burying percentage is significantly different regarding their score 
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on the previous testing, but only in that score. While as a false negative, we see that in 

the last measurement of the re-test, the significant difference between AD-males and 

NTg-males at 12 months disappears when there have been significant differences in all 

the previous scores. 

 

The RT unveils the stability of MB buying percentages between the test and retests, 

independently of the genotype, sex, and age. Thus, there are no apparent hallmarks of 

habitation for both NTg and AD mice. The only significant difference that appears is a 

lower percentage of marbles buried by NTg females at 16 months in the retest, although, 

as we commented in the previous section, with the data provided by the TC it could be 

considered a false positive since no further significant differences appeared along the 

test. The dual application of the TC and the RT provides robustness to support the 

stability between testings since we can appreciate that there are not even performance 

differences in the intermediate scores. In the retest, it is noteworthy that the percentage 

curves of females displayed a greater discrepancy than that shown in the previous 

testing, which denotes a greater variability that causes certain differences that existed 

the previous day to disappear. This stability between test and retest has important 

implications for discussing the anxiety-like behavior modeling by burying behavior since 

it seems to indicate that there is no habituation. A possible hypothesis to support that 

anxiety-like behavior is still modeled could be that the inherited anxiety trait of these mice 

could make their response to marbles resistant to habituation (Stein et al., 1997; Steimer, 

2011) and thereby invoking either active burying or active avoidance behavior as coping 

strategies (e.g., Koolhas et al., 2007). Since 3xTg-AD mice present higher baseline 

anxiety (Baeta-Corral & Giménez-Llort, 2014), which produces differentiated anxious 

responses depending on the test (Torres-Lista et al., 2019), the previous hypothesis is 

still possible. Interestingly, we have already reported that other animal models for 

anxiety, such as the A1 receptor knock-out mice, also show reduced habituation 

(Giménez-Llort et al., 2005). This issue will be addressed later. 

 

The insight from the new variables included in the TZA complements the analysis of the 

percentages and allows us to elaborate more complete behavioral profiles of our mice, 

thus increasing and improving our understanding of how they behaved in the MB. First, 

both NTg males and females showed lower percentages of buried marbles, which would 

agree with the lower number of diggings in the marble zone. Since they started later to 

dig in the marble zone and their digging episodes in the zone without marbles were 

clearly higher than their diggings in the marble zone, this would suggest that these 

animals show a preference for digging in the zone without marbles and avoiding, to a 
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certain extent, digging in the area with marbles. On the other hand, the behavioral pattern 

exhibited by 3xTg-AD mice would be sex-dependent. As well as NTg mice, AD females 

would also prefer digging in the zone without marbles and avoiding burying in the area 

with marbles, but even so, their burying percentage is slightly higher than NTg females. 

This could be due to a more efficient burying in the marble zone and/or “contamination” 

from the activity in the zone without marbles, as they manifested a slightly higher number 

of diggings compared to NTg-females, albeit not statistically significant. Meanwhile, AD 

males exhibited an earlier and higher activity in the zone with marbles. However, this 

increased activity was not detrimental to the activity in the zone without marbles since 

they showed similar latencies and activity in both zones and similar to the shown by the 

other groups. 

 

In addition, the intra-test correlations of the MB provide valuable insights into how 

variables are related to each other. First of all, the absence of a relationship between the 

latencies of diggings of the two different zones could indicate that the occurrence of 

digging in each zone, with marbles, and without marbles, were independent events 

subjected to the mouse will. Of these two latencies, only the one done in the area with 

marbles was related to the percentage of marbles buried at the test's beginning and end. 

This suggests that it does not matter whether the animals start digging earlier or later in 

the zone without marbles because the buried marbles only depend on how long it takes 

to start digging in the marble zone. Furthermore, the idea that the animal's behavior in 

each zone is voluntary and independent of each other is suggested when we observe 

that the latency in each one of the zones correlates only with the number of diggings of 

their respective zone and not with de diggings of the other zone. Finally, it’s important to 

consider that both the number of diggings in the zone with-out marbles and the zone with 

marbles correlated with the percentage of marbles buried at the beginning and the final 

of the test, albeit being bigger for the marbles-zone digging. This implies that the burying 

percentage does not depend solely on the diggings in the marbles-zone, indicating a 

certain "contamination" from the non-marbles zone activity to the marble zone. This could 

be caused by the absence of physical separation between the two areas in two different 

ways: throwing woodchips over the marbles and covering them from the zone without 

marbles when they dig, and/or shifting the marbles to the zone without marbles and then 

burying there. 
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5.2.3. In-Depth Review of the Relationship Between Anxiety Tests 

and Burying Behavior in 3xTg-AD Mice 

 

The results allow further examination of the relationship between other tests used to 

assess anxiety and the MB outcome.  

 

First, we can observe how in Study 3, despite the lack of genotype differences in 

neophobia in the CT, the differences in burying phenotype are conserved. This absence 

of differences in the CT is surprising since, in other studies, we have shown enhanced 

latencies of rearing and a lower number of rearings in AD mice (Torres-Lista et al., 2015; 

Giménez-Llort & Alveal-Mellado, 2021). In contrast, in Study 4, we can appreciate an 

enhanced anxiety behavior in AD mice since they showed higher latencies along their 

OF ethogram. These situations make us suspect that the burying behavioral pattern of 

AD mice is still preserved regardless of whether or not they manifest anxiety-like 

behavior in other tests. 

 

Before discussing the analysis of correlations, it is necessary to consider some issues. 

It is not enough that correlations exist between the anxiety test and the MB; they must 

show coherent relationships between their variables. The use of increased latencies of 

the ethogram as a signal of anxious behavior in the CT and OF conditions the type of 

relationship (positive or negative) that they should have with the different MB variables. 

In addition, the sexual dimorphism manifested by AD mice in their burying phenotype 

implies that we must establish differentiated relationship patterns. In view of this, we will 

discuss the correlations. 

 

If we hypothesize that animals with low burying (NTg male and female, AD female) 

actively avoid marbles because of anxiety, then we should expect negative correlations 

in both CT and OF latencies regarding direct and indirect measures of burying 

(percentages, number of diggings in the zone with marbles) and positive correlations 

with the latency of digging in the zone with marbles. In Study 3, 12-month-old AD females 

showed increased latency to do rearing in the CT and a lower percentage of marbles 

buried at 5 minutes. However, no significant correlations were found in NTg mice, at 

other ages, or in other measures in the MB. Additionally, the reduced burying behavior 

shown by AD females at 16 months of age is not correlated with CT, which will have 

important implications in their interpretation of their behavioral pattern as an anxiety-like 

behavior. Also, NTg mice and AD females did not show correlations in Study 4. 
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In AD males, the hypothesis would be the opposite. If increased burying is related to 

anxiety, there should be positive correlations between both CT and OF latencies with 

direct and indirect measures of burying and negative correlations with the latency digging 

in the marbles zone. The results were not like that but were incongruous. In Study 3, AD 

males did not present any statistical relationship between tests. In study 4, MB 

percentages in the first 15 minutes were negatively related to OF latency of movement 

and leaving the central square. The latency of digging in the marble zone was positively 

related to the latency of leaving the central square in the OF. There was some 

congruence in the negative relationship between OF latency to leave the central square 

and the number of diggings in the zone without marbles. Although it is not a direct 

measure, due to contamination, it influenced the final burying percentage, although it 

had less relevance than other variables. In our team's previous work (Torres-Lista et al., 

2015), the absence of correlations between the CT and OF variables and the number of 

buried marbles was also exhibited in AD-males.   

 

In view of the results, the relationship between anxiety tests and MB performance could 

be described as poor, incoherent, and inconsistent. It is quite questionable to relate the 

performance on other anxiety tests to the MB outcome, even hypothesizing different 

coping-strategies. These poor correlational data fit with those obtained in other studies. 

We have observed how the burying phenotype is preserved whether or not the anxious 

phenotype is present. Although it has not been discussed here, the pattern of correlations 

between the OF and the burrowing tests also shows a poor relationship. Given the 

common behavioral substrate of burrowing and burrowing (de Brouwer, 2019), it is not 

surprising that this occurs. 

 

5.2.4. Unveiling the 3xTg-AD Mice Burrowing Phenotype  

 

This work represents the first description of the 3xTg-AD burrowing behavior. It has been 

measured with the DB and the BB, which we have elaborated. In both tests, AD males 

show higher burrowing than NTg males and AD-females, while AD-females show similar 

burrowing to those shown by NTg mice.  

 

In conjunction with the analysis of percentages, the insight obtained from the TZA of the 

BB allows us to elaborate a comprehensive behavioral profile of burrowing behavior 

displayed by AD mice and their NTg counterparts. First, both NTg males and females 

showed lower percentages of burrowed material, which would agree with the lower 
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number of diggings done inside the tube. Since they started later to dig inside the tube 

and their digging episodes outside were higher than their diggings inside, this would 

suggest that these animals prefer to dig outside the tube.  Therefore, they manifest some 

hesitation to dig inside the tube. On the other hand, the new variables were analyzed to 

support the sex-dependent burrowing pattern exhibited by 3xTg-AD mice. As well as NTg 

mice, AD females preferred to dig outside the tube and showed similar activity inside, 

which translated into a low burrowing percentage. Meanwhile, AD males exhibited an 

earlier and higher activity inside the tube, which translated into a higher percentage of 

burrowing. However, this increased activity was only manifested inside the tube since 

both the latency to dig and the number of diggings outside were similar to that performed 

by NTg mice. 

 

Intra-test correlations of the BB provide valuable insights into how variables are related. 

First, the absence of a relationship between the latencies of diggings of the two zones, 

inside and outside the tube, could indicate that digging in each zone was an independent 

event subjected to the mouse's will. Of these two latencies, only the one done inside the 

tube is related to the percentage of woodchip outside the tube. This suggests that it does 

not matter whether the animals start digging earlier or later outside the tube because the 

material only depends on how long it takes to start digging inside. 

Furthermore, the latency in each one of the zones correlates only with the number of 

diggings of their respective zone and not with de diggings of the other zone. This 

supports the idea that the animal's behavior in each zone is voluntary and independent 

of each other. Finally, it’s important to note that only the number of diggings inside the 

tube correlated with the burrowing percentage. This implies that the burrowing 

percentage did not depend on the diggings done outside the tube. Hence there is no 

contamination between the activity done in each zone. This is probably due to the 

physical separation between the two zones caused by the tube walls. 

 

Although this is the first time that burrowing behavior has been assessed in the 3xTg-AD 

mice, this is not the first time that burrowing has been studied in rodent models of AD. 

Contrary to our results, the majority of AD transgenics mice models tested in the DB or 

similar protocols have shown decreased burrowing (Deacon et al.,2008;  Deacon et al., 

2009; Sagare al., 2013; Janus et al., 2015; Lippi et al., 2018; Si et al., 2022). In contrast, 

Wistar rats injected with amyloid-beta peptides in the hippocampus manifested 

enhanced burrowing behavior (Salgado-Puga et el. 2015). The differences in the onset 

and progression of AD brain pathology in the different AD transgenic mouse models is a 

topic well documented (e.g., LaFerla & Green, 2012; Janus & Westaway, 2001; Lippi et 
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al., 2018; Götz, et al., 2018). However, differences in behavioral phenotypes do not 

receive the same depth of study. Some examples in the bibliography show how these 

behavioral phenotypes do or do not manifest themselves or do so distinctly depending 

on the mouse model employed (Kobayashi & Chen, 2005; Bryan et al., 22011; Puzzo et 

al., 2014; Si et al.,2022). As we mentioned, the incongruence between AD mice models 

also occurred in burying behavior. In addition, it is important to remember that burrowing 

behavior is sensitive to strain differences (e.g., Contet et al., 2001). Therefore, the AD 

mice model employed could influence the type of differences that appear, but it seems 

clear that, as happen with burying, is a rodent typical behavior sensible to AD pathology. 

 

5.2.5 Are Burrowing and Burying Behavior in 3xTg-AD Mice 

Similarly Impaired? 

 

The methodological design of the BB allows better comparability between the burrowing 

pattern and the MB burying pattern. Moreover, applying the TZA in both tests enables a 

deeper analysis of the relationship between such behaviors. 

 

Overall, the burrowing behavioral pattern exhibited by the 3xTg-AD mice was remarkably 

similar to their burying phenotype. AD males showed increased percentages of burying 

and burrowing, shortened latencies to initiate the digging in the zone with marbles/inside 

the tube, and increased episodes of diggings in such zones. In Figure 5, included in the 

supplementary material, the MB and BB temporal progression in one example of both 

AD male and NTg male mice. It can be observed how the AD mice do both bury the 

marbles and burrow the tube earlier. However, there were also some performance 

differences in the AD males. Perhaps the most relevant one was that AD males displayed 

increased diggings in the area without marbles, in contrast to diggings outside the tube 

in the BB. This could be because there is no physical separation between the two MB 

zones, and the MB and BB have different durations.  

 

 

 AD females burying and burrowing phenotypes were identical and did not differ from 

those shown by the NT mice. Similarly, the NTg mice's behavioral patterns were also 

transferred between tests. Therefore, both behaviors are coherently manifested in both 

MB and the BB, whether impaired or not. 
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The correlations reported in this work provide valuable information on how burying and 

burrowing behavior are related. First, the burying percentage and all the burrowing 

percentages from both DB and BB, are positively correlated. This supports the idea that 

the performance shown in one test is, to a certain extent, transferable to other tests. This 

finding has important implications. Thus, an animal that performs a low burying is likely 

also to present a similar level of burrowing and vice versa. Furthermore, the latencies of 

digging in the zone with marbles and inside the tube are positively related. This 

relationship is exclusive, as they do not correlate with other latencies. Surprisingly, the 

latencies performed in the zone without marbles and outside the tube do not correlate. 

In addition, we can observe how the latencies of digging in the zone with marbles and 

inside the tube are negatively related to the percentages of the other tests. However, 

each latency is uniquely related to a different percentage in the DB. Then, the initiation 

of both burying and burrowing is intentional, exclusive, and closely related.  Moreover, 

the number of diggings in both zones of the MB is positively correlated with diggings 

done inside the tube in the BB. However, diggings done outside the tube are unrelated 

to both digging measures in MB. This pattern is also observed when the burying 

percentage is compared to diggings measures in the BB, and conversely. This pattern 

mirrors the contamination effect previously described in the MB and absents in the BB. 

Therefore, burying and burrowing behavior is the manifestation of goal-directed digging, 

which in turn are deeply and closely related to each other. Finally, only the number of 

diggings in the zone with marbles and inside the tube are correlated with both DB 

burrowing percentages. Contrary to the BB, the contamination effect of the MB is not 

transferred to the DB percentages. This may be due to the methodological differences 

between MB and DB, as MB and BB present a similar methodological design.  

 

In resume, burying and burrowing are two goal-directed digging behaviors coherently 

interconnected to each other through correlations of direct and indirect behavioral 

variables, although they are not entirely alike. The burying behavior of the animals, 

regardless of whether it is altered or not, is equally mirrored in its burrowing behavior. 

Thus, in both tests, in AD-males, behavior is increased, whereas in AD-females is not. 

From a neuroethological perspective, it could be said that AD-males manifest an 

impaired capability to modulate their digging towards a goal, thus causing it to appear 

both burying and burrowing excessively. 
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5.2.6. Is 3xTg-AD Mice Burying Behavior in the MB a Model of 

Anxiety-Liker Behavior? 

 

In order to model an anxiety-like behavior, the following criteria must be met: 1) Mice 

exhibit active avoidance to interact with marbles or active burying towards them; 2) 

Avoidance response decrease in a MB repeated trial and 3) MB variables present 

meaningful and consistent correlations with variables from other tests to assess anxiety-

like behavior. These criteria will be discussed below. 

 

First, due to the utilization of the two-zone configuration (TZC) we can assume that the 

interaction with the marbles is, to some extent, voluntary. In our work, AD females 

showed no robust evidence of avoidance-like response. Their behavioral burying pattern 

was not statistically different from NTg mice in all the variables analyzed. This lack of 

avoidance-like response in AD mice is replicated in two independent studies, although 

there were differences in the percentage of buried marbles manifested between the two 

studies, prominently in AD females. These would be consistent with the results shown 

by other studies using a TZC, where mice still interact with marbles and bury them even 

when they have the opportunity to avoid them completely (e.g., Njung’e & Handley, 

1991b; Thomas et al., 2009; de Brower and Wolmarans, 2018).  It could be argued that 

the early onset of digging in the zone without marbles, in contrast to the zone with 

marbles, could reflect and avoid interacting with marbles. But this gap between the 

appearance of digging in the two zones is manifested by all the groups, although reduced 

in AD males. Then, it is expected and initial hesitation to begin digging in the marbles 

zone, which is not enhanced in the AD females. Therefore, this initial hesitation is not 

“clinically” and statistically distinctive from the displayed by NTg mice, and labeling it as 

an avoidance-like response would be an overstatement. The same reasoning could be 

applied to interpreting the higher number of diggings in the non-marbles zone compared 

to the marble zone as a sing of avoidance. This “preference” is a phenomenon 

manifested in all the groups, although in minor terms in AD males. In contrast, AD males 

manifested a reduced latency to dig and an increased number of diggings in the zone 

with marbles, accompanied by a higher percentage of buried marbles, meeting the 

criteria of active burying. Additionally, smaller gaps between both latencies and diggings 

would support this claim. However, more criteria are needed to label it as and anxiety-

like behavior. 
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Second, the data obtained in the RT would not indicate that habituation to a stressful 

situation is produced. One could either assume two different fight-to-flight scenarios: a 

case where the animals were so frightened of the marbles that they used an active 

burying defensive strategy (AD-males), or they actively avoided their interaction with 

them (AD-females). In addition, there is no sign of habituation in NTg mice either. 

Although, due to variability, some of the genotype, sex, and aging differences could 

disappear between trials, here we probe the lack of differences in the TC of marbles 

buried. Therefore, the performance of the mice does not even vary statistically along the 

test form one trial to another. It seems pretty clear that regardless of whether they bury 

more or fewer marbles, their performance in this test is persistent and stable over time, 

in concordance with other studies with repeated MB application (e.g., Gyertyán, 1995; 

Thomas et al., 2009; Taylor et a. 2017). Then, marble burying is behavior resistant to 

habituation, and this phenomenon is also present in AD mice. It could be argued that 

only two trials are insufficient to elicit habituation in the MB. This is probably true, but it 

does not invalidate our statement. Thomas &  cols. (2009) proved unaltered burying in 

C57BL/6J mice in five consecutive days of repeated testing. In the same work, in five 

successive MB trials with one hour of rest between them, only differences were found 

between the first and the las trial. It seems unlikely that AD mice would manifest a 

habitation even if the number of trials was increased, although this should be verified in 

future studies. 

 

Third, the relationships between the behavior manifested in other tests to assess anxiety 

and the MB are scarce and inconsistent. The burying behavioral pattern is still preserved 

regardless of whether or not the AD mice manifested anxiety-like behavior in other tests, 

as revealed the fact that AD males manifested enhanced burying behavior even without 

differences in the CT.  In addition, the MB outcome correlations with CT and OF are poor 

and even incongruent. Even with hypothesizing differentiated coping strategies, the 

criteria are not met. In addition, the age-dependent reduction of burying in Study 3 can 

not be attributed to anxiety since both the absence of CT differences at 16 months of 

age and meaningful correlations do not support this claim. Given the lack of evidence to 

support enhanced anxiety, the possibility of apathy-like behavior arises, a BPSD present 

in AD patients (Cloak & Khalili, 2019) and manifested in 3xTg-AD mice (e.g., Pardossi-

Piquard et al., 2016). Moreover, this hypothesis will make sense given the investigative 

motivation driving burying inherent behavior (Londei et al., 1998). However, our data are 

not sufficient to answer this question. In general, it should be noted that a poor and 

incongruent relationship is not only manifested with the number of buried marbles but 

also with direct variables of digging behavior employed in the TZA in Study 4. Moreover, 
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the OF variables also show a poor and scarce relationship with the behavior shown in 

the burrowing tests, although we have not included them in this thesis. 

 

Definitively, the burying behavioral pattern of AD females does not meet the criteria of 

active avoidance, habituation, and correlation with other anxiety tests. In contrast, AD 

males showed active burying towards marbles, but the criteria of habituation and 

correlations are not met. Then, AD mice burying patter do not model an anxiety-like 

behavior. We do not deny that anxiety may mediate or influence the behavioral outcome 

of MB, but anxiety-like behavior is not modeled by burying behavior manifested by AD 

mice. 

 

5.2.7. Could be 3xTg-AD Mice Burying Behavior in the MB a Model 

of Repetitive-Like Behavior? 

 

Given the extensive evidence in support of the use of MB as a model of repetitive-like 

behavior, we considered the possibility that AD mice burying behavior could mimic this 

BNPS. We established the following criteria to probe which hypothesis: 1) Mice exhibit 

active interaction with marbles, even with the possibility of avoiding it; 2) Mice manifest 

increased burying behavior, acquiring an “excessive” nuance; 3) Burying behavior 

remains stable in a MB repeated trial.  

 

Our results show that NTg mice an AD female only meets criteria 1 and 3. Thus, their 

burying acquires a repetitive character that does not reach excessive connotations. 

However, AD male burying behavioral pattern fulfills all the criteria. Therefore, we can 

affirm that AD male burying behavior reflects an excessive repetitive-like behavior. The 

next question to ask us is what kind of “excessive” or pathological repetitive-like 

behaviors are modeled, and that is not an easy question to answer.  

 

Under the label of repetitive-like behavior, we can include a highly heterogeneous set of 

responses associated with a wide range of conditions, including normative development 

(Whitehouse & Lewis, 2015). We are going to focus on three possibilities: repetitive 

behavior, stereotypy, and perseveration. These behaviors have been extensively studied 

in ASD (e.g.; Lewis & Kim, 2009; Tian et al., 2022), but they are not exclusive to this 

pathology. Repetitive-like behaviors such as repetitive behavior, stereotypy, and 

perseveration are manifested in AD patients (Neistein & Seial, 1997; Nyatsanza et al., 

2003; Pekkala ey al.,  2008; Cipriani et al., 2013, Deardoff & Grossberg, 2019), and our 
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research group has also described them in the 3xTg-AD mouse (Baeta-Corral & 

giménez-Llort, 2014; Torres-Lista & Giménez-Llort, 2014; Baeta-Corral & Gimenez-Llort, 

2015). In the following, we will define these constructs and discuss how our results 

conform to these. However, before discussing them, we must define what we mean by 

repetitive, stereotypical, and perseverative. This is not an easy task, even though they 

are terms that we usually handle in the field of psychology, psychiatry, and neuroscience. 

Depending on the source consulted, we can find definitions for the same term with 

notable differences, the belonging of these to different classifications, and the use of 

different terms as synonyms (e.g. Ridley, 1994; Garner (2005; Garner, 2006; Lewis & 

Kim, 2009; Cipriani et al., 2013). All this confuses and makes the interpretation of the 

results difficult. Our intention is not to redefine these terms or to create a theoretical 

framework but to specify, as far as possible, what these constructs mean to us. In this 

way, we intend to give clarity to the conclusions, avoiding confusion and 

misunderstanding of our results so that other researchers can transfer the conclusions 

obtained to their field. 

 

First, we will define repetitive behavior as that behavior or response that occurs in an 

excessive repeated manner. This behavior may be functional in the situation in which it 

appears, but it occurs in individuals in greater quantities than under normal conditions. 

This definition would align with what Ridley (1994) refers to as productive stereotypy.  

The higher number of diggings and the higher percentage of burying along the test 

shown by the AD males with respect to their NTg and female counterparts in the MB 

confer an excessive character to such behavior. Moreover, this phenomenon not only 

occurs in the MB but is also present in the two tests used to measure burrowing. Digging 

being the primary behavior behind burying and burrowing, we can say that this is a 

repetitive and persistent behavior, not only resistant to habituation but also consistently 

manifested in the different contexts that facilitate its occurrence.  

 

Stereotyped-like behavior can be defined as abnormal repetitive movements or 

behaviors. They are considered maladaptative and/or malfunctional (Garner, 2005). 

They are usually present in captive animals and can even lead to self-injurious behavior. 

It would be the equivalent of what Ridley (1994) defined as deprivation-stereotypies and 

confinement-stereotypy. In mice, these behaviors have been widely studied and include 

behaviors such as grooming, jumping, barbering or circling (e.g. Baeta-Corral & 

Gimenez-Llort; Masuda, 2016). First, digging is not a maladaptive or malfunctional 

behavior per se in our context because even if excessive, a test that needs digging to be 

performed is not abnormal, nor is it unrelated to the context. Second, there is no 
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correlation of any kind between the grooming observed in the OF with any of the 

variables of the other tests. This is important, as grooming is a deeply studied and well-

documented rodent-typical behavior for studying stereotypic behaviors (Shepherd et al., 

2021). It is important to note, however, that in the OF there were no differences between 

genotypes in this behavior and it occurred in very low numbers. However, on other 

occasions, we have documented the presence of this type of behavior in the 3xTg-AD 

model (Baera-Corral & Giménez-Llort, 2014). Therefore, attributing this construct to 

excessive digging by the animals in these tests is neither theoretically nor empirically 

supported. 

 

Finally, we would define perseverance as the performance of a behavior or strategy 

several times that, although it may make sense in a given situation, is not adapted to the 

current demand. It is demonstrated by the inability to shift, change or cease a behavior 

pattern once started (Millan et al., 2002). In our opinion, this construct is difficult to test 

with the tests used, or at least with the methodology employed. First, we observed that 

AD-male mice present a greater number of diggings both in the zone without and in the 

zone with marbles. We could make parallelism and say that the digging done in the zone 

without marbles would be synonymous with this perseverance. A reflection of the 

animal's insistence to continue burying or make a burrow when it is impossible to do so. 

However, it has been proven that the mere presence of bedding material in the cage is 

sufficient to elicit this behavior in mice (Thomas et al., 2009). Therefore, performing the 

digging behavior makes sense from a neuroethological perspective, whether the marbles 

are there or not. Moreover, we should not forget that digging in the area without marbles 

is the most common behavior in the other groups. These show a certain reluctance to 

diggings in the area with marbles, as corroborated by the greater latency to bury the 

marbles. Therefore, it is difficult to prove with the current protocol that the digging 

behavior present is perseverative in nature. 

 

Due to the repetitive nature of digging behavior in the 3xTg-AD male mice, this could be 

a consequence of the presence of impulsivity. Impulsivity is a BPSD manifested in 

patients with AD (Kszycki, et al., 2019) and animal models of the disease (e.g., Adriani 

et al.; 2006; Masuda, 2016; Shepherd et al., 2021). Also, some authors have argued and 

employed the MB as a model of impulsive behavior (Gyertyán; 1995; Millan et al.m 2002; 

Llaneza & Frye, 2009; Taylor et al., 2017, Shepherd, 2021). Garner (2006) defined 

impulsive behavior as a form of repetitive behavior that usually varies in the form and 

motor pattern and is goal-directed. In our view, given the investigative drive underlying 

the burying behavior AD male mice could be overwhelmed by this impulse. Once they 
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begin to dig in the non-marble zone, they cannot contain their drive to continue exploring, 

starting to bury the marbles much earlier and with great intensity in the marbles zone, as 

is evidenced by the significant differences in the number of marbles buried at 15 minutes. 

Also, the reduced gap between latencies supports this claim. NTg mice, and even AD 

females, start to dig at the same time as AD males but hesitate to start digging in the 

marble zone. In addition, since burying and burrowing are both enhanced in AD males, 

it can be stated that this impulsivity is capable of being displayed in analogous scenarios. 

Furthermore, the fact that this impulsivity to explore only is exhibited in the MB but does 

not in the OF support our idea. In the OF, AD males spent more time frozen, stayed more 

time in the central square, and took longer to reach the periphery. Due to this pattern, 

they spent less time in the periphery. Altogether, they manifest enhanced anxiety. In 

Figure 6, included in the supplementary material, the behavioral pattern of both AD males 

and NTg males. It can be observed how they shown a more center-oriented and slower 

trajectories and how spent more time in the center zone contrary NTg males. This shows 

how AD males perform a slower and more limited exploration than NTg mice in the OF. 

These differences in their response are probably because MB is a more naturalistic-non-

anxious environment, whereas the OF is an environment more anxiogenic. Then, in 

different situations, AD male mice showed differentiated BPSD-like behaviors. This 

presence of both neuropsychiatric categories mimics the comorbidity of disorders 

manifested in BPSD in human AD patients (García-Alberca et al., 2008).  

 

In summary, burying behavior in 3xTg-AD male mice represent a repetitive behavior, 

understood as excessive in quantity but with functionality and directed to a goal. It implies 

performing excessive digging towards a specific task. However, it cannot be attributed 

to stereotypical properties. It is a persistent behavioral pattern that does not change in 

repeated trials and manifests itself in different tests involving such behavior. To prove 

the presence of perseverance, it would be necessary to devise methodological 

modifications or other experimental protocols. This enhanced burying resembles 

enhanced impulsivity.  
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5.3. General Discussion 

 

This thesis provides a practical demonstration of how to employ the MB for BNPS 

screening in two different scenarios: 1) a mutant mouse model with unknown behavioral 

phenotypes that had high possibilities of exhibiting an anxious phenotype, as described 

here for the first time; 2) a transgenic mouse model with an anxious phenotype and also 

increased burying. The following sections will discuss the most relevant findings in 

general terms. 

 

5.3.1 Genotype, Sex, and Age Effects in Burying Behavior. 

 

Burying behavior has been shown to be sensitive to genotype, but not all. As 

demonstrated in our studies, there may or may not be differences depending on the 

model. The fact that a model animal is genetically modified does not imply that 

differences will emerge. Regarding sex, the results seem to support that there are no 

sex differences unless it interacts with the genotype, as in the 3xTg-AD mice. In none of 

the four studies, control mice showed sex differences in burying behavior. This is mainly 

reflected in Study 4, where we used the TZA, since there are no differences in any of the 

included variables. This result would be in line with that shown by Taylor and cols. (2017). 

Regarding age, in the WT of Study 1, we can observe a reduction in the number of 

marbles. Young adult mice of 3-4 months of age buried more than middle-aged adults, 

those of 11-14 months of age. The same occurred with PDK1 K465E KI mice. Therefore, 

it is likely that burying behavior may be reduced at higher age stages relative to younger 

ages. It would be interesting to perform a longitudinal study to test this, in the same set 

of animals, at several time points. However, in Study 3, no impairment of burying was 

observed in NTg at 16 months f age, although more variability in the number of buried 

marbles was seen throughout the test. In the 3xTg-AD mice, we could observe how 

pathology and aging interact, causing deterioration of burying, although only in females. 

 

In summary, it seems that the most influential factor for the appearance of differences in 

the burying phenotype is the genotype, with sexual and age/ageing effects appearing in 

specific circumstances or interactions. 
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5.3.2. Promoting Changes  

 

The usefulness of the methodological changes and new variables employed is based on 

the results obtained in the studies, their usefulness in interpreting the animal behavior, 

and the achievement of the specific objectives within each animal model. This provides 

more than enough validation to recommend its use. As a whole, the methodological 

changes and new variables yielded meaningful burying behavior insights to refute or 

accept the multicriteria hypotheses . Below we will discuss the most important findings 

for each of them, their strengths and limitations , and their level of recommendability. 

 

Although it is the most basic and simple approach, TZC is an indispensable 

methodological change. It makes it possible to ensure that the animal's behavior is goal-

directed, regardless of which BNPS we want to model. But the fact that it is indispensable 

does not imply that it is sufficient. As a major negative criticism, this approach on its own 

cannot discriminate differentiated behavioral patterns that generate a similar number of 

buried marbles. In other words, it is unable to discriminate between two mice that bury, 

or do not bury, the same number of marbles but do it differently. For example, the marble 

test result of a mouse that avoids burying in the marble zone but buries in the non-marble 

zone can be the same as a mouse that does not dig in both zones. The result is the 

same, but the features of the behavior emitted are different. Both responses will be goal-

directed but can be attributed to totally different causes. This has important 

consequences when we try to model BNPS. Not burying marbles because of anxiety is 

not the same that not burying marbles because of apathy. The result is likely to be the 

same, a low number of marbles buried, but they will probably differ in other variables. 

Therefore, we consider it necessary to go a step further and record variables related to 

the two zones as we did with TZA. As a recommendation, it might be physically dividing 

the two zones to prevent the non-marbles zone diggins from influencing the number of 

buried marbles. That way, we would avoid the contamination effect we observed in the 

correlations. Even so, the burying behavior itself also implies throwing substrate from a 

certain distance to the object to be buried, so ethologically, this contamination is an 

expected phenomenon. 

 

The ECM is perhaps the most limited variable of all. Even so, its application would be 

useful in strains/mutants that do not bury many marbles. As was the case with PDK1 

K465E KI mice, allowed to discriminate when mice actions are insufficient to bury 

marbles completely, a high number of marbles changed of position, and when they 

avoided interacting with them completely, resulting in a high number of marbles left 
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intact. Although it does not have the interpretive power of the TZA, it may be a convenient 

solution if we do not have the possibility of recording the behavior of the animals during 

the test. 

 

The TC of marbles may be the most efficient methodological change in terms of 

cost/benefits. First of all, its application is easy and affordable. It can be done through 

photography or video, not interfering with the normal development of the test. Moreover, 

the intervals can be easily adapted to the needs of the study, although it would be 

advisable to include at least one measurement in the middle of the test. This is because, 

at least in our model, differences usually appear at 10–15 min, and the score at that time 

does not differ significantly from the score obtained at 30 min (analysis not shown). To 

us, the most important reason for its use is that it gives us valuable information about the 

behavioral pattern of the animal throughout the test, helping us to establish a more 

accurate profile of the animal and the possible differences between them. This may be 

especially important in pharmacological and non-pharmacological interventions as well, 

as such interventions could modify the pattern of the animal and not just the final test 

score. Concerning the latter, the TC could save many nightmares for researchers using 

the MB. If we consider only the final measurement, we could erroneously conclude that 

there are significant differences (false positive) or not (false negative) between the two 

groups when in fact, throughout the test, this was not the case. Although the counting of 

marbles through the test has existed for a long time (Gyertián et al., 1995), its use is not 

widespread. It is difficult to find examples of its use in the literature, although they 

certainly exist (Sugimoto et al., 2007; Kedia & Chattarji, 2014). As in our experiment, the 

differences found at the end of the test usually manifest from the first measurements and 

are relatively stable over the time course. Considering the foregoing, we consider that its 

application's advantages far outweigh its implementation's costs. 

 

The RT of the MB could be indispensable depending on which BPNS we are trying to 

model. To prove the modeling of anxiety-like behavior, it would be necessary that the 

response in the burying abates in a RT. In contrast, the burying behavior should be stable 

among trials to probe a repetitive behavior. In Study 3, it was critical to demonstrate the 

non-habituation of marble burying. Moreover, the stability between trials could 

strengthen the conclusions in pharmacological and non-pharmacological studies. The 

fact that burying behavior is stable among trials allows behavioral monitoring through the 

different stages of the disease and, most importantly, to test the same mice before and 

after treatment to compare their performance, knowing with certainty that our results are 
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derived from the intervention and not caused by an effect of test repetition. This can save 

both economic costs and mice's lives. 

The TZA, that includes the TZC, is probably the most valuable approach.  It enables to 

perform a comprehensive study of the mouse's behavior. In this manner we can test 

more complex and elaborate hypotheses, containing multiple criteria that capture the 

core features of the BNPS that we are trying to model. The TZA ensures that the animal's 

behavior toward marbles is goal-directed but also, we previously mentioned, enables to 

discriminate differentiated behavioral patterns that produce similar numbers of buried 

marbles. Regarding which variable to use for this analysis, we consider both the number 

of diggins and the latency of diggins in each zone as the minimum-indispensable 

measures. From there onwards, any extra measure used is welcome and will add 

richness to the interpretation of the results, but these cannot be substituted by others, 

such as the time spent by the animal in each zone. Both measures have strong 

correlations with the percentage of burying or burrowing. The number of diggings within 

each zone is particularly relevant since it represents a direct measure of the behavior to 

be captured. Calculating times in each zone or digging latencies are indirect measures, 

as is counting the number of marbles. The inclusion of the latency record is justified, in 

our opinion, by the ease of obtaining this measure and provides information on the on-

set of burrowing behavior, which we believe is a more direct variable than the time in 

each zone. Counting the number of diggings can be laborious, especially in 

investigations with very large samples or very long protocols. However, we believe that 

the gains in interpreting the results far outweigh the costs We consider this approach 

especially relevant in the study of burying, but we also encourage implementing tests to 

measure burrowing since it is a behavior that is increasingly implemented in behavioral 

evaluations, and we would avoid making the historical mistakes made with the MB. 

In general, all the adaptations provide robustness to better interpretation of the results. 

We cannot recommend the application of only one. In our opinion, the best combination 

is to employ a TZA with TC, similarly to what we did in Study 4, as they provide the most 

profitable information that can be used to refute or accept multicriteria hypotheses. A 

helpful combination, although with less interpretative capability, would be to apply TZC, 

TC and ECM. Depending on which BNPS we want to model, at least one RT would be 

indispensable. 
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5.3.3. Burying and Burrowing Relationship: A Question of Diggins 

 

The results obtained on burying and burrowing behavior in our work confirm the close 

relationship between both behaviors. The burrowing behavioral patterns exhibited by 

both 3xTg-AD and NTg mice were remarkably similar to their burying phenotype. 

However, the best results were obtained when the relationship between MB and BB was 

examined. Three major findings arise from Study 4: 1) mice that perform a low burying 

are likely also to present a similar level of burrowing and vice versa; 2) the initiation of 

both burying and burrowing is intentional, exclusive, and closely related; and 3) both 

burying and burrowing behaviors are the manifestation of goal-directed diggings, which 

in turn are deeply and closely related to each other. 

 

To our knowledge, this is the first time that the relationship between burying and 

burrowing behaviors has been studied through correlations. However, other authors 

have explored, in the same study, how both behaviors are manifested. However, the 

number of studies is scarce since, most often, only one of these behaviors is tested. 

Below, we will examine those studies in which both burying and burrowing have been 

included. Burying and burrowing were investigated in both the 5-HTT overexpressing 

mice (5-HTT OEs) and the 5-HTT knockout mice (5-HTT KOs) (Line et al., 2011). Each 

of them was compared with their respective wild-type mice. 5-HTT OEs mice manifested 

an enhanced burrowing behavior while the burying was unaffected. However, the 

unaffected burying could be caused by a ceiling effect, as both the 5-HTT OEs mice and 

their wild types bury almost all the marbles (approximately 9 out of 10). Besides this, 

reduced burying and burrowing behavior is exhibited in the 5-HTT KOs mice. In other 

research, Konsolaki and colleagues (2016) studied the burying and burrowing in mice 

lacking high-affinity nicotinic receptors (β2) and their wild-type mice at two different ages, 

adult (4-6 months) and old (22-24 months). Older β2-/- showed reduced burrowing. The 

other groups did not present any differences in both behaviors. Finally, a Double Knock-

out mice model of AD displayed decreased burying and burrowing behavior (Si et al. 

2022). The review of these studies yields the following conclusions. Examples of burying 

and burrowing showing reversed patterns (e.g., increased burying and decreased 

burrowing) do not exist. Normally, either both behaviors are altered, or only one of them 

does. Therefore, the similar burying and burrowing behavioral pattern displayed by the 

3xTg-AD mice is not an exclusive event of this transgenic mice model.  
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Overall, it is clear that burying and burrowing behaviors were closely related. This is not 

only based on the mere correlation of percentages but also the interconnection of inter-

test latencies and diggings variables. The burying behavior of the animals, regardless of 

whether it is altered or not, is equally mirrored in its burrowing behavior. Furthermore, it 

is confirmed that burying and burrowing percentages result from goal-directed diggings. 

This means that the indiscriminate use of digging did not cause them. Therefore, 

depending of the necessity of the research, both test could be used as interchangeable 

but always considering the peculiarities of each test. The BB is a useful test to study the 

relationship between burying and burrowing and, then, produce comparable results. 

 

5.3.4. What is Modeled with the Mable Burying Test? 

 

Answering this question is not an easy job. Neither do we consider that with the results 

obtained, we can provide a definitive answer to a debate that has been going on for 

almost 40 years. But we do consider that the results obtained in this thesis can help to 

corroborate and reinforce certain issues. 

 

But first, we will address another more straightforward question to answer. What is not 

modeled by the MB? Our results and the evidence cited throughout the manuscript make 

it clear that the burying response does not model an anxiety-like behavior. Several 

results in our paper, both from model mice and control mice, support this view. First, 

there is independence between the occurrence or not of the anxious phenotypic 

appearance in other tests and the one displayed in burying. In young PDK1 K465E KI 

mice, we described phenotypic anxiousness using classical tests, but it was not reflected 

in the MB because despite presenting a lower number of buried marbles, they interact 

with them. A similar phenomenon is observed in the 3xTg-AD studies. In Study 3, the 

AD males do not present anxious phenotypes in the TC but still present enhanced buried 

marbles. Conversely, Study 4 exhibited an anxious phenotype in the OF and an 

enhanced marbles burying. Second, the correlations between anxiety tests and burying 

behavior were poor, incoherent, and inconsistent. Even establishing differentiated 

relationships based on two differentiated coping strategies: active avoidance of marbles 

or active burying towards them. In addition, the burrowing behavior manifested in the BB 

also presented a poor, incoherent, and inconsistent relationship. Third, the data obtained 

in both 3xTg-AD studies show that regardless of which mice burrow more or less, their 

response does not fall into the criteria for being considered a neophobic response, active 

avoidance, and habituation. The absence of habituation is especially important since 

even NTg mice do not habituate. Therefore, attributing anxious features to burying 
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behavior does not stand up in any manner. And what happens when anxiolytic treatment 

reduces burying? In the words of Njung'e & Handley (1991b): "Inhibition of marble 

burying may, therefore, constitute a correlational model for detecting anxiolytics rather 

than an isomorphic model of anxiety". Therefore, it is important to state that unless an 

induced burying protocol is used, future researchers who apply treatments with 

suspected anxiolytic effects reducing burying in MB would best be described as: 

"Treatment X produced an anxiolytic effect in burying" rather than "Treatment X reduced 

anxiety-like behavior". 

 

As for what we model with the MB, burying behavior features make it a normal repetitive 

behavior by itself, fitting fits better to model psychiatrics repetitive-like behaviors. From 

the 3xTg-AD studies, we can conclude that it is resistant to habituation, occurs in multiple 

similar contexts, and is maintained over time unless there is some interaction with the 

mouse pathology. All this is shown in both AD mice and NTg mice. Moreover, the TC 

results confirm that there is not even variation in any of the measurements throughout 

the test. Therefore, this repetitive behavior is not pathological. Unless there are 

significant differences associated with some kind of genetic, lesional, pharmacological, 

etc. alteration. And, even then, this can certainly be questionable.  The alteration of 

repetitive behavior is not exclusive to any behavioral and psychiatric disorder. It is clear 

that in animal models related to OCD and ASD it makes sense to treat them for 

compulsions and stereotypies, respectively.  

 

But what do we do in models that do not present this type of alteration where the emission 

of excessive repetitive behaviors does not play a central role? In our opinion, it seems 

more accurate to speak of impulsivity when there is an excess of burying and apathy 

when there is a reduction. This view fits us more within the ethological characteristics of 

the burying behavior itself. The MB assesses a mouse's inherent burying, and it is a 

behavior motivated by the need to investigate. So, in a sense, we could be measuring a 

mouse's motivation for inherent burying. Impulsivity can be defined as displaying 

behavior characterized by little or no forethought, reflection, or consideration of the 

consequences of an action, particularly one that involves taking risks. In contrast, apathy 

is the lack of motivation or goal-directed behavior and indifference to one's surroundings 

(APA, 2014). From a naturalistic perspective, an excess of impulsivity to investigate 

through burying could put the animal in some dangerous situation, while not doing so 

may deprive it of favorable opportunities in its environment. In this sense, the results 

obtained in the AD male fit that modeling of impulsivity. As for apathy, as we mentioned 

in the previous discussion, we suspect it may be behind the reduced burying of AD 
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females at 16 months of age. But we cannot test this with certainty, as we did not employ 

a TZA in that study. We hypothesize that they would probably show a reduced number 

of diggings in both areas of the MB.  This would be an interesting unknown to explore in 

future studies, in this or other models. 
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5.3.4. Problems with your BNPS Screening Capability? Here is your 

Prescription: Multicriteria Hypothesis and Multivariable Analysis 

 

To  de Brouwer & Wolmarans (2018): 

“The MB test is a widely-applied screening tool used to assess the behavioral 

manifestations of a number of putative neurocognitive constructs in rodents,… 

Although the burying of marbles, irrespective of the construct it is intended to 

mimic, may seemingly resemble some of the said clinical symptomology, the 

purported mono-dimensional architecture of the action and its quantification 

deserve consideration. Indeed, MB has been reported to respond to various 

pharmacological agents that together constitute a therapeutic framework that 

interfere in most aspects of central nervous system functioning . Taken these 

findings into consideration, two questions arise. First, how can one behavioral 

phenotype be sensitive to an array of drugs altering a number of divergent 

neurobiological constructs? Consequently, if such therapeutic sensitivity is 

accurate, can MB truly be applied as a behavioral measure of specific 

neuropsychological symptomology? Indeed, although these questions have been 

raised previously, and considering that burying is a natural response within the 

normal behavioral repository of rodents translational research that apply the MB 

test as a measure of specific psychiatric constructs…” 

“However, the relevance of the MB test as a screening tool for behavioral 

modification cannot simply be disregarded. Previous investigations that applied 

the MB test with careful consideration of the purported construct it is to measure, 

are proof of this. It is therefore not burying behavior per se that prove to be the 

root of skepticism, but rather its manner of application. If standardized and 

targeted MB protocols for the assessment of the various behavioral symptoms of 

different neuropsychological constructs have existed, the questions asked here 

would have been addressed – this is not the case” 

 

For us, this text reflects what we believe we have addressed with this thesis. The need 

to convert the MB, a test in which only one variable is used to "diagnose" mice with 

multiple disorders, into a multivariate test. Because only through this will we be able to 

refute or accept hypotheses with multiple criteria that contain the core features of the 

BNPS we are trying to model. We have been "diagnosing" mice and validating drugs 

based on a single variable for almost 40 years. It is time to stop this dynamic. To do so, 

we need to start using multicriteria hypotheses because by analyzing multiple variables,  

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/central-nervous-system
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we can address questions such as: do two drugs that reduce the number of marbles 

buried elicit the same behavioral response? Do the two areas behave in the same way? 

All these details go unnoticed. Because it is perhaps in these nuances that the potential 

of MB to model BNPS or to test drugs lies. We consider that our methodological proposal, 

TZA and TC, may allow us to answer many of these similar questions. 

 

Due to MB controversial predictive validity and almost inexistent construct validity, face 

validity is the most “robust” of the three validity criteria (Dixit, et al., 2020), despite, as we 

have mentioned, it is not exempt from problems. However, as Dixit et cols. cited (2022):  

 

“...the worst error committed in the name of models is to forget that at best a 

model represents only a part — and usually only a small part — of the thing being 

modeled… Models, in a word, are judged by criteria of usefulness; theories, …”.  

 

Therefore, we need to take this aspect seriously, especially in the area of translation to 

psychiatry, and for us, the only way to do this is to incorporate the MB multicriteria 

hypothesis and multivariate analysis. Because perhaps, with this approach, the greatest 

disadvantage of the marble test, its high sensitivity to drugs and its wide use for BNPS 

modeling, may one day become its greatest strength. 
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Chapter 6. Conclusions  
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6.1. Studies in the PDK1 K465E Knock-In Mice 

 

1. PDK1 K465E KI mice exhibit an anxious behavioral phenotype, concretely at 

young age, and hint a possible cognitive impairment. 

 

2. PDK1 K465E KI mice menifest a low burying behavior, which is not influenced by 

genotype, genotype-load or sex differences.  

 

3. Mature mice show a reduction in the number of buried marbles compared to 

young mice. 

 

4. The combined application of the two-zone congiruation (TZC) in conjution with  

the extended classification of marbles (ECM) unveils that PDK1 K465E KI mice 

actions are insufficient to completely bury marbles rather than they avoid interacting 

with them.  

 

5. Anxiety test performance correlates poorly and icoherently to MB outcome, in 

both PDK1 K465E KI and control mice. 

 

6. PDK1 K465E KI mice low buryig is better explained by a reduced inherent burying 

rarther than by a BNPS. 

 

6.2. Studies in the 3xTg-AD Mice 

 

1. 3xTg-AD males enhanced burying is consistent across all studies. 

 

2. At 12 months old, 3xTg-AD females burying is not different from controls mice. 

 

3. Only 3xTg-AD females MB outcome was reduced by AD-pathological ageing, 

mimicking  an AD-related  impairment in activities of dalyly livings. 

 

4. Time cours of marble buried show differences are present early in the test. 

 

5. Burying behavior remains stable in a MB repeated trial (RT) 
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6. Two-zone analysis unveils differentiated behvioral patterns onguently related to 

the MB outcome, regardless of genotype or sex.  

 

7. Anxiety tests performance correlates poorly, incoherently, and inconsistently to 

both the MB outcome and behavioral pattern, in both AD and control mice, and even 

considering their different coping-strategies. 

 

8. Independently of the genotype or sex, burying and burrowing behavioral patterns 

are alike. 

 

9. 3xTg-AD males burying features resembles an excessive repetitive behavior 

rather than both a stereotypie or a perseverative behavior. 

 

10. 3x-Tg-AD males enhanced burying, burying behavioral phenotype, and similar 

burrowing outcome and phenotype, suggest a modelling of impulsivity. 

 

11. 3xTg-AD males exhibition of impulsive- and anxiety-like behaviors mimics the 

comorbidity of BPSD manifested in human AD patients. 

 

12. 3xTg-AD females age-dependent reduction of MB outcome could imply a 

presence of enhanced apathy, although further research is needed. 

 

6.3. General Conclusions 

 

1. Genotype Is the most influential factor for the appearance of burying phenotypic 

differences, appearing sex and age/ageing effects in specific circumstances or in 

interactions. 

 

2. MB burying behavior features make it incompatible to model an anxiety-like 

behavior, even considering differentiated coping-strategies. 

 

3. MB burying behavior features make it a normal repetitive behavior by itself, fitting 

fits better to model psychiatrics repetitive-like behaviors. 

 

4. In non-related OCD/ASD animal models, MB burying could be accurate to model 

impulsivity and apathy. 
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5. Mice that perform a certain of burying activity are likely also to present a similar 

burrowing activity; the initiation of both behaviors is intentional, exclusive, and 

correlated; and both are the manifestation of closely related goal-directed 

diggings. 

 

6. Employing multicriteria hypothesis in the MB, including core features of the BNPS 

to model, ease the interpretation of the results and provides robustness to it 

BNPS screening capabilities. 

 

7. Transforming the MB in a multivariable test, through methodological changes and 

new variables, provides meaningful burying behavior insights to refute or accept 

multicriteria hypotheses. 

 

8. The combined application of the two-zone analysis (TZA) of digging activity 

variables and the time-course (TC) of marbles buried along the tests provide the 

most profitable burying information to reject or accept multicriteria hypotheses. 

 

 

9. A MB repeated trial (RT) should be employed depending on which BNPS needs 

to be modeled. 
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Supplementary Material 

 

 

Figure 5. Temporal Progression of Marble Burying Test and Brief Burrowing Test of a 

3xTg-AD male mouse and a Non-trangenic (NTg) male mouse. 

 

Figure 6. 3xTg-AD and Non-transgenic (NTg) male mice behavioral pattern in the 

Open Field Test. The figure shows an individual trajectory at both 2 minutes and 5 

minutes. The average group heatmap is reported over the same period.  
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