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7 General introduction 

 

1. General introduction 

Through steadily aging populations, a growing need of research regarding age-related 

brain alterations and neurodegenerative pathologies has been formulated. One of the 

world’s smallest primate species, the gray mouse lemur (Microcebus murinus), has 

become a promising animal model in biomedical research, as it allows a good 

translation of results to human medicine, especially in the field of brain aging research 

and neurodegenerative diseases. Numerous studies have investigated brain 

morphometry, animal personality, and cognition, as well as behavioral traits in mouse 

lemurs, and described possible factors underlying inter-individual variations, including 

age, genetics, endocrinology, or dietetics. Several aging effects that are known from 

humans could also be demonstrated in mouse lemurs, such as an increase in brain 

atrophic patterns during aging or age-related declines in executive functions. 

Furthermore, these findings were consistent within different methods of brain structural 

measurements as well as within different behavioral paradigms across laboratory 

colonies. However, as a clear linkage of these parameters has not been fully 

investigated thus far, little is known about the neurobiological substrates underlying 

cerebral function and functional changes in mouse lemurs. 

 

The first chapter of the following thesis provides a literature overview on overall 

brain aging in humans and other species as well as on behavioral phenotyping in 

animals. Age-related cerebral alterations and an increase in neurodegenerative 

diseases are steadily gaining attention in humans and call for more effort in biomedical 

brain research and a better distinction of normal from pathological brain aging for the 

development of effective treatment strategies. In this context, several factors need to 

be closely considered, such as sex-specific differences in brain aging patterns. For this 

endeavor, good animal models are indispensable. As nonhuman primates have proven 

to be highly suitable, especially in the field of brain aging research, in addition to human 

brain aging, an overview of literature on what has been described with regard to brain 

aging in nonhuman primates and other mammals is also provided in this first chapter. 
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Behavioral phenotyping in animals can comprise cognitive functioning, including 

response inhibition and behavioral flexibility, as well as different animal personality-

related behavioral traits such as exploration-avoidance, shyness-boldness, and 

neophilia. Therefore, besides of several factors such as age and dietetics that have 

been described in literature across different species to cause cognitive changes, an 

overview of different research studies on various measurements of locomotor activity 

to quantify behavioral traits in animals is provided as well. Lastly, previous evidence 

on linkages between brain morphological patterns and behavioral paradigms are 

presented, emphasizing the importance of such animal models for further research.  

 

The overview of literature is followed by a chapter describing detailed 

information of the methodology used in the two different partial projects that provide 

the basis of this thesis. The first study from this dissertation analyzed data from in vivo 

magnetic resonance imaging (MRI) on 59 gray mouse lemurs aged between 1.0 to 

11.9 years regarding age-related brain structural changes with a special focus on sex-

specificities. Different measuring methods evaluated possible age-associated cerebral 

alterations in size through ventricular expansion, region-specific brain volume, as well 

as cortical thickness. In a second study, these findings were then combined with 

behavioral data of 34 individuals derived from highly standardized, touchscreen-based 

cognitive tasks on object discrimination and reversal learning as well as from open-

field maze-based experiments on spontaneous personality-related behavior. Results 

from both of these studies are presented in the form of two manuscripts that have been 

submitted to international, peer-viewed journals. 

 

The final chapter of this thesis summarizes the findings of both studies in an overall 

discussion, evaluates critical aspects, and discusses limitations of the project. 

Furthermore, it concludes the relevance of the presented findings and eventually 

provides an outlook for future work in the field of brain research. 
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2. Literature overview 

2.1. Human brain aging 

2.1.1. Healthy vs. pathological human brain aging 

We are facing a growing need for research on age-related brain alterations and 

neurodegenerative pathologies as a consequence of steadily aging populations and 

demographic change (NIA 2011). To understand natural processes of brain aging and 

to distinguish them from pathological mechanisms has therefore gained particular 

significance and should be a priority goal in modern biomedical research on age-

related health problems.  

 

Cerebral alterations, in particular cerebral atrophies, are among the most described 

brain degenerations during normal aging in humans (DEKABAN 1978; GOOD et al. 

2001). Brains of cognitively healthy individuals show age-related alterations, including 

an overall reduction of brain volume and weight, as well as of ventricular expansions 

(PETERS 2006). It has been described in humans that after the age of 40, brain volume 

declines at a rate of around 5% every 10 years (SVENNERHOLM et al. 1997), but 

furthermore that declining rates strongly increase with age, particularly over the age of 

70 (SCAHILL et al. 2003). Causes for this, however, are still not fully understood. On 

a histological level, neuronal cell death leading to shrinkage of grey and white matter 

has frequently been suggested to be causative for the enlargement of the cerebral 

ventricles (DRAYER 1988; KOLB and WHISHAW 1998; ANDERTON 2002; RAZ 

2004). Changes in synapses and dendrites, ranging from dendritic sprouting 

compensating for cell death (ANDERTON 2002) up to a decrease in dendritic 

synapses or even loss of synaptic plasticity, have been widely discussed (BARNES 

2003), with primary reasons for this, however, remaining unclear. On an individual level 

and with regard to environmental factors, a wide spectrum of possible causes is 

suggested to influence brain aging, ranging from one’s physical activity (ROLLAND et 

al. 2010) to dietary aspects, such as caloric restriction and fasting, in nutritional 

neuroscience (ZAMROZIEWICZ and BARBEY 2016). Biochemical lesions as well as 

vascular changes complete the image of wide-ranging factors being most likely 
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involved in age-related brain alterations (e.g. SPIRES-JONES et al. 2017; TARUMI 

and ZHANG 2018). Ranging within a fairly wide spectrum, age-related cognitive 

impairments will be considered in a separate subchapter (see 2.3.1). 

 

As modern imaging techniques are being extensively used in both, clinical routines and 

research, brain morphometric analyses have become a valuable tool for predicting and 

diagnosing neurological impairments. Especially longitudinal studies in this field allow 

examining the progression of such structural brain alterations more closely. In 

biomedical literature, a large variety of studies on age-related brain alterations in 

humans can be found, describing different morphological patterns of cerebral atrophy. 

Volume of the prefrontal cortex is often described to be affected the most by age-

related atrophy, followed by striatal regions, including a decrease in volume of the 

caudate nucleus with increasing age (JERNIGAN et al. 1991; RAZ et al. 1995; 

GUNNING-DIXON et al. 1998). Also, temporal regions and the hippocampus have 

been reported to show reduced volumes during normal aging, whereas occipital 

regions are the least to be affected (RAZ 2004). Regarding cortical thickness, studies 

found a general decline throughout most regions of the cerebral cortex, describing 

cortical thinning to be mainly found in an anterior-to-posterior gradient, with frontal and 

temporal areas (FJELL and WALHOVD 2010) or frontal and parietal areas 

(THAMBISETTY et al. 2010) being the first to be affected.  

 

In contrast and from a more pathological perspective, it has been suggested that the 

rate of brain atrophies during aging can predict whether or not cognitive impairments 

such as dementia evolve (JACK et al. 2005). As we age, the development of 

neurodegenerative disorders increases, with Alzheimer’s disease (AD) being the most 

common one, representing up to 70% of all dementia cases worldwide (FRATIGLIONI 

et al. 1999). On a histological level, similar to what has been described during normal 

brain aging, cross-sectional analyses suggest that atrophy results from a combination 

of dendritic regression and neuronal death (ANDERTON 2002). Additionally, the 

intracellular accumulation of damaged proteins has widely been discussed, as many 

neurodegenerative diseases show protein aggregates representing pathological 
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hallmark lesions, with amyloid ß-protein and Tau-protein being among the most 

frequently aggregated ones (SPIRES-JONES et al. 2017). Frequency as well as 

distribution of amyloid plaques (consisting of extracellular aggregates of amyloid ß) 

have been identified to increase with increasing age, showing a high prevalence in 

symptomatic AD patients. However, such plaque pathology alone is most likely not 

sufficient to cause dementia, as it can be observed to also occur in non-demented 

people (SPIRES-JONES et al. 2017). Furthermore, different patterns of cerebral 

atrophy have been described during pathological aging in humans: Atrophy of limbic 

structures, such as the hippocampus, and temporal regions, has widely been 

discussed (PETERSEN et al. 2000). Also, an age-related decline in cortical thickness 

was found, mostly in temporal, cingulate, and occipital regions, whereas frontal and 

parietal regions were less impaired (DICKERSON et al. 2008; FRISONI et al. 2009), 

which is in contrast to the aforementioned pattern of cortical thinning described during 

normal brain aging. As findings of atrophic brain areas that are being most affected 

have shown to differ between men and women, it has also been suggested that 

declining neuronal volume, contributing to brain alterations during aging, might be 

additionally related to sex (MURPHY et al. 1996). 

 

2.1.2. Sex differences in human brain aging 

In aging populations, one important aspect in the field of brain aging research is the 

identification of sex-specific patterns in the prevalence and progression of chronic and 

age-related neurodegenerative diseases. It is known, for example, that the prevalence 

for women to suffer from AD and other dementias is much higher than for men 

(FISHER et al. 2018). Different explanations for this imbalance are currently discussed: 

As women tend to outlive men, a larger number of women is still alive at ages when 

dementia is mostly common (HEBERT et al. 2001; SINFORIANI et al. 2010; MAZURE 

and SWENDSEN 2016). Besides, recent studies have also revealed genetic factors 

(ALTMANN et al. 2014; JANICKI et al. 2014; UNGAR et al. 2014) as well as sex-

specific endocrinology (MORRISON et al. 2006; ROCCA et al. 2011; PIKE 2017), to 

contribute to differences in the prevalence of age-related diseases. Furthermore, once 

a neurodegenerative disease has been diagnosed, sex-specific dimorphism in different 
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brain structures has been detected, showing stronger atrophic brain patterns during 

aging in women (MIELKE et al. 2014; SAMPEDRO et al. 2015) and suggesting a more 

rapid progression in women, compared to men, once the neurodegeneration had 

begun (FISHER et al. 2018).  

In contrast, during healthy brain aging there is quite mixed evidence with regard 

to sex-specific differences. Imaging studies found a stronger increase in volume of 

cerebrospinal fluid (CSF) in men, which is known to be a marker of brain atrophy 

(COFFEY et al. 1998; COFFEY et al. 2011). Also, age-related cortical thinning has 

been described to show greater rates of decline in men (THAMBISETTY et al. 2010), 

while a contrary study found an age-related decline of cortical thickness only in women 

(RAZ et al. 1993). Finally, several studies did not reveal any sex-specific differences 

in healthy brain aging at all (e.g. RAZ et al. 2012; TAKAO et al. 2012). 

 

The aforementioned differences in endocrinology are additional factors that 

have been widely discussed to underlie sex-specific patterns of (brain) aging in 

humans, especially with regard to sex hormones. While androgen levels show a slow 

but steady decline with increasing age in both sexes (e.g. TANNENBAUM et al. 2004; 

HORSTMAN et al. 2012), differences between the sexes can be found in estradiol 

changes during aging. Especially during menopausal transition, high fluctuations of 

circulating estradiol occur in women, followed by a strongly decreased estradiol level 

afterwards (RUSSELL et al. 2019). In contrast, estradiol levels decline quite gradually 

in men (HORSTMAN et al. 2012). High estradiol fluctuations in women have been 

linked to a higher prevalence of mood disorders (e.g. WHARTON et al. 2012), gray 

matter loss (e.g. KIM et al. 2018), and neurodegenerative diseases (e.g. MOSCONI et 

al. 2018). Therefore, a neuroprotective role of estradiol has been concluded (ZÁRATE 

et al. 2017). 
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2.2. Brain aging in other species 

2.2.1. Brain aging in nonhuman primates 

To improve our understanding of mechanisms of healthy and pathological aging in 

humans, research on suitable animal models (i.e. that are closely related) is of high 

importance. Sharing many neuroanatomical, physiological, and behavioral 

characteristics, and being genetically closest to humans, nonhuman primates have 

become invaluable animal models in translational research (CAPITANIO and 

EMBORG 2008; PHILLIPS et al. 2014; BUFFALO et al. 2019). Relative to mammals 

in general, but particularly to rodents, nonhuman primates develop quite slowly and 

are long-lived. For example, while typical small rodents such as the house mouse (Mus 

musculus) live less than a year in the wild, even primates with relatively “fast” life 

histories, such as marmosets, can survive over 5 years in the wild (FISCHER and 

AUSTAD 2011). In captivity, nonhuman primates live about twice as long as rodents, 

even after correction for differences in body size (AUSTAD and FISCHER 1991). 

Furthermore, when compared to other species, primates are characterized by relatively 

large brains (EISENBERG 1981). Finally, brain organization and function of nonhuman 

primates most closely matches human brains (PHILLIPS et al. 2014; MATTISON and 

VAUGHAN 2017). 

As an example for the hominid nonhuman primates, chimpanzees have a life 

expectancy of 34 years and, like many other great apes, a maximum lifespan estimated 

at above 70 years (HOF et al. 2002; HAVERCAMP et al. 2019). Among all nonhuman 

primates, chimpanzees are known to have the largest brain as well as cognitive abilities 

closest to those of humans (TOMASELLO and CALL 1997). However, only some 

aspects of brain aging have been discussed in hominids. This is partly due to the 

difficulty of accessing adequate numbers of brains from great apes in different ages 

and to general ethical concerns. However, biochemical studies on age-related changes 

identified ß-amyloid plaques in elderly gorillas (KIMURA et al. 2001), orangutans 

(SELKOE et al. 1987), and in chimpanzees (SELKOE et al. 1987; ROSEN et al. 2008), 

especially in the prefrontal cortex and temporal regions (EDLER et al. 2017). First 

imaging studies investigating gray and white matter volume found no significant linkage 

to age (SHERWOOD et al. 2011). A subsequent study, however, revealed age-related 
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declines of total gray matter volume in chimpanzees (CHEN et al. 2013). Later on, a 

different MRI study described negative associations of gyrification as well as of depth 

and width of sulci fold opening with age (AUTREY et al. 2014).  

 

In old world monkeys, some of the most frequently used animal models in 

laboratory research are rhesus monkeys (Macaca mulatta), with a potential life span 

of over 25 years in captivity and a maximum age of around 40 years (TIGGES et al. 

1988). For rhesus monkeys, cynomolgus monkeys (Macaca fascicularis), and baboons 

(Papio spp.), all belonging to the old world monkeys, a higher occurrence of ß-amyloid 

plaques in old individuals compared to most other species has been described with 

distribution patterns similar to those seen in humans (HEILBRONER and KEMPER 

1990; PODURI et al. 1994; NAKAMURA et al. 1995; NDUNG'U et al. 2012). Senile 

plaques were predominantly found in the prefrontal and primary somatosensory 

cortices, whereas less deposits of ß-amyloid have been reported for other brain 

regions, including the hippocampus, the amygdala, as well as the cingulate, temporal, 

and parietal lobe (HEILBRONER and KEMPER 1990). Different MRI studies in 

macaques reported age-related reduction of gray and white matter volume (WISCO et 

al. 2008) as well as shrinkage of cortical thickness of somatosensory and motor areas 

(KOO et al. 2012), declining prefrontal and cingulate cortex volumes (SHAMY et al. 

2006), and cortical thinning of prefrontal and temporal regions (ALEXANDER et al. 

2008). 

 

Because of its small body size and a life span of on average 10 years in captivity 

(reported maximum age of 21 years (NISHIJIMA et al. 2012)), the common marmoset 

(Callithrix jacchus) and other new world monkeys, such as the common squirrel 

monkey (Saimiri sciureus) and tamarins (Saguinus spp.), have long been proposed as 

alternative models for human aging (e.g. FISCHER and AUSTAD 2011; TARDIF et al. 

2011). However, very little is still known about brain aging in these species. An increase 

in deposits of cortical ß-amyloid (GEULA et al. 1998; GEULA et al. 2002; CHAMBERS 

et al. 2010) and phosphorylated Tau-protein (GEULA et al. 1998; RODRIGUEZ-

CALLEJAS et al. 2016) with age has been described. Also in marmosets, age-related 
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reductions in cerebral grey and white matter could be revealed (LIU et al. 2011), 

however, no region-specific analyses were performed. Very recent examinations of 

myelin composition in brain tissues revealed an age-related decrease in myelin 

thickness and density in these primates (PHILLIPS et al. 2019). 

 

Mouse lemurs of the Strepsirrhini suborder belong to the world’s smallest 

primates and have also become valuable models in brain aging research (e.g. MARTIN 

1972; FISCHER and AUSTAD 2011; PICQ et al. 2015). Early studies on age-related 

brain alterations found a natural development of biochemical lesions, such as iron 

accumulations (DHENAIN et al. 1998; GILISSEN et al. 1999), β-amyloid peptide 

deposits (BONS et al. 1992; SILHOL et al. 1996; MESTRE-FRANCES et al. 2000), 

and Tau protein aggregation (DELACOURTE et al. 1995), as well as brain atrophies 

(BONS et al. 1992). Ever since, different aspects of mouse lemur brain aging have 

intensively been investigated on a histochemical and structural level, revealing atrophic 

patterns for different brain regions of aged animals: Ventricular expansions and 

atrophy of temporo-parietal regions (DHENAIN et al. 2000), as well as a decrease in 

volume of the caudate nucleus and the splenium (PICQ et al. 2012). Furthermore, 

atrophic processes, described as temporal patterns starting in frontal regions of the 

brain before proceeding to temporo-parietal and finally to occipital regions have been 

described (KRASKA et al. 2011). Shrinkage of cortical thickness was found for different 

areas, including the temporal and cingulate cortex (PICQ et al. 2012; SAWIAK et al. 

2014). However, sex-specific differences were never considered in any of these 

previous studies on age-related atrophic brain patterns in mouse lemurs. 

 

2.2.2. Brain aging in other mammals 

Age-related brain atrophy has also been described in other mammals besides 

primates. In 1956, Braunmühl (BRAUNMÜHL 1956) was the first to report 

“Alzheimer’s-like” plaques in dogs. Many years later, in the 1990s, when brain aging 

research was hampered by a lack of valuable animal models, canines were again being 

discussed, as their domestication, moderate life span, and abundance made them 

quite useful animal models (BRIZZEE et al. 1978; MOSIER 1989). Furthermore, 



16 Literature overview 

 

serving as companion animals and therefore sharing the same environment as 

humans, they were suggested to function as unique models for human aging studies 

(CUMMINGS et al. 1996). In dogs, features similar to pathological findings in human 

brain aging, such as extensive ß-amyloid depositions within neurons, were revealed 

during aging and were additionally linked to cognitive dysfunctions (CUMMINGS et al. 

1996). Until then, biochemical lesions, such as ß-amyloid plaques, had mostly been 

described in transgenic rodents (GAMES et al. 1995; LAFERLA et al. 1995) and 

findings needed confirmation from wild-type animal models. Besides ß-amyloid 

accumulation, cerebral vascular changes (UCHIDA et al. 1990; SOBIN et al. 1992) as 

well as associated neuronal loss in the frontal, temporal, and occipital cortex 

(WISNIEWSKI et al. 1970) with aging were found in dogs. Also, cortical thinning and 

ventricular expansion have been reported in aged canines (SU et al. 1998; 

GONZALEZ-SORIANO et al. 2001), as well as region-specific cortical decline starting 

in the prefrontal cortex at younger ages (8 to 11 years), before progressing to temporal 

areas such as the hippocampus in aged dogs (TAPP et al. 2004). Again, these 

structural changes could be linked to age-related declines in cognitive functioning 

(ROFINA et al. 2006). Until today, especially in the field of age-related cognitive 

dysfunctions and behavioral changes, canines have remained highly used animal 

models, as they show behavioral and histological characteristics very similar to those 

of humans (e.g. LANDSBERG et al. 2012; GILMORE and GREER 2015; CHAPAGAIN 

et al. 2018). 

 

In comparison to nonhuman primate and canine models, advantages of rodents 

in brain aging research are the possibility of genetic modification as well as a large set 

of behavioral tasks that have been developed to test their cognitive abilities 

(RODEFER and BAXTER 2007). Different aspects of brain aging have been described 

in rodents, considering several factors ranging from biochemical lesions (HUBER et al. 

2018), to hormones (e.g. ZIEGLER and GALLAGHER 2005; SHEPPARD et al. 2019), 

or nutrition (e.g. ANDRES-LACUEVA et al. 2005; WAHL et al. 2017). Furthermore, 

extensive research in rodents focused on age-related cognitive declines, including 

memory processes (e.g. BURKE et al. 2012; ENGLE and BARNES 2012; FOSTER et 
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al. 2012). Even though numerous studies associated aging with cognitive impairments 

in rodents, some have been discussed quite critically regarding measurement issues 

and re-testing reliabilities (RODEFER andBAXTER 2007). In contrast to studies on 

age-related cognitive deficits in rodents, brain morphometric findings are quite rare. 

Structural analyses found no differences in neuronal cell sizes of the entorhinal cortex 

between young and aged rats (MERRILL et al. 2001), whereas studies on spatial 

learning and aging found no correlations with hippocampal cell genesis (MERRILL et 

al. 2003). In an inbred mice strain, however, age-related brain atrophy has been 

reported, with frontal regions being most affected (SHIMADA 1999). Atrophic patterns 

were also described for the amygdala and entorhinal cortex, whereas no signs of 

atrophy could be found in hippocampal regions (SHIMADA 1999). However, transgenic 

mouse models that have been used in AD research lack cortical neuronal loss which, 

in humans, has been described to be one of the most important features of AD-like 

pathology. Finally, as no general age-related brain atrophies have been found in widely 

used normal strains of mice and rats (SHIMADA 1999), their further use in the field of 

brain aging research regarding morphometric analyses could be considered rather 

questionable. 

 

 

2.3. Behavioral phenotyping 

2.3.1. Behavioral changes in primates 

As in other organ systems, functional capabilities of the brain progressively decline 

during aging, which manifests in reduction of learning and memory, attention, decision 

making speed, motor coordination, and different sensory perceptions, such as vision 

and hearing (ALEXANDER et al. 2012; DYKIERT et al. 2012; LEVIN et al. 2014). 

Cognitive changes associated to neurodegenerative diseases such as dementia are 

among the most described age-related alterations (DESAI et al. 2010). Humans show 

a large variability in patterns of age-related cognitive decline across individuals as well 

as across cognitive domains. A wide range of possibly underlying factors being of 

considerable interest to future research has been described: One of the cognitive 

domains most severely affected by functional loss during aging is executive 
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functioning, including processes such as planning and coordination as well as cognitive 

flexibility and goal-directed behavior such as decision-making and problem solving. 

Executive functions have been reported to depend mainly on the prefrontal cortex, 

which could be supported by structural and functional neuroimaging studies that 

revealed a major decline in volume and function of prefrontal brain regions during aging 

(RAZ 2000). Also, high inter-individual variabilities were found in executive functioning 

and specific domains such as processing speed (DEARY et al. 2009). 

Another main research focus has been on memory to account for age-related, 

cognitive variations (for an overview see (GLISKY 2007)). Memory dysfunctions are 

widely seen as cognitive changes that have been associated with aging. Memory can 

be roughly divided by function into four partitions, the procedural memory, the episodic 

memory, the semantic memory, and the working memory (PARKIN 1987), all of which 

can be affected by aging. Procedural memory involves the knowledge of skills that 

have been acquired and learned through extensive practice and, once learned, are 

performed rather automatically. Thereby, different brain regions, including the basal 

ganglia, are described to be involved (GLISKY 2007). Episodic memory is defined to 

store information about when, where, and how something was experienced (REBER 

et al. 2009) and is thought to decline during healthy aging from middle age onwards 

(NYBER and BÄCKMAN 2012). Furthermore, episodic memory is also characteristic 

for the memory loss seen in pathological aging and dementia such as in AD (PARKIN 

1987). Semantic memory, in contrast, is defined to be the “memory for meanings” and 

increases gradually from middle age to young elderly, before slightly declining 

thereafter (NYBER and BÄCKMAN 2012). It has been hypothesized that these 

changes might be, amongst others, a result of slower processing speed and detriments 

in perceptual function (e.g. CABEZA et al. 2004; LUSTIG and BUCKNER 2004; 

NYBER and BÄCKMAN 2012). Working memory is considered as one aspect of 

executive functioning and has been hypothesized as the fundamental source of age-

related deficits in a variety of cognitive tasks, including long-term memory and decision 

making (GLISKY 2007). Neuroimaging studies suggested the dorsolateral prefrontal 

cortex to play a major role in working memory processing, especially concerning 

visuospatial tasks (WAGER and SMITH 2003). 
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Besides changes in executive functions and memory, several factors, such as 

exercise (e.g. BUGG andHEAD 2011), physiological aspects (e.g. MACLULLICH et al. 

2005), but also mental health (e.g. YEHUDA et al. 2007) have been discussed in 

human literature to influence structural and functional declines in old age. As 

personality is described to refer to the long-term character of an individual, including 

its behavioral traits and motivations, which are relatively enduring constructs that apply 

to various different contexts (MCCRAE and COSTA 1984), it is very likely that 

personality also modulates the effects of aging on brain structures. So far, different 

studies have investigated interactions of personality effects and age-related processes 

in humans, mainly in the context of neuropathological changes, where, for example, 

low levels of conscientiousness have been associated with an increasing risk of AD 

(WILSON et al. 2007). As potential mechanisms for such effects still remain unclear, 

the use of animal models helps in providing potential links between brain structure and 

personality. Similar to humans, animal personality has been defined by individuals of 

a given species or subpopulation to vary in their behavior and that this inter-individual 

variance is repeatedly measurable and therefore considered stable across contexts 

and over time (RÉALE et al. 2007). One of the most-used conceptual frameworks of 

animal personality was established by Réale and colleagues (RÉALE et al. 2007) 

which differentiates between five grouped personality traits: (1) shyness-boldness, (2) 

exploration-avoidance, (3) activity, (4) aggressiveness, and (5) sociability. 

 

So far, aging studies in nonhuman primate species addressed the central 

research question of how different factors are linked to variations in behavioral 

performance, revealing several factors (such as age or dietetics) contributing to this: 

In chimpanzees, few studies investigated cognition and possible age-related effects, 

reporting declines in cognitive flexibility assessed through motor tasks on executive 

functioning, including reversal learning performances (MANRIQUE and CALL 2015).  

Also, a significant performance decline in spatial memory tasks during aging in female 

chimpanzees was investigated in a longitudinal study using a primate cognition test 

battery (LACREUSE et al. 2014).  In a different, computerized, touchscreen-based 
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study, cognitive impairments could be seen in middle-aged and old chimpanzees, 

whereas young individuals showed no cognitive changes (LACREUSE et al. 2018).  

 

Executive functioning performances in macaques showed age-related declines 

in set-shifting and inhibition tasks: Impairments in cognitive flexibility were revealed 

when aged individuals needed more trials compared to younger ones to fulfill reversal 

learning tasks (IZQUIERDO et al. 2017), whereas in touchscreen-based set-shifting 

tests, old rhesus monkeys needed longer time to adapt to such shifts. Similar findings 

were observed in middle-aged individuals suggesting executive functioning being one 

of the earliest cognitive changes and therefore also occurring during normal aging 

(MOORE et al. 2006). Regarding animal personality, studies in macaques found 

volumes of the amygdala to relate positively to individual boldness (HALEY et al. 2012) 

which matches findings in humans where the amygdala (as part of the complex limbic 

system) is suggested to play a major role in modulating emotions and processing 

information (SERGERIE et al. 2008; ROXO et al. 2011) as well as in responding to 

stimulus novelty (WEIERICH et al. 2010).  

 

So far, only few studies investigated behavioral changes in marmosets: Age-

related deficits could be revealed in reversal learning, as well as in matching-to-

position tasks on a touchscreen system (SADOUN et al. 2019). Currently, a 

longitudinal study investigates age-related cognitive deficits in different reversal tasks, 

with an additional focus on sex-differences (LACLAIR et al. 2019; WORKMAN et al. 

2019). 

 

In mouse lemurs, cognitive testing in an original mouse lemur test battery 

revealed an age-dependent decline in set-shifting tasks as well as in pairwise spatial 

and visual discrimination reversal learning (PICQ 2007; PICQ et al. 2012). 

Furthermore, highly comparative touchscreen-based cognitive testing examined visual 

discrimination and cognitive flexibility in mouse lemurs (e.g. JOLY et al. 2014; 

SCHMIDTKE et al. 2018) and confirmed an age-dependent loss in cognitive flexibility 

during reversal learning. Additionally, object discrimination learning was found to be 
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similarly affected (JOLY et al. 2014). Regarding dietary aspects, recent studies also 

suggested nutritional factors to impact natural cognitive variations as well as 

personality-related behavior, as beneficial effects of long-term caloric restriction or food 

supplementation on spatial memory performance as well as a decrease in anxiety-

related behavior have been shown (DAL-PAN et al. 2011; VINOT et al. 2011). Studies 

on various locomotor behaviors (NÉMOZ-BERTHOLET and AUJARD 2003; DAL-PAN 

et al. 2011) as well as different personality traits (VINOT et al. 2011; DAMMHAHN 

2012), revealed high levels of inter-individual variability in mouse lemurs. Also, aging 

has been described to correlate positively with explorative behavior (e.g. DHENAIN et 

al. 1998; NÉMOZ-BERTHOLET and AUJARD 2003; LANGUILLE et al. 2015). Further 

studies on linkages between brain morphometry and animal personality traits, 

however, are needed to further elucidate neurobiological aspects of individual 

behavioral variabilities and possible homologies across mammals. 

 

2.3.2. Assessment of cognitive abilities 

To reveal cognitive impairments, sensitive and reliable testing procedures are of high 

importance. Learning performance and cognitive flexibility have often been assessed 

through simple discrimination and reversal learning tasks in humans (BOUTET et al. 

2007; WEILER et al. 2008) as well as in monkeys (LAI et al. 1995; HERNDON et al. 

1999; VOYTKO 1999) and rats (BARENSE et al. 2002; SCHOENBAUM et al. 2002; 

BRUSHFIELD et al. 2008). Thereby, testing procedures that are particularly optimized 

to the respective species have been one approach in quantifying cognitive constructs, 

such as executive functioning (e.g. PICQ et al. 2012). However, non-automated 

species-specific behavioral tasks impede a general comparison of results for 

translational research. To allow better comparability, considering more standardized 

testing procedures has proven itself and is crucial in understanding underlying 

neurobiological mechanisms across species. The Cambridge Neurophysiological Test 

Automated Battery (CANTAB), for example, has developed into a commonly used 

touchscreen-based method to assess cognitive abilities in humans by helping to detect 

age- or disease-related impairments in specific domains through highly sensitive, 

precise, and objective measures of cognitive function (e.g. SAHAKIAN and OWEN 
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1992; ROBBINS et al. 1998). Minimized operator-subject interaction, high stimulus 

control, large variety of cognitive tasks, as well as high adaption to different species 

are advantages of such touchscreen-based testing procedures. Various different 

studies have used touchscreen tasks in Old World and New World monkeys (e.g. 

WEED et al. 1999; SPINELLI et al. 2003), lemurs (JOLY et al. 2014), and in rodents 

(e.g. BUSSEY et al. 2008; HORNER et al. 2013), and reported age effects on cognitive 

abilities. Using automated procedures, aging effects on executive functioning could be 

reliably detected in both, humans and nonhuman-primates (ROBBINS et al. 1998; 

NAGAHARA et al. 2010; JOLY et al. 2014).  

 

2.3.3. Assessment of animal personality 

While originally being developed to assess motivation in rats (HALL and BALLACHEY 

1932), standard open-field based testing has become one of the most commonly used 

experimental testing environments to quantify personality-related traits in small 

animals (WALSH and CUMMINS 1976). The basic setup of an open-field test 

comprises a square or circular enclosure which is surrounded by walls to prevent the 

animal from escaping and monitored by cameras to observe the animal’s behavior 

(GOULD et al. 2009). Due to its simplicity, open-field based testing has been widely 

used across different species (e.g. ZADICARIO et al. 2005). Especially in rodents, 

open-field tests have been applied to several research topics, and measurements of 

locomotor activity were used to quantify animal personality-traits, such as exploration-

avoidance, but also risk-taking behavior and fear of novelty (WALSH and CUMMINS 

1976; MARKS 1987). As a subject’s movement within the maze is influenced by these 

different factors (e.g. exploratory motivation or fear-related behaviors), quantity as well 

as quality of one’s exploratory behavior can be used to differentiate further traits. A 

subject's anxiety-like behavior, for example, is often derived from the time the animal 

spent close to the arena walls or corners as these are considered to provide shelter in 

contrast to the arena’s open spaces (BAILEY and CRAWLEY 2009). 

There are different methods to adjust standard open-field maze testing to 

assess further behavioral traits. In so-called “novel-object” tests for example, one 

individual’s neophilia can be quantified in an open-field maze by adding an unknown 
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object to the arena. Frequency of approaches towards this object as well as number 

of interactions and touches are often used to quantify neophilia-like behavior. 

Additionally, when first starting such open-field testing procedures in an environment 

that is new to the tested subject, emergence tests are routinely used to quantify the 

individual’s position on a shyness-boldness continuum (e.g. BROWN et al. 2005). 

 

 

2.4. Aims of this thesis 

As individual variances seen in brain morphometry as well as in behavioral 

performances are quite large, it is challenging to map brain structural patterns to their 

underlying functions, to behavior, and to possible age-related alterations. In mouse 

lemurs, research data on correlations between brain morphology and spontaneous 

behavioral phenotypes is missing so far. As described before, phenotypic variation in 

brain structure and behavior is well documented and has robustly been demonstrated 

across laboratory colonies. Nevertheless, little is still known on how brain morphology, 

cognition, and animal personality-like behavior are ultimately linked. Various 

speculations on possible underlying neurobiological substrates are mostly based on 

what has been investigated in humans or what is known from lesioning studies in 

rodents. Mainly because of ethical principles concerning invasive research in primate 

species, such findings are largely missing for mouse lemurs and other nonhuman 

primates. So far, only one study directly linked brain structural patterns to cognitive 

changes in mouse lemurs (PICQ et al. 2012), revealing spatial memory to be related 

to volume of the hippocampus as well as to thickness of the entorhinal cortex, whereas 

cingulate regions were involved in executive functioning.  

 

In this doctoral thesis, brain morphology as well as its linkage to cognition and 

animal personality-related behavior were investigated in a nonhuman primate species, 

the gray mouse lemur. A first study aimed to (1) describe age-related, structural 

patterns of brain atrophic processes in this animal model, and, by following previously 

published protocols (2) prove their comparability across laboratory colonies, as well as 

(3) to investigate sex-specific differences in brain morphometry that had never been 

examined in mouse lemurs before. Subsequently, a second study set out to (4) link 
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these brain morphometries to inter-individual variations in cognitive performances in 

object discrimination learning and response inhibition/behavioral flexibility, as well as 

to (5) animal personality-related behavior, including exploration-avoidance, shyness-

boldness, and neophilia.  
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3. Material and Methods 

3.1. The gray mouse lemur (Microcebus murinus) 

Within the primate order, mouse lemurs belong to the Cheirogaleidae family, genus 

Microcebus, with over 20 species that have been scientifically described so far 

(HOTALING et al. 2016), one of which being the gray mouse lemur (Microcebus 

murinus). Inhabiting the western lowland dry, deciduous forests, M. murinus as well as 

all other mouse lemurs are endemic to Madagascar (MITTERMEIER et al. 2010) and, 

among other native mammals, are regarded as one of the most speciose genera 

(MITTERMEIER et al. 2010). Because of their evolutionary history of 60-70 million 

years of independent diversification (YODER et al. 2000) and the retainment of 

anatomical and physiological ancestral features, such as lisencephalic brains 

(DHENAIN et al. 2003) and functional vomeronasal organs (HOHENBRINK et al. 

2012), Malagasy primates, but in particular mouse lemurs, have become popular 

research models in the field of primate evolution. A trait which is discussed being 

retained from a common nocturnal or crepuscular primate ancestor, is their strict 

nocturnality, shown through different adaptations in their sensory system, such as the 

light-reflecting tapetum lucidum, which is missing in Haplorrhines (PEICHL et al. 2019). 

With a maximum lifespan of about 8 years documented in the wild (ZIMMERMANN et 

al. 2016), gray mouse lemurs live as solitary foragers (EBERLE and KAPPELER 2004) 

in so-called individualized neighborhoods with largely overlapping home ranges 

facilitating social contacts (RADESPIEL 2006). They are seasonal breeders with 

photoperiodically induced reproductive activation through increasing day length 

(EBERLE and KAPPELER 2004). By shortening the season length via light 

entrainment, it has been shown that the reproduction cycles of seasonally breeding 

(PERRET and AUJARD 2001) as well as lifespans (PERRET 1997) can artificially be 

reduced in captivity. Strong seasonality in ambient temperature and rainfall across 

Madagascar throughout the year result in seasonally varying abundance of resources 

which shapes sleeping site usage and foraging activity (RADESPIEL 2006) as well as 

reproduction (RINA EVASOA et al. 2018). Gray mouse lemurs are one of the smallest 

living primates with an average body length of 12 cm (head to tail base) and a mean 
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weight of around 60 g (Fig. 1). Being omnivorous, their diet mainly consists of 

vegetables, fruits, flowers and nectar, if available, but also of arthropods and even 

small vertebrates (ZIMMERMANN et al. 2016).  

 

From the very beginning, the potential of this small and easy to breed nonhuman 

primate as a model for biomedical research was recognized, when the first mouse 

lemur breeding colonies were established in the 1960s in France and the United 

Kingdom. In captivity, female individuals have an average lifespan of around 8 years 

and can reach maximum ages of 15 years, while males have an average lifespan of 7 

years with maximum ages of up to 13 years (HÄMÄLÄINEN et al. 2014; 

ZIMMERMANN et al. 2016). Individuals above 5 years are usually considered as being 

old (BONS et al. 2006).  

 
Fig. 1: Photograph of a gray mouse lemur, Microcebus murinus (by Tim Kollikowski). 

 

 

3.2. Study animals 

For the MRI experiments in this thesis, 59 adult (age range: 1-11 years) gray mouse 

lemurs (Microcebus murinus), including 28 females (age range: 1.0 to 11.9 years) and 

31 males (age range: 1.1 to 9.5 years), from a breeding colony of the Institute of 

Zoology of the University of Veterinary Medicine, Hannover, were used as individuals. 

21 (12 female and 9 male) animals of this sample were involved in cognitive testing 

and 30 (14 female and 16 male) animals of the sample took part in open-field based 
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experiments (Tab.1). Subjects were bred and kept in the colony of this Institute and 

the facility was approved and licensed by the official authority, the Department of Trade 

and Veterinary Concerns of the State Capital Hannover (reference number: AZ 

42500/1H (breeding and maintenance)). Experiments were performed in compliance 

with the German Animal Welfare Act, the NRC Guide for the Care and Use of 

Laboratory Animals, and the European Directive 2010/63/EU of the European 

Parliament on the protection of animals used for scientific purposes, and were 

approved by the Animal Welfare Committee of the University of Veterinary Medicine 

as well as licensed by the Lower Saxony State Office for Consumer Protection and 

Food Safety (LAVES; reference number: AZ.33.19-42502-05-11A116 (MRI), AZ 33.9-

42502-05-10A080 & AZ 33.12-42502-04-14/1454 (behavioral experiments)).  

 

3.2.1. Housing conditions 

Animals lived alone or more often in small same-sex groups of two to four members. 

Cages provided at least 0.8 m3 room per animal and were located in one of six different 

rooms within the animal facility. They were equipped with climbing possibilities, such 

as branches and ropes, as environmental enrichment. At least one wooden sleeping 

box (20x11x11 cm) per individual was attached to the cage walls, to provide shelter. 

Temperature (23-25°C) and relative humidity (50-60%) were always kept constant. The 

animals lived under a seasonally fluctuating, reversed light cycle with a long-day period 

(LD 14:10) of 8 months (February-September) and a short-day period (LD 10:14) of 4 

months (October-January). Behavioral experiments all started during the long-day 

periods. The diet of the mouse lemurs changed on a daily basis from seasonal fresh 

fruit mixed with vegetables to banana milk mash (Milupa Nutricia GmbH; Bad Homburg 

v. d. H., Germany) enriched with vitamins and minerals. Once a week, food was 

supplemented with mealworms and locusts as additional protein source. Water was 

always provided ad libitum. Each subject’s regular diet was slightly reduced during 

cognitive testing to ensure that any additional caloric intake from the food reward was 

counterbalanced. For a routine medical checkup, all animals were handled by a 

veterinarian once a week. Also, prior to the behavioral experiments, subjects were 

checked for eye diseases (DUBICANAC et al. 2016; DUBICANAC et al. 2017) by a 
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veterinarian, as some of the experiments depended on visual information processing. 

All tested subjects were naïve to the touchscreen-based cognitive tests as well as to 

the open-field maze of the behavioral experiments. 
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Tab. 1: Animal variables of all tested subjects. The table provides animal-ID, sex, date of birth, age 
at MRI scanning, age at touchscreen-based testing (when the PDR had successfully been completed), 
and age when the open-field (OF) based experiments were performed for each individual.  
 
 

Animal-ID Date of Birth Sex Age at MRI 
Age at 

Cognition 
Age at OF 

1 04.06.2014 f 1.3 - - 

2 21.04.2013 f 2.2 - - 

3 21.04.2014 f 1.1 - - 

4 09.06.2014 f 1.2 - - 

5 04.06.2014 f 1.3 - - 

6 09.06.2014 f 1.0 - - 

7 12.04.2008 f 7.9 - - 

8 19.04.2004 f 11.8 - - 

9 12.04.2008 f 8.0 - - 

10 26.04.2005 f 10.3 8.0 - 

11 03.05.2005 f 10.4 8.0 - 

12 18.06.2006 f 9.3 7.0 - 

13 12.06.2010 f 5.0 2.9 - 

14 12.04.2010 f 5.5 - 4.1 

15 15.06.2009 f 4.9 - 3.7 

16 19.06.2011 f 4.3 - 2.9 

17 03.05.2007 f 8.6 - 7.2 

18 21.04.2010 f 5.8 - 4.0 

19 29.05.2010 f 5.8 - 4.1 

20 26.06.2003 f 11.9 9.9 11.0 

21 28.07.2005 f 10.0 7.8 9.0 

22 17.04.2010 f 5.6 3.2 4.2 

23 23.04.2012 f 3.1 1.2 2.2 

24 15.06.2009 f 6.0 4.0 4.9 

25 13.05.2009 f 6.4 4.2 5.0 

26 03.05.2005 f 10.1 7.6 6.9 

27 28.04.2010 f 5.9 3.2 4.2 
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28 23.04.2012 f 3.7 1.4 2.2 

29 21.04.2013 m 2.6 - - 

30 19.04.2014 m 1.2 - - 

31 04.06.2014 m 1.2 - - 

32 23.04.2012 m 2.1 - - 

33 14.04.2013 m 2.3 - - 

34 04.06.2014 m 1.2 - - 

35 15.04.2013 m 2.7 - - 

36 04.06.2014 m 1.1 - - 

37 10.04.2012 m 3.5 - - 

38 12.04.2012 m 3.1 - - 

39 10.04.2012 m 3.8 - - 

40 10.06.2013 m 2.6 - - 

41 03.06.2012 m 3.6 - - 

42 10.04.2012 m 4.0 - - 

43 12.07.2012 m 3.5 - - 

44 07.06.2012 m 3.7 - - 

45 02.06.2010 m 4.9 - 1.9 

46 21.04.2010 m 5.6 - 2.8 

47 03.05.2007 m 8.4 - 4.9 

48 21.04.2010 m 5.6 - 2.0 

49 19.04.2006 m 9.5 - 6.8 

50 28.04.2010 m 5.5 - 2.0 

51 06.04.2008 m 7.9 - 4.0 

52 13.05.2009 m 6.5 3.4 2.9 

53 15.06.2009 m 6.0 3.1 2.8 

54 12.06.2010 m 5.2 2.8 1.8 

55 28.04.2010 m 5.4 2.8 2.0 

56 19.06.2011 m 4.0 2.1 0.8 

57 15.06.2009 m 5.9 3.7 2.8 

58 12.04.2010 m 5.1 2.2 2.0 

59 16.04.2010 m 5.8 2.4 2.0 
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3.3. Experimental procedures 

3.3.1. Magnetic resonance imaging 

3.3.1.1. General anesthesia 

Prior to scanning, all animals underwent a veterinary examination and only animals 

that were clinically inconspicuous with regard to their respiratory and vascular system 

were included in the study, to ensure safety during anesthesia. Anesthesia was 

performed and monitored by one of the following veterinarians: S. Kästner, A. Schütter, 

M. Dubicanac, A. Klaus, and M. Hokan. Subjects were premedicated with midazolam 

at 0.5 mg/kg and glycopyrrolate at 0.2 mg/kg, both injected subcutaneously (KÄSTNER 

et al. 2016). Inhalation anesthesia was induced with 3.5% isoflurane in 1 l/min oxygen 

for 5 minutes in an induction box until the righting reflex was lost. Via nose cone, 

anesthesia was maintained with around 1.5% isoflurane and was adapted to the 

animals’ needs during the scanning procedure. The animals’ body temperatures were 

measured and regulated at around 26°C with a heating pad (Bruker T10964). Heart 

rates as well as respiratory rates were constantly monitored on a monitoring system 

compatible with magnetic resonance imaging (SA Instruments, Stony Brook, NY, 

Model 1030).  

 

3.3.1.2. MRI scanning 

Magnetic resonance imaging (MRI) is one of the most important, non-invasive medical 

imaging techniques that was developed by Lauterbur and Mansfield in the 1970s 

(LAUTERBUR 1973; MANSFIELD 1977). Today, it is highly used in radiology to 

generate pictures of the anatomy and physiological processes of the body by providing 

highly versatile tissue contrast. As the underlying MRI physics are quite complex and 

beyond the scope of this chapter, a brief overview based on important facts that are 

necessary for the context of this thesis will be provided in the following paragraphs. 

 

MRI scanners use strong magnetic fields and their gradients to generate 

images, meaning there is no ionizing radiation of x-rays involved, which distinguishes 

MRI from computed tomography (CT) scans (HUETTEL et al. 2004). Within the MRI, 

hydrogen atoms (being naturally abundant in biological organisms, particularly in water 
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and fat) are used to generate a detectable radio-frequency signal. Hydrogen nuclei, 

consisting of a single proton, create a signal which is processed to form an image 

depending on the specific regions’ densities. Once placed in the magnetic field, the 

excited atoms emit radio-frequency energy which is being measured by receiving coils 

(HUETTEL et al. 2004). Contrast between different tissues is determined by the rate 

at which the excited atoms return to their initial state (MCROBBIE 2007). Tissues can 

be characterized by two different relaxation times, T1 (longitudinal) and T2 (transverse) 

relaxation. In the resulting MRIs, fluid characteristics of different tissues are 

represented as gray scaled images: In T1-weighted images, high signals result from 

fat, whereas in T2-weighted images, water-based tissues appear bright (HUETTEL et 

al. 2004). Therefore, in brain imaging, T1- and T2-weighted images can easily be 

differentiated by the appearance of CSF (free fluid), as it appears white on T2 images 

and dark on T1 images. MRI derived, brain morphometric analyses have proven to be 

a valuable tool for predicting and diagnosing neurological impairments and are being 

extensively used in clinical routines as well as in research. Technical details of all scans 

presented in this thesis are described down below. 

To evaluate brain morphometry in animals, the following three different spatial 

views are generally analyzed: (i) a coronal view (from the nose to the back of the head), 

(ii) an axial view (from the crown to the neck), and (iii) a sagittal view (from one ear to 

the other). For this thesis, three-dimensional, T2-weighted in vivo MRI scans were 

conducted by M. Meier and C. Bergen at the Imaging Center of the Institute of 

Laboratory Animal Science of Hannover Medical School, Hannover using a Bruker 7T 

Pharmascan (70/16 Bruker BioSpin MRI GmbH, Ettlingen, Germany) equipped with a 

high performance gradient system (maximum gradient amplitude: 300 mT/m, rise time: 

0.35 ms). For all MRI scans, a combination of RF RES 300 1H 089/072 QUAD TO AD 

and RF ARR 300 1H M. HRT. RO AD AUTOPAC (Bruker BioSpin MRI GmbH) coils 

was used. Images were derived using rapid acquisition with relaxation enhancement 

(RARE) sequences and the following parameters: repetition time = 2500 ms, effective 

echo time = 11.6 ms, field-of-view = 3 x 3 x 3 cm, acquisition matrix = 128 x 128 x 128, 

reconstruction matrix = 256 x 256 x 256, resolution = 234 μm, bandwidth = 25 kHz, flip 

angle = 113.8°.  
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Scanning parameters were chosen to be comparable to previously published 

studies from another large mouse lemur colony in Brunoy, France (e.g. (KRASKA et 

al. 2011; PICQ et al. 2012; SAWIAK et al. 2014)), where the here used protocol for 

MRI analyses was developed by J.-L. Picq, M. Dhenain, and C. Lautier. 

 
3.3.1.3. Image pre-processing 

Allowing better comparability of the results, MRI images were pre-processed as 

described in previously published protocols from Picq, Sawiak and colleagues (PICQ 

et al. 2012; SAWIAK et al. 2014). Using BrainVisa/Anatomist (version 4.6.0, NeuroSpin 

CEA), an open source neuroimaging software platform, scans were rotated to identical 

three-dimensional orientations prior to measuring to ensure spatial homogeneity of the 

brain images. Therefore, for all three planes (sagittal, coronal, and axial) and in 

accordance with the stereotaxic brain atlas of the gray mouse lemur brain (BONS et 

al. 1998), the following anatomical landmarks were utilized: The superior border of the 

median part of the corpus callosum was oriented in parallel to the horizontal plane and 

perpendicular to the sagittal plane. Also, an imaginary cut through the central section 

of the interhemispheric fissure was used for axial alignment (PICQ et al. 2012). 

 

3.3.2. Brain morphometric measurements 

3.3.2.1. Ventricular expansion of cerebrospinal fluid 

After the pre-processing of the images, MRI measurements were performed manually 

in three steps through (1) a semi-quantitative analyses of the expansion of 

cerebrospinal fluid, (2) region-of-interest based volumetric measurements of different 

brain regions (compare (PICQ et al. 2012), and (3) length measurements of cortical 

thickness (compare SAWIAK et al. 2014). To estimate the degree of cerebral atrophy, 

evaluations were performed on reference slices using a semi-quantitative scale with 

four grades: 0 = no expansion; 1 = slight expansion; 2 = moderate expansion; 3 = 

severe expansion; (for a list of all regions evaluated and representative examples for 

0 and 3 rated cases of each region see Fig. 2). Volumetric expansion of CSF in the 

lateral ventricle (LV), the third ventricle (TV), and the outer CSF space (OC) were 

visually evaluated in thirteen different regions (LV 1-6, TV 1-3, and OC 1-3; see Fig. 2. 
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Mean values were calculated for all thirteen evaluated regions to summarize these into 

four supersets (hippocampus, caudate nucleus, thalamus, and temporo-occipital 

region), corresponding to the respective brain areas surrounding the evaluated 

ventricle at the location of measurement.  
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Fig. 2: Exemplary gradings of 0-3 rated cases of the ventricular expansions of CSF. T2-weighted, 
coronal (except for TV1: sagittal) MRI slices of grading examples semi-quantitatively evaluated with four 
grades (0 = no expansion; 1 = slight expansion; 2 = moderate expansion; 3 = severe expansion) as well 
as a list of all regions evaluated, are presented. Regions were analyzed bilaterally (except for TV1 and 
TV2). Blue arrows in all rated-1 cases mark the respective, semiquantitatively evaluated brain region. 
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3.3.2.2. Brain structure volume 

Based on region-of-interest (ROI) measurements, further morphometric analyses were 

conducted through size measurements of six different brain structures (compare (PICQ 

et al. 2012)). These structures were manually delineated on an axial slice for the 

amygdala, and on four coronal slices for the thalamus, the splenium of the corpus 

callosum, the septal region, the caudate nucleus, and the hippocampus, also by using 

BrainVisa/Anatomist (version 4.6.0, NeuroSpin CEA; for representative examples of all 

ROI measurements see Fig. 3A). To attain a volumetric value, the area of each 

delineated ROI was calculated and multiplied by the voxel depth (0.117 mm) of one 

MRI slice. For the caudate nucleus, the hippocampus, and the amygdala, distinctions 

between the left and the right hemisphere were made. Additionally, the intracranial 

volume, defined as intracranial region at thalamic level, including gray and white matter 

as well as CSF, was assessed on the corresponding MRI slice and also multiplied by 

the voxel depth. This measurement was later on used to calculate relative ROI-

volumes (corrected against each individuals’ intracranial volume) in addition to the 

absolute measurements.  

 

3.3.2.3. Cortical thickness 

Thickness of the cerebral cortex (CX) was evaluated at thirteen different areas (CX 4-

7, 13, 17, 18, 21-24, 28, and the splenium (Spl)) as a length measurement using 

ImageJ (version 1.51q, NIH, SCHNEIDER et al. 2012). Except for the height of the 

splenium of the corpus callosum, measurements were performed bilaterally on five 

different coronal slices (compare (SAWIAK et al. 2014); Fig. 3B). Again, anatomical 

landmarks were used in order to ensure a high measurement reliability and to provide 

comparability across individuals. According to their respective location within the 

different brain lobes, all 25 measured cortical thickness (CX 4-7, 13, 17, 18, 21-24, 28 

(each bilaterally), and the splenium) values were summarized (mean values). As for 

the ROIs, measurements were corrected against the intracranial volume for relative 

measurements in addition to the absolute values. For representative examples for all 

cortical thickness measurements see Fig. 3B. 
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Fig. 3: Exemplary MRI scans of (A) all measured regions-of-interest and (B) all cortical thickness 
measurements. A T2-weighted, coronal (except for the Amygdala: axial) MRI slice examples for each 
region. Measured areas of the caudate nucleus, the thalamus, the intracranial volume, the hippocampus, 
the splenium, and the amygdala are marked in blue, the septal region is marked in red. The caudate 
nucleus, the hippocampus, and the amygdala were measured bilaterally. The thin horizontal blue lines 
in the top scan represents the sectional plane at which the amygdalae were measured, the thin 
horizontal blue line in the bottom scan represents the sectional plane at which the intracranial volume 
was measured. B List of all cortical thickness measurements according to their location within each 
respective brain lobe. Exemplary T2-weighted, coronal MRI slices show the respective positions where 
cortical thickness was measured (marked with blue lines). CX 13 was not assigned to a specific brain 
lobe, as it shows the insular area, likely similar to orbital areas of the human brain (DHENAIN 2015). 
 

 

3.3.3. Behavioral phenotyping 

3.3.3.1. Cognitive testing 

In a previous study (JOLY et al. 2014) at the Institute of Zoology, touchscreen based 

cognitive testing, including visual discrimination and cognitive flexibility through 

reversal learning was performed. Cognitive testing was performed in 2012/2013 by the 

experimenters D. Schmidtke, M. Joly, S. Ammersdörfer, and M. Craul. From this larger 

study on age-related cognitive declines in mouse lemurs, data from 21 animals that 

had also been involved in MRI scanning was used. Each subject’s cognitive phenotype 

was assessed through testing in a customized version of the Bussey-Saksida 

Touchscreen Chamber (Model 80604, Campden Instruments LTD.). In more detail, 

individual object discrimination, associative learning performance, and cognitive 

flexibility were quantified through a touchscreen-based, standardized visual pairwise-

discrimination (PD) and pairwise-discrimination reversal (PDR) learning paradigm.  

Each individual was tested in one session per day with 30 trials per session, 7 days a 

week, in order to learn discriminating two simultaneously presented visual stimuli (Fig. 

4). The cognition tasks followed a four-step protocol: (1) Pretraining; (2) Association of 

the stimulus (S+) and the reward in the presence of a distractor (S-); (3) Inhibition of 

the conditioned response after reversal of the stimulus-reward contingency; (4) 

Associative learning of a new response-rule. Response to either of the two presented 

stimuli (Fig. 4) was given by the animal by touch with its hand or nose. Correct 

responses to the pre-defined S+ were rewarded with 25 µl of apple juice. Two 

consecutive trials were separated by a 10-second inter-trial interval. A touch interaction 

with the distractor (S-) was signaled by a 2000 Hz tone and followed by a 15 second 
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timeout. To assess individual object discrimination learning, all subjects were trained 

to reach a criterion of 80% or more correct choices in two consecutive sessions during 

the PD acquisition (this criterion is later on referred to as PD 80). Once this criterion 

had been successfully reached, the stimulus-reward contingency was being reversed 

(PDR) during subsequent sessions, meaning that the previously rewarded stimulus S+ 

became the S- and was no longer being rewarded, whereas the former distractor 

turned into the newly rewarded stimulus (S+). To measure one subject’s cognitive 

flexibility, the number of trials each individual needed during the PDR to reach a 

performance of 50% of correct choices (chance level) was assessed (later on referred 

to as PDR 50). Additionally, to analyze each individual’s cognitive performance to 

assess the formation of stimulus-reward habits without object discrimination learning, 

the number of trials each individual needed to re-reach an 80% criterion was also being 

measured (later on referred to as PDR 50-80). Each individual’s wooden sleeping box 

was used to transport the respective experimental animal from its home cage to the 

testing room. From there, it could also directly be released into the touchscreen 

chamber without being handled and with no visual contact to the experimenter.  

 
Fig. 4: Pair of visual stimuli. Left 
image = “marbles”, right image = “fan” 
used for the visual discrimination task 
and its reversal. 
 

 

 

 

 

 

 

 

 

3.3.3.2. Open-field based testing 

Open-field based behavioral testing had previously been performed between 2012 and 

2014 at the Institute of Zoology by the experimenters J. Wittkowski, H. Chotard, and 

A. Renard. To evaluate each individual’s personality, 30 mouse lemurs were tested in 

three behavioral experiments, a standard open-field (OF) test, an open-field based 

novel-object test (NO), and a sleeping box emergence test (SBE). Testing took place 
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in an experimental arena (76x76 cm) with a virtually fielded floor of 16 equally-sized 

zones (19x19 cm each; labeled A-P), a periphery that reached 10 cm parallel from the 

arena walls into the floor area, and a square central zone (19x19 cm around the 

center). The open-field maze was surrounded by 40 cm high walls and was located in 

an echo-reduced room, separated from the housing rooms, to avoid disturbances 

caused by other animals or staff and to minimize acoustic noises. Four red light bulbs 

installed in the corners behind the walls of the arena provided dim (~1 lux), 

homogeneous illumination during the experiments. One wall of the arena was 

additionally equipped with a small opening, equally in size to the entrance holes of the 

wooden sleeping boxes. Like for the cognitive testing, the individual’s sleeping box was 

positioned next to the arena so that the subject could directly enter the maze without 

being handled. Experiments were videotaped from above with a camera 

(SuperSteadyShot DCR-SR210, SONY Corporation; operated in NightShot mode). 

Afterwards, offline frame-by-frame video analysis was performed by J. Wittkowski 

using The Observer XT 10 (The Observer 10.5.572, Noldus Information Technology, 

1990-2011) behavioral coding software.  

For the SBE, the first open-field based experiment, the latency from the 

beginning of the test session (opening the door between the sleeping box and the 

open-field maze) until the subject emerged entirely (both hands and feet) from its 

sleeping box into the open-field arena, was measured. Once the animal had entered 

the arena, the session was ended and the animal was transported back to its home 

cage. When an animal did not enter the arena within 15-minutes, latency was set to 

900 seconds. 

For the standard open-field test, the door to the sleeping box remained closed 

and each subject could freely explore the arena for 15 minutes. As summarized in the 

ethogram (Tab. 2), the total number of visited zones (A-P) as well as the number of 

zone changes, the number of times the subject straightened up, the duration a subject 

spent freezing, walking/running, or climbing, the number of times the subject jumped, 

the total duration the subject spent in the central zone, the periphery, and the 

emergence zone, respectively, the number of times the central zone was entered, and 

the latency from the beginning of the test session until the individual entered the central 
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zone for the first time (with both hands) were measured. As for the SBE, latency was 

set to 900 seconds if a given event did not occur during the experiment.  

Under the same conditions as for the OF (15 minutes of free exploration, locked 

sleeping box), an ellipsoid stone (volume: 30 cm2) serving as a novel object was placed 

in the center of the experimental arena during the NO. Offline analyses included the 

latency to approach the object and the latency from the beginning of the test session 

to the subject’s first physical contact (nose or hand) with the object, the frequency of 

approaches towards the object, the frequency of touches, the total duration of contacts 

with the object and the number of times the object was being displaced (Tab. 2). In 

case the subject did not approach or interact with the object at all, latency to first 

approach or contact was set to 900 seconds. Each test (SBE, OF, NO) was repeated 

once with an inter-session interval between repetition and original experiment of 

approximately one week (5-7 days). For each individual, time between the three 

different tests (SBE, OF, NO) was at least 24h. 
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Tab. 2: Ethogram. Parameters of interest of the three different open-field based tests. 

  

Test Parameter Description 

SBE Latency to emerge 
Duration from the start of the experiment until both hands and 
both feet of the individual reached the ground of the arena [s] 

OF Zone changes 
Total number a zone boundary (A-P) was crossed with both 

hands 

OF Visited zones 
Number of unique zones visited during the experiment                

(at most 16) 

OF Walking/running Duration the individual spent in locomotion [s] 

OF Straightening up 
Total number the individual reared on its feet, leaning on a wall or 

not 

OF Freezing Duration the individual did not move (except head) [s] 

OF Climbing Duration the individual climbed on the wall or the mesh lid [s] 

OF Jumping 
Total number of jumps (both hands and both feet did not touch 

the ground of the arena) 

OF Duration central zone 
Total amount of time the individual spent with at least both hands 

in the central zone [s] 

OF Duration periphery 
Total amount of time the individual spent with at least both hands 

in the periphery [s] 

OF 
Duration emergence 

zone 
Total amount of time the individual spent with at least both hands 

in the sleeping box emergence zone [s] 

OF 
Total number central 

zone 
Total number of entries in the central zone 

OF Latency central zone 
Duration from the start of the experiment until the time the 

individual entered the central zone for the first time [s] 

NO 
Latency to touch the 

novel object 

Duration from the start of the experiment until the individual 
touched the novel object for the first time with any part of its body 

[s] 

NO Frequency of contacts 
Total number of body contacts between the individual and the 

novel object 

NO 
Duration touching the 

novel object 
Total amount of time the individual spent in body contact with the 

novel object [s] 

NO Object displacement 
Total number of displacements of the novel object due to the 

individual´s body contact 

NO Latency to approach 
Duration from the start of the experiment until the individual 

entered the central zone for the first time [s] 

NO 
Frequency of 
approaches 

Total number of entries in the central zone 
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3.4. Statistical analyses 

Overall data analysis was performed using R (R CORE TEAM 2019). MRI scans were 

analyzed by a single experimenter, blind to the identity and age of the subjects. Three 

months after the first quantification, ten randomly chosen brains were being 

remeasured by the same person. Intra-rater reliability was assessed using ANOVA-

based methods (rpt-function in R; STOFFEL et al. 2017), with resulting intraclass 

correlation coefficients ranging between 0.93 and 1 for the regions of interest and 

cortical thickness measurements (Gaussian distribution). As the semiquantitative CSF 

data were not normally distributed, Spearman correlation analyses was conducted 

(cor.test-function in R; method = "spearman") to assess relative reliability, with 

correlation coefficients ranging from a minimum of 0.94 to a maximum of 0.99. 

Because a first inspection of the data suggested sex differences in age-related 

changes in several morphometric measurements, data were also analyzed separately 

for each sex. Thereby, to ensure comparability, subsamples were age-matched 

(animals younger than 10 years; the six oldest females were excluded from the age-

matched analyses). For the pooled data set (N♀♂=59) as well as for the age-matched 

sex-dependent subsamples (N♀♀=22, N♂♂=31), Spearman correlation analyses were 

conducted (cor.test-function in R; method = "spearman") for the interval-scaled data 

from the semiquantitative CSF analyses. Continuous data from the ROI and CX 

measurements were analyzed with Pearson correlation analyses (cor.test-function in 

R; method = "pearson") for normally distributed variables (shapiro.test-function in R), 

and Spearman correlation analyses for variables not normally distributed. More robust 

Percentage Bend (r.pb-function in R; as-bio package) analyses with a beta of 0.2, as 

recommended by Wilcox (WILCOX 2005), were additionally performed, wherever 

Pearson correlation analyses were appropriate. To compare morphometric 

measurements between young (< 3 years) and aged (≥ 6 years) subjects, z-scores of 

ROI volumes and cortical thickness values were calculated for the young samples and 

used as references. Relative z-scores of the belonging old samples were calculated 

using the center minuend and the scaling factor of the young sample (compare PICQ 

2012). For group-wise comparisons, two-tailed t-tests (t.test-function in R) were used. 

For variables with related nomenclature but different methodological bases, such as 
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the “Thalamus” CSF volume superset, and the “Thalamus” ROI volume, Spearman 

correlation analyses were performed to investigate, how methodologically different 

measurements related to each other. 

For data from both behavioral phenotypings (touchscreen and open-field derived) 

and a potential linkage to MRI measurements, Spearman correlation analyses 

(cor.test-function in R; method = “spearman”) were performed, as many of the 

analyzed variables were not normally distributed (Shapiro-Wilk test; shapiro.test-

function in R). Principal component analyses (PCA) were conducted (psych-package 

in R) to reduce the number of variables from the open field-based experiments that 

were used for correlation analyses with the MRI measurements by obtaining one 

representative variable per test (OF and NO). Components with eigenvalues greater 

than one (Kaiser-Guttman Rule, KAISER 1991) were revealed for both tests. As OF 1 

showed high factor loadings on all activity and exploration-related variables, it is 

referred to as “exploration”. High factor loadings were also found for NO 1 on all object 

related variables, such as exploration and neophilia and is subsequently referred to as 

“neophilia”. Since for the SBE only one variable (latency to emergence) was being 

measured, it could directly be used for correlation analyses. 

 

As in vivo MRI scanning involves a high logistic effort in primates, scans could not 

be performed directly after the behavioral experiments, which were conducted within a 

short period of time. This resulted in different delays (min=0.82 years, max=3.86 years, 

mean=2.41 years; Tab. 1) between the behavioral testing procedures and MRI 

scanning. To account for these delays, correlation analyses were conducted twice, 

once with the morphological raw data (actually measured values), and again after the 

morphological data had been corrected for the variable delay. Correction factors for 

this delay had been obtained from sex-specific regression models of the entire MRI 

analysis (N♀♂=59) by using predictions for age-related changes of the different 

measurements (see appendix Tab. A1). However, in most cases, results from both of 

these analyses matched. Therefore, it was assumed that the inter-individual variance 

in brain-morphology for most variables was higher than potential structural changes 

expected to occur during the delay.  
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Abstract 

The gray mouse lemur (Microcebus murinus) is an important nonhuman primate model in 

biomedical research. Numerous studies investigated mouse lemur behavior and possible 

factors underlying inter-individual variation in both, animal personality and cognitive 

performance. Some effects, such as an age-related decline in executive functioning, have 

robustly been found across laboratory colonies, however, little is known about the brain-

structural substrates in mouse lemurs. Here, we provide first exploratory data linking in vivo 

magnetic resonance imaging of 34 mouse lemurs to performance in a standardized, 

touchscreen-based task on object discrimination and reversal learning as well as to animal 

personality under different scenarios in an open-field. High inter-individual variability in both, 

brain morphometric and behavioral measurements was found, but only few significant 

correlations between brain structure and behavior were revealed: Object discrimination 

learning was linked to volumes of the hippocampus and the caudate nucleus as well as 

temporal lobe thickness, while early reversal learning linked to thickness of the cingulate lobe 

as well as to hippocampal and thalamic volume. Emergence latency into the open-field 

correlated with volume of the amygdala, as did general exploration-avoidance in the empty 

open-field arena. The latter also correlated with thicknesses of the anterior cingulate and 

frontal substructures. Neophilia, assessed as exploration of a novel object placed in the arena, 

amongst others, related to the volume of the caudate nucleus.  

In summary, our data suggest a prominent role of striatal and temporal structures (including 

the hippocampus) for learning capability, as well as thalamic and cingulate structures for 

cognitive flexibility and response inhibition. The amygdala, the anterior cingulate lobe, and the 

caudate nucleus are particularly linked to animal personality in the open-field setting. These 

findings are congruent with the comparative psychological literature and provide a valuable 

basis for future studies elucidating aspects of behavioral variation in this nonhuman primate 

model. 

 

Keywords 

Primates, neuroimaging, behavior, emotions, learning, executive function 

 

1. Introduction 

In biomedical research, meaningful animal models are of high importance in order to allow a 

good translation of results to human medicine. Being genetically and physiologically closely 

related to humans, nonhuman primate models, compared to other classical biological models, 
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such as rodents (Lavery, 2000), have gained increasing attention. As a member of the 

Strepsirrhini primates, the gray mouse lemur (Microcebus murinus) is one of the world’s 

smallest primates and, over the past years, has become a valuable animal model, especially 

in the fields of (brain-)aging research and dietetics (Fischer & Austad, 2011; Picq, Villain, Gary, 

Pifferi, & Dhenain, 2015; Pifferi, Epelbaum, & Aujard, 2019). For example, several aging effects 

that are known from humans have also been demonstrated in mouse lemurs, including a 

decrease in motor-functions (Némoz-Bertholet & Aujard, 2003), changes in the endocrine 

systems (Perret & Aujard, 2005), and in immune functions (Cayetanot, Nygard, Perret, 

Kristensson, & Aujard, 2009). With regard to cerebral aging, biochemical lesions such as the 

accumulation of iron (Dhenain et al., 1998), deposits of ß-amyloid peptide (Bons, Mestre, & 

Petter, 1992; Mestre-Frances et al., 2000), and aggregation of Tau protein (Delacourte et al., 

1995) have been described to naturally develop in aging mouse lemurs. Furthermore, different 

patterns of brain atrophy, such as ventricular expansion, region-specific volumetric decline, 

and cortical white matter shrinkage were found (Dhenain, Chenu, Hisley, Aujard, & Volk, 2003; 

Fritz et al., 2020; Kraska et al., 2011; Picq, Aujard, Volk, & Dhenain, 2012; Sawiak, Picq, & 

Dhenain, 2014). Regarding dietetics, the effects of long-term caloric restriction and food 

supplementation, for example with resveratrol (Dal-Pan, Pifferi, Marchal, Picq, & Aujard, 2011) 

and omega-3 polyunsaturated fatty acids (Languille, Aujard, & Pifferi, 2012; Royo et al., 2018; 

Vinot et al., 2011) have been investigated in mouse lemurs.  

In many of the above-mentioned studies, a central research question was, whether age 

or dietary aspects are linked to behavioral variation, including variations in cognitive 

performance and/or animal personality. For example, one approach used a test battery 

originally designed for mouse lemurs and described age-dependent decline in executive 

functions, such as set-shifting and pairwise spatial as well as visual discrimination reversal 

learning (Picq, 2007; Picq et al., 2012). Another approach, in which more standardized testing 

procedures for the comparative quantification of cognition were used (e.g. Joly, Ammersdörfer, 

Schmidtke, & Zimmermann, 2014; Schmidtke, Ammersdörfer, Joly, & Zimmermann, 2018), 

confirmed an age-dependent loss in cognitive flexibility during reversal learning and 

additionally found object discrimination acquisition to be affected in aged mouse lemurs (Joly 

et al., 2014). Recent dietary studies found a beneficial effect of long-term caloric restriction 

and resveratrol (Dal-Pan et al., 2011) or omega-3 polyunsaturated fatty acids supplementation 

(Vinot et al., 2011) on spatial memory performance in mouse lemurs, suggesting nutritional 

history to contribute to natural, phenotypic variation in cognition. 
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The classical testing environment for the quantification of animal personality-related 

behavior in small animals is the open-field maze (Walsh & Cummins, 1976), which was 

originally developed for the assessment of motivation in rats (Hall & Ballachey, 1932). In this 

setting, measurements of locomotor activity are used to quantify animal personality traits, 

ranging from boldness and exploratory behavior to risk-taking behavior and anxiety, including 

fear of novelty or open spaces (Marks, 1987; Walsh & Cummins, 1976). Open-field maze 

based studies in mouse lemurs have investigated various locomotor behaviors (Dal-Pan et al., 

2011; Némoz-Bertholet & Aujard, 2003) as well as different personality traits (Dammhahn, 

2012; Vinot et al., 2011) and, as mentioned above, detected age-related, diet-related, and sex-

specific variations in activity, exploration, and anxiety. 

Despite the fact that mouse lemur phenotypic variation in brain structure and behavior 

are well documented and have robustly been demonstrated across setups and laboratory 

populations (see above), little is known about how they are linked. Especially in studies on 

mouse lemur cognition, authors often speculate upon neuroanatomical substrates for different 

cognitive functions (e.g. Joly et al., 2014; Picq, 2007; Trouche, Maurice, Rouland, Verdier, & 

Mestre-Francés, 2010). Speculations are usually based on what is known from humans and/or 

lesioning studies in rodent models, but data from mouse lemurs supporting these speculations 

are largely missing due to ethical principles concerning invasive research in primates. The only 

study directly linking specific brain structures to cognition is an in vivo structural brain MRI 

study, describing executive functioning to be related to volume of the septal region, the caudate 

nucleus and the splenium, as well as to cingulate cortices (Picq et al., 2012). Therefore, the 

aim of this study was to further explore possible relationships between brain structure and 

cognitive and animal personality-related behavioral measurements. We correlated available in 

vivo MRI-derived morphometric data from our breeding colony with behavioral data of the 

same subjects from standardized cognitive tests on pairwise visual discrimination learning and 

its reversal and with data from open-field based behavioral testing procedures.  

 

2. Material and Methods  

2.1. Ethical statement 

From a breeding colony of the Institute of Zoology of the University of Veterinary Medicine in 

Hannover (LAVES; reference number: AZ 42500/1H (breeding and maintenance)), Germany, 

34 adult mouse lemurs (Microcebus murinus) were involved in this study. All here-reported 

experiments were performed in compliance with the German Animal Welfare Act, the NRC 

Guide for the Care and Use of Laboratory Animals, and the Directive 2010/63/EU of the 
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European Parliament on the protection of animals used for scientific purposes. They were 

approved by the Animal Welfare Committee of the University of Veterinary Medicine and 

licensed by the Lower Saxony State Office for Consumer Protection and Food Safety (LAVES; 

reference numbers: AZ 33.19-42502-05-11A116 (MRI), AZ 33.9-42502-05-10A080 & AZ 

33.12-42502-04-14/1454 (behavioral experiments).  

 

2.2. Subjects 

In vivo MRI scanning was conducted on all 34 individuals (18♀♀/16♂♂, age-range: 3.1 to 11.9 

years). 21 animals (12♀♀/9♂♂) of this total sample were additionally involved in cognitive 

testing (see 2.4) and 30 animals (14♀♀/16♂♂) of the total sample took part in open field-based 

experiments (see 2.5). Subjects commonly lived in small same-sex groups of two to four 

members. Temperature (23-25°C) and relative humidity (50-60%) were kept constant. Cages 

were equipped with climbing opportunities as environmental enrichment and one or two 

wooden boxes per individual to provide shelter. The diet of the mouse lemurs changed on a 

daily basis between seasonal fresh fruit mixed with vegetables and banana mash (Milupa 

Nutricia GmbH; Bad Homburg v. d. H., Germany) enriched with vitamins and minerals. 

Mealworms and locusts were offered weekly as additional protein source (for details on the 

diet see (Hülskötter et al., 2017)). To compensate the additional caloric intake from the food 

reward, each subject’s regular diet was slightly reduced during cognitive testing. Animals lived 

under a seasonally fluctuating, reversed light cycle, with a long-day period (LD 14:10) of 8 

months and a short-day period (LD 10:14) of 4 months. All behavioral experiments started 

during the long-day periods. Prior to the experiments, subjects were checked for good health 

and for eye diseases (Dubicanac et al., 2016; Dubicanac et al., 2017) by a veterinarian, as 

some of the experimental procedures depended on visual information processing. All tested 

subjects were naïve to the touchscreen-based cognitive tests as well as to the open-field maze.  

 

2.3. Structural brain analyses 

For brain morphometry, three-dimensional T2-weighted MRI was performed in vivo, under 

general anesthesia (for further details see Kästner, Tünsmeyer, & Schütter, 2016). Body 

temperature was measured and regulated at around 26°C with a heating pad (Bruker T10964). 

Heart rate as well as respiratory rate were constantly monitored on a magnetic resonance-

compatible physiological monitoring system (SA Instruments, Stony Brook, NY, Model 1030) 

to ensure the animal’s stability. Scans were conducted at the Imaging Center of the Institute 

of Laboratory Animal Science of Hannover Medical School, with a Bruker 7T Pharmascan 
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(70/16 Bruker BioSpin MRI GmbH, Ettlingen, Germany) equipped with a high performance 

gradient system with 300 mT/m maximum gradient amplitude and 0.35 ms rise time. A 

combination of RF RES 300 1H 089/072 QUAD TO AD and RF ARR 300 1H M. HRT. RO AD 

AUTOPAC (Bruker BioSpin MRI GmbH) coils was used for all scans. Images were acquired 

using rapid acquisition with relaxation enhancement (RARE) sequences at the following 

parameters: repetition time = 2500 ms, effective echo time = 11.6 ms, field-of-view = 3 x 3 x 3 

cm, acquisition matrix = 128 x 128 x 128, reconstruction matrix = 256 x 256 x 256, resolution  

= 234 μm, bandwidth = 25 kHz, flip angle = 113.8°.  

MRI images of all 34 subjects were pre-processed according to previously published 

protocols (Picq et al., 2012; Sawiak et al., 2014) to ensure spatial homogeneity and to secure 

inter-individual comparability. Morphometric measurements were taken manually and in two 

steps: Based on regions-of-interest (ROIs), six different brain areas (thalamus, splenium of the 

corpus callosum, septal region, caudate nucleus, hippocampus and amygdala), were 

volumetrically measured (i) as absolute values and (ii) corrected by each subject’s intracranial 

volume as normalized values. For a detailed description of the ROI measurements, see (Picq 

et al., 2012). In addition, thickness of the cerebral cortex was measured at 25 reference 

positions in different brain areas and summarized according to the respective brain lobe 

(compare Sawiak et al., 2014). Cortical thickness measurements are presented as (i) absolute 

values and as (ii) normalized values corrected against the intracranial volume. 

 

2.4. Cognitive phenotyping 

Cognitive phenotypes were determined for 21 animals that were part of a previous and larger 

study on age-related cognitive decline in mouse lemurs (Joly et al., 2014). Phenotypes were 

assessed using a customized version of the Bussey-Saksida Touchscreen Chamber (Model 

80604, Campden Instruments LTD.; for a schematic drawing see Fig. 1A). In short, individual 

object discrimination and associative learning performance as well as cognitive flexibility were 

quantified through a touchscreen-based, standardized visual pairwise-discrimination (PD) and 

pairwise-discrimination reversal (PDR) learning paradigm. Subjects were tested in one session 

per day (with 30 trials per session) to learn to discriminate between two simultaneously 

presented visual stimuli and to respond to one of them (chosen to be the rewarded stimulus) 

by touching the screen with their hand or nose to receive a reward (25 µl of apple juice for 

each correct choice). During the PD acquisition, subjects were trained to reach a criterion of 

80% (later on referred to as PD 80) or more correct choices in two consecutive sessions to 

quantify individual object discrimination learning performance (e.g. Winters, Bartko, Saksida, 
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& Bussey, 2010). Once this criterion was reached, the stimulus-reward contingency was 

reversed in subsequent sessions (PDR). For the PDR, two criteria were defined. Firstly, the 

number of trials each individual needed to reach a performance of 50% or more correct choices 

in two consecutive sessions (later on referred to as PDR 50) was measured. This criterion was 

used to quantify the subject’s cognitive flexibility (Graybeal et al., 2011). Afterwards and 

secondly, the number of trials each individual needed to re-reach a criterion of 80% (later on 

referred to as PDR 50-80) or more correct choices in two consecutive sessions was used to 

assess the formation of stimulus-reward habits without object discrimination learning (Graybeal 

et al., 2011). Transport of the respective experimental animal from its home cage to the testing 

chamber and back took place in the subject’s individual sleeping box, from which it could 

directly be released into the chamber without visual contact to the experimenter. A more 

detailed description of pairwise-discrimination learning and its reversal in mouse lemurs, 

including the pre-training protocol and details on the test chamber is available in (Joly et al., 

2014).  

 

2.5. Behavioral experiments 

To evaluate each individual’s “personality”, 30 subjects were tested in a standard open-field 

(OF) test and in open-field-based novel object (NO) and sleeping box emergence (SBE) tests. 

The open field arena consisted of a square floor plate (76x76 cm), surrounded by 40 cm high 

walls. It was located in an echo-reduced room and four red light bulbs installed in the corners 

behind the walls of the arena provided dim (~1 lux) homogeneous illumination during the 

experiments. To start an experiment, the subject’s sleeping box, in which it was also 

transported to the setup, was positioned next to the arena. Similar to the cognitive testing, the 

animal could directly enter the arena through a hole in one of the walls without direct contact 

to the experimenter. Experiments were videotaped from above (camera: SuperSteadyShot 

DCR-SR210, SONY Corporation; operated in NightShot mode). Offline frame-by-frame video 

analysis was later performed using The Observer XT 10 (The Observer 10.5.572, Noldus 

Information Technology, 1990-2011). For analyses, the arena floor was virtually segmented 

into 16 equally-sized zones (A-P; 19x19 cm each), a periphery (reaching 9.5 cm from the walls 

into the floor area), and a square central zone (19x19 cm around the center; Fig. 1B). 

In the first open-field-based experiment, the SBE, the latency from the beginning of the 

test session to the subject’s emergence from its sleeping box into the open field arena (both 

hands and feet are within the arena) was measured as the sole variable. If a subject did not 

enter the arena during a 15 minute time limit, the latency was set to 900 seconds. After a given 
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subject had emerged or the time limit was reached, the session was ended and the animal 

was transported back to its home cage.  

For the second open-field-based experiment, the OF, each subject could freely explore 

the arena for 15 minutes after it had left the sleeping box. During that time, the door to the 

sleeping box remained closed. Measurements taken during subsequent analyses included the 

total number of visited zones (A-P) as well as the number of zone changes, the number of 

times the subject straightened up, the duration a subject spent with freezing, walking/running, 

or climbing, respectively, the number of times the subject jumped, the total duration the subject 

spent in the central zone, the periphery, and the emergence zone, the number of times the 

central zone was entered, and the latency from the beginning of the test session until the 

individual entered the central zone for the first time (with both hands). Latency was set to 900 

seconds if the subject did not enter the central zone.  

For the third open-field-based experiment, the NO, an ellipsoid stone (volume: 30 cm2) 

was placed in the center of the arena and the subject was allowed to explore the arena under 

the same conditions as for the OF (i.e. 15 minutes of free exploration, locked sleeping box). 

Here, the following parameters were measured: The latency from the beginning of the session 

to the subject’s first approach towards the object (i.e. entering the center zone) and to the 

subject’s first physical contact (nose or hand) with the object, the frequency of approaches, as 

well as the frequency of physical contacts, the total duration of contacts and the number of 

times the object was being displaced. If the subject did not approach the object or interact with 

it during the 15 minutes duration of the session, the respective latency was set to 900 seconds.  

 

2.6. Statistical analysis 

Data analysis was performed using R (R Core Team, 2019). Since many of the analyzed 

variables were not normally distributed (Shapiro-Wilk test; shapiro.test-function in R) 

Spearman correlation analyses (cor.test-function in R; method = “spearman”) were used to 

explore potential links between brain morphometry and behavior. To reduce the number of 

variables from the open field-based experiments used for correlation analyses with MRI 

measurements, i.e. to obtain one representative variable per test (OF and NO), principal 

component analyses (PCA) were conducted (psych-package in R). Overall measures of 

sample adequacy were 0.57 for the OF variables and 0.56 for the NO variables. Item MSA 

varied between 0.31 and 0.74. 

Due to the logistic effort of in vivo MRI in primates, MRI scans could not be performed 

directly after the behavioral experiments, resulting in different delays between behavioral 
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testing and MRI (cognition: min=1.85 years, max= 2.89 years, mean= 2.42 years; personality: 

min=0.82 years, max=3.86 years, mean= 2.40 years). To account for these different delays 

(compare supporting materials Tab. S1), correlation analyses were conducted twice: (i) with 

the morphological raw data (actually measured values), and (ii) with morphological data 

corrected for the variable delay using predictions for age-related changes of the different 

measurements from sex-specific regression models obtained from a larger MRI data set from 

our colony (Fritz et al., 2020). The main text reports results from the delay-corrected analyses. 

Results from the uncorrected analyses are only reported, if both analyses are in disagreement. 

In most cases, however, results from both of these analyses matched, suggesting that inter-

individual variance in brain-morphology for most variables was higher than potential structural 

changes expected to occur during the delay. For direct comparison, results from the raw data 

analyses are presented in the supporting materials (Tab. S4 & S5). 

 

3. Results  

In general, all assessed variables, both morphometric and behavioral, showed high inter-

individual variability and correlations between morphometric measurements and behavioral 

measurements were quite rare given the number of possible relations explored (see below and 

Fig. 2 & 3). 

 

Structural MRI and cognitive phenotyping 

PD 80 

For the pairwise discrimination acquisition (PD 80), a significant negative correlation was found 

of the absolute volume (before correction for differences in total brain volume) of the left 

caudate nucleus with the number of trials the subjects needed to meet the criterion (N=21, 

rSP=-0.46, p=0.037; Fig. 2A & 4A). The absolute volume of the left hippocampus and 

normalized cortical thickness of the temporal lobe significantly correlated with trials to criterion 

(N=21, left hippocampus: rSP=-0.46, p=0.038; Fig. 2A; temporal lobe: rSP=0.45, p=0.04; Fig. 

2C), but only in the delay-corrected analysis. For the thickness of the occipital lobe, a 

significant negative correlation with trials to criterion was found only in the raw data analyses 

(N=21, rSP= -0.46, p=0.034; Tab. S4). 

 

PDR 50 

For the early phase of the reversal learning (PDR 50), negative correlations of brain structure 

volume with trials to criterion were found for the volume of the thalamus, both absolute and 
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normalized (N=21, rSP=≤-0.53, p≤0.01; Fig. 2A & 4B). In addition, the absolute volume of the 

left hippocampus negatively correlated with trials to criterion (N=21, rSP=-0.46, p=0.034; Fig. 

2A). Also, for CX 23 (cingulate lobe), a negative correlation of the absolute cortical thickness 

with trials to criterion was found (N=21, rSP=-0.6, p=0.004; Fig. 2B). 

 

PDR 50-80 

For the late phase of the reversal learning (PDR 50-80), cortical thickness of CX 24 (cingulate 

lobe), both normalized and absolute, positively correlated with trials to criterion (N=21, rSP≥0.5, 

p=0.023; Fig. 2B,C & 4C). For an overview of all correlation analyses performed (brain 

morphometry vs. cognition), see supporting material Tab. S2 & S4. 

 

Structural MRI and behavioral phenotyping 

By submitting open-field maze based behavioral data to principal component analyses, 

components with eigenvalues greater than one (Kaiser-Guttman Rule, (Kaiser, 1991)) were 

revealed for both tests, the OF and the NO. OF 1 showed high factor loadings (>0.75) on all 

activity and exploration related variables. For readability, OF 1 will subsequently be called 

“exploration”. This component explains 45% of the variability within the OF data (Tab. 1). For 

the NO, high factor loadings (>0.77) on all object related variables, i.e. measurements of 

exploration and neophilia, were found for NO 1. Thus, NO 1 will subsequently be called 

“neophilia”. This component accounts for 66% of the variation within the NO data (Tab. 1). For 

the SBE, only one variable was measured (latency to emergence), which was directly used for 

correlation analyses.  

 

SBE 

Correlation analyses for the SBE revealed a significant decrease in the normalized volume of 

the amygdala with increased latency to emergence (N=30, rSP≤-0.48, p≤0.008; Fig. 3A & 4D). 

The individual which showed the highest latency to emergence (878 s) and the subjects which 

did not leave the sleeping box at all (N=4; latency to emergence = 900 s) all presented with 

normalized volumes of the amygdala that were below the sample mean (1.13 mm³; Fig. 4D). 

 

OF – Principal component 1 (“exploration”) 

The “exploration” component (OF1) positively correlated with the absolute volumes of the left 

and averaged amygdala (N=30, right: rSP≥0.36, p≤0.049; Fig. 3A & 4E). For CX 6 (frontal lobe), 

both absolute and normalized thickness negatively correlated with “exploration” (N=30, rSP≤-
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0.45, p≤0.013; Fig. 3B,C). For CX 24 (cingulate lobe) both, the normalized and the absolute 

thickness negatively correlated with “exploration” (N=30, rSP≤-0.38, p≤0.04; Fig. 3B,C), for the 

absolute thickness, however, only in the delay-corrected analysis (compare Tab. S5). The 

same was true for the normalized and absolute thickness of the frontal lobe and parietal region 

CX 7 (N=30, rSP≤-0.37, p≤0.043; Fig. 3B,C; compare Tab. S5). 

 

NO – Principal component 1 (“neophilia”) 

The ”neophilia” component (NO1) negatively correlated with the absolute volume of the 

caudate nucleus and the absolute cortical thickness of CX 24 of the cingulate lobe (N=30, rSP≤-

0.39, p≤0.031; Fig. 3A,B & 4F). The normalized septal volume correlated positively with 

“neophilia”, but only in the delay-corrected analyses (N=30, rSP=0.37, p=0.045; Fig. 3A; 

compare Tab. S5). For an overview of all correlation analyses, see supporting material Tab. 

S3 & S4. 

 

4. Discussion  

Numerous studies have investigated possible determinants of inter-individual behavioral 

variation in mouse lemurs. Often, age-related and/or dietary aspects have been explored and 

could be linked to variations in both, individual cognitive performance (e.g. Joly et al., 2014; 

Picq et al., 2012) and/or individual behavioral characteristics in tests of animal personality, 

such as the open-field test (e.g. Dammhahn, 2012; Vinot et al., 2011). In addition, behavioral 

phenotypes in mouse lemurs have been linked to genetics (e.g. Zablocki-Thomas, Herrel, 

Karanewsky, Aujard, & Pouydebat, 2019). Given that animal behavior is ultimately controlled 

by the brain, it is reasonable to assume that all of the aforementioned factors are linked to 

cognition and personality via brain morphology and/or region-specific cytoarchitecture and 

physiology. However, to date, little is still known about the neurobiological substrates of 

different psychological constructs in mouse lemurs and whether they accord to neurobiological 

substrates in humans or other well-established animal models, such as rodents. This is partially 

due to the fact that invasive research in primates, for ethical reasons, is only justifiable as the 

ultima ratio. The here-presented exploratory analyses of non-invasive MRI with standardized 

behavioral data, even though coming with the downside of decreased anatomical precision 

and lack of causality compared to invasive (e.g. lesioning of pharmacological) studies, provide 

first insights to which brain areas may be important for the different constructs that were 

assessed. In summary, our data suggest a role of striatal and temporal structures for learning 

capability, cingulate and thalamic structures for cognitive flexibility and response inhibition, as 
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well as linkage of the amygdala, the caudate nucleus, and the cingulate lobe to animal 

personality. These results are in line with the only comparable study in mouse lemurs and 

largely match data from humans, as will be discussed in more detail in the following 

paragraphs. 

 

Cognition 

In humans, early hypotheses about the functional parcellation of the brain were usually based 

on patient data, such as the clinical cases of aphasia described by Broca of the famous case 

of Phineas Gage (see (Van Horn et al., 2012) for a recent discussion of that case). With the 

advent of in vivo imaging techniques, additional proof could be collected from larger samples 

of healthy individuals. For example, using structural MRI it was shown that London taxi drivers 

with high navigational experience had larger volumes of the posterior hippocampus compared 

to a control group, supporting the idea of a prominent role of the hippocampus in navigation 

(Maguire et al., 2000). This role of the human hippocampus and adjacent areas was supported 

by functional MRI data shortly thereafter (Hartley, Maguire, Spiers, & Burgess, 2003; for a 

recent review see Epstein, Patai, Julian, & Spiers, 2017). While functional MRI today is 

extensively used to further explore functional parcellation and connectivity in humans, in small 

animals, such as mouse lemurs, functional MRI remains methodologically challenging and 

needs further development. 

The cognitive constructs addressed here, i.e. procedural object discrimination and stimulus-

reward associative learning as well as response inhibition/cognitive flexibility were quantified 

using a highly standardized, computerized task on visual pairwise discrimination learning and 

its reversal. To give a complete overview of the neurobiological bases of learning and memory 

is beyond the scope of this discussion. In brief, based on studies from humans and nonhuman 

primates, the current opinion on the neurobiological substrates for the cognitive functions 

considered here is the following: The hippocampus and surrounding medial temporal areas 

play a prominent role in spatial learning and cognition as well as in the encoding of 

contextual/episodic memory, long-term memory consolidation, and object memory and 

recognition (Bachevalier, 2019; Lisman et al., 2017). Procedural learning and memory, on the 

other hand, are strongly dependent on the cerebellum und subcortical structures, such as the 

basal ganglia (Foerde & Shohamy, 2011). Executive functions, which allow for a flexible 

adaptation to changing environmental conditions and include response inhibition and cognitive 

flexibility, predominantly rely on prefrontal circuitry (Robbins, 1996). Due to the procedural and 

non-spatial nature of the pairwise discrimination task we used for the quantification of object 
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discrimination and reversal learning in our subjects, it is usually considered to be largely 

independent of the hippocampus and other medial temporal structures, but to rather rely on 

striatal structures (e.g. Bussey et al., 2012; Teng, Stefanacci, Squire, & Zola, 2000). In line 

with this, we found a significant link of the volume of the caudate nucleus with cognitive 

performance during the PD. However, additional correlations were found between 

hippocampal volume as well as the thickness of the temporal lobe and PD performance. This 

suggests that these structures do play a role in task acquisition, probably through their 

involvement in object identification and recognition memory (e.g. Baxter & Murray, 2001; 

Cohen et al., 2013; de Lima, Luft, Roesler, & Schroder, 2006; James, von Oertzen, Norbury, 

Huppertz, & Brandt, 2018; Winters et al., 2010). 

For the early phase of the reversal test, which places high demands on response inhibition 

and cognitive flexibility, our data suggests an involvement of thalamic and posterior cingulate 

structures in addition to the hippocampus. Individual performance in the late phase, on the 

other hand, relates to anterior cingulate morphology. Again, these findings are in line with 

literature from humans and animal models: The thalamus and cingulate regions (both anterior 

and posterior) have been linked to response inhibition (e.g. Chudasama, Bussey, & Muir, 2001; 

Förstl & Sahakian, 1993) and behavioral flexibility in response to changes in environmental 

contingency (e.g. Pearson, Heilbronner, Barack, Hayden, & Platt, 2011; Walton, Croxson, 

Behrens, Kennerley, & Rushworth, 2007), respectively. Interestingly, our data also support the 

only previously published study correlating structural brain measurements to cognitive ability 

in mouse lemurs (Picq et al., 2012). This study also found significant correlations between 

executive functioning (assessed as a composite score of set-shifting and reversal learning) 

and anterior and posterior cingulate thickness. Furthermore, spatial memory performance in 

the same study was linked to hippocampal volume and thickness of the entorhinal cortex (Picq 

et al., 2012).  

 

Animal personality 

The concept of animal personality acknowledges that individuals of a given species, 

subpopulation, or even genetically identical laboratory strains show consistent (i.e. repeatedly 

measurable) inter-individual differences in their behavior (Réale, Reader, Sol, McDougall, & 

Dingemanse, 2007). For mouse lemurs, the temporal stability of inter-individual behavioral 

differences in the here-used, open-field based experiments has been confirmed numerous 

times, both in the field and under laboratory conditions (e.g. Dammhahn, 2012; Verdolin & 

Harper, 2013; Zablocki-Thomas et al., 2018; Zablocki-Thomas et al., 2019). In our own colony, 
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the repeatability, as estimated using repetition experiments of the SBE, OF, and NO and the 

calculated correlations (Spearman) of individual scores between first and second repetition, is 

high for the latency to emerge (SBE; N=47, rSP=0.72, p<0.001) and exploration (OF; N=47, 

rSP=0.75, p<0.001) and a little lower for neophilia (NO; N=47, rSP=0.62, p<0.001). To 

differentiate between relevant personality traits, one of the most-used conceptual frameworks 

of animal personality was established by Réale and colleagues (Réale et al., 2007). In their 

article, five traits were distinguished and defined, namely shyness-boldness, exploration-

avoidance, activity, aggressiveness, and sociability. In this conceptual context, the standard 

open-field test (OF) primarily quantifies individuality on an exploration-avoidance continuum. 

In experimental, biomedical research in animals, anxiety has been quantified (Seibenhener & 

Wooten, 2015) with a positive association of anxiousness to avoidance. By adding an unknown 

object to the open-field arena (NO), individual neophilia can additionally be assessed. The SBE 

used in our study is not explicitly mentioned in the article of Réale and colleagues, but is 

routinely used in different studies to quantify individuality on a shyness-boldness continuum 

(e.g. Brown, Jones, & Braithwaite, 2005). 

The amygdala, as a major component of the limbic system, has often been investigated 

in human literature in the context of personality research (Davidson, 2003; Roxo, Franceschini, 

Zubaran, Kleber, & Sander, 2011) and is described to be mainly involved in emotional 

modulation and information processing between prefrontal and temporal association cortices 

(Sergerie, Chochol, & Armony, 2008). Furthermore, studies also showed high involvement of 

the amygdala when responding to stimulus novelty (Weierich, Wright, Negreira, Dickerson, & 

Barrett, 2010). Finally, in open-field experiments in rodents, the amygdala has been shown to 

convey location-modulated (corner vs. center) information and to likely code for changes in the 

exploratory state of the animal (Gründemann et al., 2019). In our findings, the amygdala related 

to the subject’s first emergence into the open-field maze as well as to its explorative behavior 

within the maze during the OF. Individuals with small amygdala volumes showed high latencies 

to emerge from their shelter as well as low exploration (and high avoidance) within the open-

field arena. Similarly, in a study in macaques that were classified as either bold or reserved, 

based on the time they spent in the unprotected area of a play room, it was found that bold 

animals presented with bigger amygdalae as compared to reserved conspecifics (Haley et al., 

2012). Additionally, we also found correlations between exploration during the OF and both, 

the premotor area (CX 6) of the frontal cortex and the visuomotor region (CX 7) of the parietal 

cortex, which are involved in the planning and execution of complex, coordinated movements 

(e.g. Averbeck & Seo, 2008; Towe & Luschei, 2013; Weinrich, Wise, & Mauritz, 1984). Finally, 



61 Results - 2nd Manuscript 
 

 

 

our data suggest a link between the anterior cingulate cortex (CX 24) and exploration in the 

OF. The anterior cingulate cortex has previously been investigated in different studies to 

correlate with novelty (Gardini, Cloninger, & Venneri, 2009), which matches our results, as 

subjects were naïve to the open field arena during the OF, which means the subjects were 

confronted with a new, unknown environment. Interestingly, and corroborating these results, 

our findings also revealed that the anterior cingulate cortex related to neophilia during the NO, 

where individuals with low thickness of CX 24 showed high interaction with the previously 

unencountered object. Furthermore, neophilia in the NO also related to the volume of the 

caudate nucleus and the septal region. The caudate nucleus, as described before, is involved 

in procedural reward learning and memory functions (Grahn, Parkinson, & Owen, 2009), but 

is also considered to integrate spatial information with motor processes for the initialization and 

execution of directed movements (Simon et al., 2002; Villablanca, 2010). Therefore, it has 

further been suggested to be involved in both, curiosity and goal-directed responses to novel 

stimuli in the environment (e.g. Cigrang, Vogel, & Misslin, 1986; Kang et al., 2009). In line with 

this, striatal lesioning in mice was found to increase the number of physical interactions with a 

novel object in an NO (Cigrang et al., 1986).  

 

Conclusion 

As discussed in the previous paragraphs, our findings of a first exploratory linkage of brain 

morphology to behavior are in line with data on brain structural substrates of different 

behavioral performances in humans as well as in other primate and non-primate animal 

models. Furthermore, they confirm a prominent role of the mouse lemur’s cingulum in 

executive control, as previously suggested (Picq et al., 2012), and support the construct validity 

of the utilized cognitive protocols, i.e. the pairwise discrimination task and its reversal, as tests 

for procedural object discrimination learning and cognitive flexibility, respectively. For open-

field based testing, which is widely used in mouse lemurs to quantify both, personality traits 

and anxiousness (e.g. Dammhahn, 2012; Vinot et al., 2011; Zablocki-Thomas et al., 2019), 

our findings suggest limbic structures (especially the amygdala and cingulate regions), 

involved in emotional processing, as well as the caudate nucleus to underlie individual, 

phenotypic variation in the open-field maze. Therefore, our study provides likely candidates for 

neurobiological substrates of inter-individual variation in both, cognition and animal-personality 

in mouse lemurs and a valuable new basis for future studies on comparative psychology in this 

important nonhuman primate model. 
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Figures and Tables 

 

Tab. 1: Summary of the principal component analyses. Components with eigenvalues greater than 
one were revealed for both behavioral tests, the OF and the NO. Bold numbers indicate factor 
loadings higher than 0.7. 
 

Variable 
OF 1: 

“exploration” 
Variable 

NO 1: 
“neophilia” 

Frequency of zone changes (A-
P) 

0.88 
Latency to first contact with 

the NO [s] 
-0.80 

Number of visited zones (A-P) 0.68 
Number of object 

displacements 
0.65 

Duration walking/running [s] 0.86 
Latency to approach the NO 

[s] 
-0.77 

Number the subject 
straightened up 

0.66 
Frequency of approaches 

towards the NO 
0.87 

Duration of freezing [s] -0.36 
Frequency of contacts with the 

NO 
0.91 

Number the subject  jumped 0.16 
Duration of contacts with the 

NO [s] 
0.83 

Duration of climbing [s] 0.21   

Duration spent in the 
emergence zone [s] 

-0.04   

Duration spent in the central 
zone [s] 

0.75   

Duration spent in the periphery 
[s] 

0.10   

Frequency of central zone 
entries 

0.89   

Latency to first entry of the 
central zone [s] 

-0.80   

Eigenvalue 4.63  3.95 

Var. Expl. 45%  66% 
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Fig. 1: Experimental setups. A Schematic drawing of the trapezoid automated touchscreen setup used 
for cognitive testing. The touchscreen was located at the long base of the chamber. The animals could 
access the touchscreen through two response windows (1+2), in which the visual stimuli were 
presented. Through a reward tray (RT), correct responses were rewarded with 25 μl of apple juice. B 
Schematic drawing of the open-field arena consisting of a square floor plate (76x76 cm), surrounded by 
walls of 40 cm height. The floor was virtually segmented into 16 equally-sized zones (A-P; 19x19 cm 
each), a “central zone” (inner gray square; 19x19 cm) and a “periphery” (outer gray area; width: 9.5 cm). 
For the novel-object-test, an ellipsoid stone was placed in the center of the arena. Subjects could enter 
the arena directly from their sleeping box through a circular hole in one of the wall panels (here top panel 
between “B” and “C”). 
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Fig. 2: Graphical summary of the correlations between brain morphometry and cognition (N=21). 
A ROI volume-related analyses; B Cortical thickness-related analyses; C Normalized cortical thickness-
related analyses (i.e. corrected for total brain volume). A-C From left to right: PD 80, PDR 50, PDR 50-
80; individual squares represent the results of a single correlation analysis (Spearman’s). Strength and 
direction of the correlation are color-coded according to the legend next to C. Significant correlations 
are marked with asterisks (significance code: *p≤0.05; **p≤0.01; ***p≤0.001). B,C ‡normalized values. 
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Fig. 3: Graphical summary of the correlations between brain morphometry and personality 
(N=30). A ROI volume-related analyses; B Cortical thickness-related analyses; C Normalized cortical 
thickness-related analyses (i.e. corrected for total brain volume). A-C From left to right: SBE, OF 1, NO 
1; individual squares represent the results of a single correlation analysis (Spearman’s). Strength and 
direction of the correlation are color-coded according to the legend next to C. Significant correlations 
are marked with asterisks (significance code: *p≤0.05; **p≤0.01; ***p≤0.001). B,C ‡ normalized values. 
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Fig. 4: Correlation graphs of exemplary measurements from cognitive and behavioral 
experiments with structural MRI analyses. A-C Cognitive phenotyping (N♀♂=21), D-F behavioral 
testing (N♀♂=30). A For the PD 80: Absolute volume of the left caudate nucleus; B for the PDR 50: 
Normalized thalamic volume; C for the PDR 50-80: Absolute cortical thickness of CX 24 (cingulate lobe); 
D for the SBE: Normalized volume of the amygdala; E for OF 1: Absolute volume of the amygdala; F for 
NO 1: Absolute volume of the caudate nucleus. A-F Black circles represent the subjects, solid lines 
enclose the 95% confidence intervals, dashed lines represent the respective regression lines. ‡Values 
corrected for total brain volume.  
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5. General discussion 

5.1. Patterns of cerebral atrophy in primates 

In humans, brain atrophies belong to the most frequently described cerebral alterations 

during aging. The first study of this thesis analyzed MRI derived structural brain 

morphometry in a sample of 59 mouse lemurs, revealing complex patterns of age-

related cerebral atrophies throughout numerous brain regions (for a summarizing 

overview see Tab. 3). 

Regarding ventricular expansions, an age-related increase in CSF was found 

within the hippocampus, the thalamus, the caudate nucleus, and the temporo-occipital 

region. These findings partially match results from previous studies in aged mouse 

lemurs where brain atrophies, estimated from expanded ventricles through an increase 

in CSF, were mostly described for the temporo-parietal region (DHENAIN et al. 2000). 

Also in mouse lemurs, brain atrophic processes have furthermore been described to 

progress from frontal to temporo-parietal regions before finally reaching the occipital 

lobe (KRASKA et al. 2011). These findings also match results from human medicine 

regarding neurodegenerative diseases, where atrophic processes have been 

described to start in temporal regions before proceeding to other brain areas (BARON 

et al. 2001).  

ROI-based volumetric measurements revealed a strong, age-related decrease 

in volume of the caudate nucleus. These results partially match findings from a different 

mouse lemur colony, where Picq and colleagues described a loss in caudate nucleus 

volume, as well as in splenium, hippocampus, and septal region volume in aged 

individuals (PICQ et al. 2012). Furthermore, their findings were associated with 

dilations of the surrounding ventricles by increases in CSF volume. MRI-studies in 

other nonhuman primate species also documented similar brain volumetric changes 

during aging (e.g. MATOCHIK et al. 2000; LACREUSE et al. 2005; WISCO et al. 2008; 

SHERWOOD et al. 2011). For example, similar to findings in mouse lemurs, rhesus 

macaques showed a strong decrease in volume of the caudate nucleus with increasing 

age (LACREUSE et al. 2005). Moreover, in chimpanzees as well as in rhesus 

macaques, age-related declines in global gray matter volume were revealed (CHEN et 
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al. 2013). As in mouse lemurs, various studies in humans described a decreasing 

volume of the caudate nucleus with increasing age (e.g. (KRISHNAN et al. 1990; 

JERNIGAN et al. 1991; GUNNING-DIXON et al. 1998)). Atrophy of medio-temporal 

regions (including the hippocampus) has been documented during normal aging in 

humans (PETERSEN et al. 2000), but has also been discussed to be even more 

prominent during pathological aging (JACK et al. 1998). In contrast, a study in 

macaques did not find age-related atrophy of the hippocampus (SHAMY et al. 2006). 

The first study of this thesis also revealed age-related declines in cortical 

thickness for several brain regions, including the parietal, occipital, and cingulate lobe, 

as well as the splenium and parts of temporal and frontal brain regions. Again, these 

results match findings from previous studies in mouse lemurs, were age-related 

shrinkage of the cerebral cortex has been described for parietal, occipital, cingulate, 

and temporal cortex areas (PICQ et al. 2012; SAWIAK et al. 2014). In humans, a 

general decline in cortical thickness with age has been documented throughout most 

regions of the cerebral cortex. However, a distinction was made between 

normal/healthy and pathological aging: while in normal aging cortical thinning was 

mostly revealed in an anterior to posterior pathway, i.e. starting at frontal and parietal 

(THAMBISETTY et al. 2010) or frontal and temporal (FJELL and WALHOVD 2010) 

brain areas before progressing to the remaining lobes, in pathological aging cortical 

shrinkage was mostly described for occipital, cingulate, and temporal regions 

(DICKERSON et al. 2008; FRISONI et al. 2009). The here presented results match 

findings from both, normal and pathological human brain aging. Described patterns of 

declining temporal cortex thickness could only be detected in one sub-region, but not 

in the mean value of the temporal lobe superset. However, in a previous study on 

mouse lemurs, a decrease in temporal cortical thinning with age has been described 

(PICQ et al. 2012) in concordance with the aforementioned pathological findings in 

humans. Concerning the parietal lobe, this thesis’ study, as well as a different study on 

mouse lemurs from another colony (SAWIAK et al. 2014), revealed an age-related 

decline in cortical thickness comparable to findings described during normal brain 

aging in humans (THAMBISETTY et al. 2010). Patterns of age-related, overall declines 

in cortical thickness, therefore, are similar between humans and this nonhuman 



74 General discussion 

 

primate model. Findings in lobe-specific declines only partly match, most likely 

because a clear distinction between normal and pathological brain aging in mouse 

lemurs is quite difficult. These results, however, suggest that the studied group of old 

mouse lemurs included both, cases of normal as well as pathological brain aging.  

The three different types of structural brain measurements analyzed for this 

thesis differ in their methodological bases as they semiquantitatively evaluated 

ventricular expansions, volumetrically measured subcortical brain regions, and 

measured the thickness of the cerebral cortex of different brain lobes. As analyses of 

some evaluated regions overlapped between the different measurement types (e.g. 

CSF volume of the superset “caudate nucleus” and the ROI volume measurement 

“caudate nucleus”), possible relationships between these methods were investigated 

but revealed only very few correlations: Analyses were only linked when CSF 

expansion was evaluated in close proximity of the MRI slices where the respective ROI 

or CX were being measured. While both of these measurements (ROI and CX) were 

analyzed quite location-specific, CSF expansion and especially the calculated 

supersets, describe brain atrophy more globally. Therefore, in quantifying brain 

atrophies the three methods should be considered complementary rather than 

equivalent to one another. 

Following previously published protocols optimized for mouse lemurs (compare 

(PICQ et al. 2012; SAWIAK et al. 2014), all measurement types used in this thesis 

revealed cerebral atrophic processes similar to those that were described in previous 

studies from a different mouse lemur colony. This reproducibility across laboratory 

colonies should be interpreted as a confirmation for the general validity for such age-

related brain atrophies in this nonhuman primate species and sets the stage for future 

studies in this field. Furthermore, high similarities to findings in humans confirm mouse 

lemurs as valuable animal models in brain aging research. 
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Tab. 3: Overview of similar, age-related atrophic brain regions in mouse lemurs vs. in humans. 
Comparison of similar findings of brain regions affected by atrophic patterns in mouse lemurs vs. in 
humans in healthy and pathological aging. Findings of the first study of this present thesis are highlighted 
in bold. 
 

 

 Mouse lemurs Humans 

 Age-related Healthy aging Pathological aging 

CSF 

Ventricular expansion of the 

hippocampus, the thalamus, 

the caudate nucleus, and the 

temporo-occipital region 

 

Previous studies:  

- Temporo-parietal regions 

(DHENAIN et al. 2000) 

- Progression from temporo-

parietal regions to the occipital 

lobe (KRASKA et al. 2011) 

 

- Increase in volume of the 

lateral ventricles 

(FOUNDAS et al. 1998) 

 

 

- Atrophic processes 

starting in temporal regions 

before proceeding to other 

brain areas (BARON et al. 

2001) 

ROI 

Decrease in caudate nucleus 

volume 

 

Previous studies:  

- Volume loss of the caudate 

nucleus, the splenium, the 

hippocampus, and the septum 

(PICQ et al. 2012) 

- Decrease in caudate 

nucleus volume 

(KRISHNAN et al. 1990; 

GUNNING-DIXON et al. 

1998) 

 

- Volume decline in medio-

temporal regions and the 

hippocampus (PETERSEN 

et al. 2000) 

 

- Medio-temporal lobe 

atrophy (JACK et al. 1998) 

 

CX 

Cortical thickness decline of 

the parietal, occipital, 

cingulate, temporal, and 

frontal lobe as well as of the 

splenium 

 

Previous studies: 

- Cortical shrinkage of the 

parietal, occipital, cingulate, and 

temporal lobe (PICQ et al. 

2012; SAWIAK et al. 2014) 

 

- Thickness decline in 

frontal and parietal regions 

(THAMBISETTY et al. 

2010) 

 

- Cortical shrinkage of the 

frontal and temporal lobe 

(FJELL and WALHOVD 

2010) 

 

 

- Thickness decline in 

occipital, cingulate, and 

temporal regions 

(DICKERSON et al. 2008; 

FRISONI et al. 2009) 
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5.2. Sex-specificities in primate brain aging 

In humans, differences between the sexes regarding age-related pathological brain 

alterations have widely been described (e.g. MIELKE et al. 2014; FERRETTI et al. 

2018). Previous studies on age-related brain atrophy in mouse lemurs never 

investigated this aspect. Therefore, one aim of this thesis was to compare atrophic 

processes between male and female individuals. Sex-specific analyses revealed 

higher values of overall ventricular expansion as well as of different subareas including 

temporo-occipital regions in old females of an age-matched (1-9 years) subsample as 

compared to old males, whereas striatal and temporal parts of the lateral ventricles 

significantly expanded only in aged males. The high ventricular expansions in females 

became even more prominent when the entire female sample (i.e. not age-matched; 

1-11 years) was analyzed. The oldest females regularly showed high expansion 

values, suggesting that higher longevity in females, which has previously been 

described in captive mouse lemurs (e.g. ZIMMERMANN et al. 2016), also plays a role 

in the higher prevalence of ventricular expansion in females and allows the progression 

to greater extremes than observed in males. Similar findings are known from humans, 

where neurodegenerative pathologies show a higher occurrence as well as greater 

atrophies in various brain regions in women compared to men, especially once a 

neurodegenerative disease has been diagnosed (MIELKE et al. 2014). As women tend 

to outlive men, one discussed reason is that a larger number of women is alive at ages 

when brain pathologies most likely occur (HEBERT et al. 2001; SINFORIANI et al. 

2010; MAZURE and SWENDSEN 2016). Furthermore, atrophic processes have also 

been observed to progress more rapidly in women compared to men (FISHER et al. 

2018). 

With regard to the cerebral cortex, age-related thinning was revealed in male 

and female mouse lemurs. While some brain areas such as the parietal lobe were 

affected equally in both sexes, thickness of the splenium and the occipital lobe 

decreased more strongly with age in male individuals, whereas females showed 

stronger cortical shrinkage of the cingulate lobe. Similar findings of increasing age 

being positively related to cortical shrinkage have been found in humans (e.g. SALAT 

et al. 2004; FJELL et al. 2009). However, findings from the human literature are 
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inconsistent regarding sex-specific differences. One study described a stronger 

decrease in cortical thickness of several brain regions including the frontal, parietal, 

temporal, and cingulate lobe in healthy aged men (THAMBISETTY et al. 2010), 

whereas other studies revealed similar degrees of cortical shrinkage in both sexes (e.g. 

SALAT et al. 2004). As these analyses in humans partially match results from this 

present thesis, it can be reasonably assumed that, even though cortical thickness 

decreases with age in both sexes (in mouse lemurs as well as in humans), region-

specific differences in the steepness of the declines do indeed differ between the 

sexes. 

 

Besides the mentioned higher longevity of women, other factors such as sex-

specific endocrinological profiles and their different age trajectories most likely also 

contribute to different sex-specific findings of (brain) aging. The role of sex hormones 

has been widely investigated in men and women: While a steady but slow decline in 

androgen levels can be observed in both sexes (e.g. TANNENBAUM et al. 2004), 

levels of estrogens show major differences between aging males and females. In men, 

a gradual decline in estradiol can be observed with increasing age, whereas women 

show high fluctuations of circulating estradiol during the menopausal transition which 

is followed by a strong postmenopausal decrease (RUSSELL et al. 2019). In peri-and 

postmenopausal women, these findings could be linked to gray matter loss (e.g. KIM 

et al. 2018) and to the development of neurodegenerative diseases (e.g. MOSCONI et 

al. 2018). These studies have led to the assumption of a neuroprotective role of 

estradiol (for a review see ZÁRATE et al. 2017). Unfortunately, very little is known 

about age-related changes in hormonal profiles in mouse lemurs. A slow and linear 

decline in urinary estradiol levels in females was found over age (PERRET 2005). In 

chimpanzees, baboons, and rhesus macaques, females have been described to 

experience menopause (for a review see WALKER and HERNDON 2008), whereas in 

mouse lemurs no such findings were observed. Captive males and females have been 

reported to be able to reproduce until old ages (up to 11 breeding seasons in females; 

see PERRET 2005) which is beyond their maximum lifespan of 8 years documented 

in the wild (ZIMMERMANN et al. 2016).  Therefore, declining estradiol levels causing 
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a loss of neuroprotection can only partially explain the pronounced findings of cerebral 

atrophies in female mouse lemurs. Even though no strong postmenopausal estradiol 

decrease occurs in females, a gradual decline over age might still be possible. As 

hormonal factors most likely play a major role when investigating how sex is related to 

brain aging in mouse lemurs, further research on differences in circulating hormonal 

levels between males and females is needed. 

 

 

5.3. Behavioral variation in nonhuman primates 

Behavioral performance of an individual is ultimately controlled by its brain. In mouse 

lemurs, behavioral performances have widely been investigated, with numerous 

aspects being discussed to cause behavioral variations, including cognitive 

impairments through age-related (PICQ 2007; JOLY et al. 2014) and diet-related 

factors (DAL-PAN et al. 2011), as well as different behavioral traits related to animal 

personality (VINOT et al. 2011; DAMMHAHN 2012). Even though causal associations 

of such aspects to brain morphology are very likely, little is known about different 

psychological constructs and their underlying neurobiological substrates in nonhuman 

primates. One reason for this lack of data are today’s ethical principles, as they limit 

invasive research in primate species much more than, for example, in rodents, where 

lesioning studies have contributed substantially to cognitive neuroscience. Data about 

human functional structures in the brain has mainly been derived from pathological 

case studies, combined with findings of in vivo imaging techniques in healthy adults. 

To provide first and exploratory suggestions on which brain areas might be involved 

as neurobiological substrates underlying behavioral variations in a nonhuman primate, 

the second study presented in this thesis set out to combine structural MRI-derived 

brain morphometry with standardized behavioral data of two different testing 

procedures. 

 

5.3.1. Cognition 

Twenty-one gray mouse lemurs were trained in touchscreen-based standardized 

cognitive testing procedures which assessed procedural object discrimination and 

stimulus reward associative learning as well as response inhibition and cognitive 
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flexibility. Findings revealed striatal and temporal structures to be linked to learning 

capability, as well as cingulate, hippocampal and thalamic structures to relate to 

executive functioning, such as cognitive flexibility. Based on different studies from 

humans and nonhuman primates, mainly temporal areas (including the hippocampus) 

have been described to play a major role in spatial learning, episodic and object 

memory, as well as recognition (e.g. LISMAN et al. 2017; BACHEVALIER 2019). 

Procedural learning has been suggested to depend on the cerebellum and subcortical 

structures such as the basal ganglia (FOERDE and SHOHAMY 2011). Pairwise 

discrimination tasks mainly require procedural and non-spatial functioning of the brain 

and, therefore, have been discussed to rather depend on striatal structures (TENG et 

al. 2000; BUSSEY et al. 2012). This matches the results presented in this thesis, with 

mouse lemurs showing a negative correlation in volume of the caudate nucleus with 

increasing trial numbers in cognitive performance during visual discrimination learning. 

However, additional correlations were revealed for hippocampal volume and thickness 

of the temporal lobe. As these regions have been described to be involved in identifying 

and/or recognizing an object in rats (DE LIMA et al. 2006; COHEN et al. 2013) as well 

as in rhesus monkeys (BAXTER and MURRAY 2001), it is most likely that temporal 

structures have a major contribution to early task acquisition. 

Through reversal learning procedures, where previously learned responses 

needed to be inhibited, each individual’s cognitive flexibility was assessed. Findings 

suggested hippocampal, thalamic, and cingulate regions to be involved, as volume and 

thickness of these regions decreased with increasing trial numbers. This matches 

studies on humans, where thalamic and cingulate regions have also been described 

to relate to response inhibition (FÖRSTL and SAHAKIAN 1993; CHUDASAMA et al. 

2001). In mouse lemurs, only one study investigated possible linkages of brain 

morphometry and cognitive performance so far (PICQ et al. 2012), revealing cortical 

thickness of the cingulate lobe as well as volume of striatal regions (including the 

caudate nucleus and the septum) to relate to set-shifting and reversal learning. In the 

same study, entorhinal cortical thickness and hippocampal volume related to spatial 

memory. As findings of this present thesis match these previous results from mouse 

lemurs as well as from humans, an involvement of striatal and temporal structures to 
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learning capability as well as of cingulate structures to cognitive flexibility in the here-

used paradigms seems very likely. Furthermore, this thesis supports the validity of the 

touchscreen-based cognitive testing methodology in mouse lemurs.  

 

5.3.2. Animal personality 

Animal personality refers to a temporal stability and sometimes cross-contextual 

stability of behavioral variability between individuals (compare RÉALE et al. 2007), 

which has been demonstrated in mouse lemurs through different open-field based 

studies under laboratory conditions as well as in the field, revealing stable inter-

individual variations in behavior (DAMMHAHN 2012; VERDOLIN and HARPER 2013; 

ZABLOCKI-THOMAS et al. 2018; ZABLOCKI-THOMAS et al. 2019). The second study 

presented in this thesis quantified individual personality traits of thirty mouse lemurs 

through standard open-field based testing procedures, mainly focusing on exploration-

avoidance behavior which, amongst others, included the frequency the animal entered 

the center of the maze, the frequency it changed between different zones, as well as 

the duration it spent walking or running (Tab. 2). Additionally, individual shyness-

boldness to explore a new surrounding was quantified through an emergence test 

(measuring each individual’s latency to emerge from its shelter). Also, the level of 

neophilic behavior was quantified by adding a novel object to the open-field arena and 

examining behavioral patterns such as the frequency of contacts or approaches the 

animal made towards the novel object (Tab. 2).  

Findings suggest an involvement of the amygdala to the animal’s first 

emergence into the open-field maze as well as to its explorative behavior. Individuals 

with volumetrically small amygdalae showed high latencies to emerge from their 

shelter. This result leads to the conclusion that amygdala volume correlates positively 

with boldness to explore a new surrounding. In line with this, individuals with small 

amygdalae showed low explorative behavior and, therefore, a high avoidance during 

the OF. These observed findings match results from previous studies in nonhuman 

primates as well as in humans: The amygdala is located medially within the temporal 

lobe and is mainly involved in the processing of memory, decision-making, and, as part 

of the limbic system, emotional responses (RASIA-FILHO et al. 2000). It is this role in 
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emotion processing, why the amygdala is often mentioned in the human literature in 

the context of personality (e.g. DAVIDSON 2003; ROXO et al. 2011), but it has also 

been stated to be involved in the human response to novelty (WEIERICH et al. 2010). 

Similar to these findings, open-field based testing procedures in rodents suggested the 

amygdala to be involved in regulating location-modulated (corner vs. center) 

information and to likely code for changes in the individual’s exploratory state 

(GRÜNDEMANN et al. 2019). Also matching the here presented results, a study in 

rhesus macaques revealed the volume of the amygdala to correlate positively with 

boldness: Similar to the approach of an open-field based testing setup, individual 

shyness-boldness was quantified based on the time an animal spent in an unprotected 

area of a play room, revealing larger amygdala volumes in bold animals compared to 

their more shy conspecifics (HALEY et al. 2012).  

Regarding cortical thickness, parts of premotor areas and visuomotor regions 

of the frontal and parietal lobe, which have been reported to be involved in planning 

and executing coordinated movements in different other nonhuman primates (e.g. 

(WEINRICH et al. 1984; AVERBECK and SEO 2008), have been related to explorative 

behavior during the open-field test in the second study of this thesis. Furthermore, the 

thickness of the anterior cingulate cortex correlated with individual exploration in 

mouse lemurs. More specifically, animals showed higher exploration with decreasing 

thickness of the aforementioned brain lobe. In humans, the anterior cingulate cortex 

has also been described to relate to novelty seeking behavior (GARDINI et al. 2009). 

This matches the here presented results, as all subjects were naïve to the testing 

procedures and the open-field maze constituted a new and unknown surrounding. In 

line with this, once the novel object was placed in the open-field maze, animals with 

low thickness of the anterior cingulate cortex showed high neophilic behavior, i.e. high 

interest in the unknown object. Neophilia in the novel object test, i.e. a high interaction 

rate with the object, also related to volume of the caudate nucleus and the septal 

region, which matches previous findings of the caudate nucleus to be involved in 

integrating spatial information with motor processing for the coordination of directed 

movements in humans (SIMON et al. 2002; VILLABLANCA 2010). Furthermore, an 

involvement of the caudate nucleus in curiosity and goal-directed responses towards 
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a new environmental stimulus has been discussed (CIGRANG et al. 1986; KANG et 

al. 2009), as lesioning studies of striatal regions in mice found an increase in 

interactions with a new and unknown object (CIGRANG et al. 1986). 

 

 

5.4. Limitations of the project 

Experimental research most often involves methodologically critical aspects, asking for 

improvements in future studies in the respective field. Combining different 

experimental methods (as the here-presented exploratory analyses of non-invasive 

MRI with standardized behavioral data) involves challenges such as a delay of time 

between experiments. Touchscreen-based cognitive learning is very time-consuming 

and depends on both, the individual’s motivation and learning capability, which 

challenges experimental planning and scheduling. In addition, for the two studies 

presented in this thesis, in vivo MRI scanning involved various different steps: Each 

individual, once checked for good health by a veterinarian, was transported from the 

laboratory colony (University of Veterinary Medicine, Hannover) to the radiology 

department of Hannover Medical School, where, under general anesthesia, MRI scans 

were conducted (see 3.3.1. for further details). As brain imaging had never been 

performed in mouse lemurs of this colony before, at first, MRI scanning procedures for 

this species needed to be established. Also, because of the logistic effort and a fairly 

large sample size (N=59), it was not possible to perform MRI scanning directly after 

behavioral experimenting which resulted in the aforementioned delays (compare Tab. 

1). To account for these differences in time delays (min=0.82 years, max=3.86 years, 

mean=2.41 years; compare Tab. 1), data in the second manuscript was corrected 

using predictions from regression models (see appendix Tab. A1) for possible age-

related changes. Nevertheless, shorter distances through in-house MRI scanning, for 

example, and the possibility to schedule each individual’s MRI right after successfully 

completing a behavioral experiment, could largely improve the accuracy of results. In 

line with this, longitudinal studies on structural brain morphology as well as on 

behavioral performances could provide more detailed information on individual 

trajectories of age-related changes in brain aging, cognition and in personality, rather 

than representing only a snapshot of each individual’s current condition. 
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Positive and negative aspects of different methods analyzing MRI scans have 

widely been discussed. Manually delineating brain areas, as used here, complicates 

inter-rater comparability and might come with the downside of decreased anatomical 

precision compared to more automated techniques. Voxel-based morphometry (VBM), 

for example, is a method that can be used to detect contrast changes on a voxel-by-

voxel basis and has widely been used in rodents and in humans (e.g. KALPOUZOS et 

al. 2009; SAWIAK et al. 2009), but more recently also in mouse lemurs (SAWIAK et al. 

2014). Advantages are the possibility to measure areas that are difficult to outline by 

hand, i.e. a more comprehensive quantification of the whole brain, and to measure the 

actual volume of whole sub-areas rather than measuring area-size in a single 

reference slice. In addition, automatized measurements, such as VBM, have a lower 

subjectivity and less workload compared to manual delineation by a human expert. 

Here, the manual approach was chosen to guarantee comparability with several 

previously published studies on structural brain aging in mouse lemurs using the same 

methods (KRASKA et al. 2011; PICQ et al. 2012; SAWIAK et al. 2014). A comparison 

of manual delineation with results from automatic measures from VBM, however, 

confirmed a high agreement of both methods for most regions of the mouse lemur 

brain (SAWIAK et al. 2014). In order to explore the brain in all its complexity, a 

combination of different MRI measuring methods appears to be more profitable than 

regarding them as replacements to one another. Nevertheless, technical difficulties, 

such as partial volume loss most likely remain in both methods, especially when 

measuring very small brain regions. Also, following the previously published protocol 

(PICQ et al. 2012; SAWIAK et al. 2014), exemplary for the respective region, ROI and 

CX measurements were taken on a single MRI slice. As all brain regions measured in 

the first study of this thesis extend beyond the thickness of one slice, this reduction 

bears the risk of imprecise statements regarding the entire region.  

Following the measurement steps of the aforementioned, previously published 

protocol (PICQ et al. 2012; SAWIAK et al. 2014), some built supersets (e.g. the 

temporo-occipital region of the CSF measurements) made it rather difficult to differ 

between brain areas and state atrophic processes of separate regions. Therefore, for 

some cases findings could only partially be compared to results from previous studies 
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in other species, whereas measurements of some other regions, that had been 

suggested to be affected by age-related brain atrophic processes in previous studies, 

were missing in the protocol. This was, for example, the case for the aforementioned 

ventricular expansions in parietal regions that had been described in previous mouse 

lemur studies (DHENAIN et al. 2000; KRASKA et al. 2011) but were not included in 

the protocol of this present thesis. Furthermore, as the prefrontal cortex was not 

explicitly considered, there might be valuable information missing, as this region has 

been speculated to be linked to executive functioning (e.g. PICQ 2007; PICQ et al. 

2012; JOLY et al. 2014) and therefore would have been of high interest for the second 

study of this thesis. 

 

Previous studies in mouse lemurs also described brain atrophic patterns using 

structural MRI (e.g. DHENAIN et al. 2000; KRASKA et al. 2011; PICQ et al. 2012; 

SAWIAK et al. 2014). To explore the functional parcellation and connectivity of the 

brain, functional MRI (fMRI) is extensively used in human medicine. However, 

especially in small animals, fMRI remains methodologically challenging. While during 

structural in vivo MRI scanning animals are anaesthetized, for the visual representation 

of certain brain activities during fMRI scanning it is important that the animal is awake, 

as this allows to locate specific brain areas that are involved in certain cognitive abilities 

and to measure their activity while the individual is asked to solve different tasks. For 

this, each animal has to be trained over several months in advance to ensure an 

acclimatization to the surrounding of the MRI scanner and its loud noises. Especially 

for representative, large sample sizes, this makes fMRI very time- and cost-intensive 

in animal research.  

A clear advantage of MRI and fMRI in research is their non-invasiveness and 

that they cause no harmful radiation. High contrasts within images allow a reasonable 

representation of the different brain areas. One disadvantage, however, is that even 

with fMRI the activity of specific nerve cells cannot be measured, as perfusion changes 

within specific brain regions are being detected, however, with a low spatial and 

temporal resolution. To draw conclusions of neuronal functioning on a micrometer or 

even single-cell level in real-time, invasive electrophysiological methods or imaging 
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techniques, such as calcium-imaging, are indispensable. By inserting microelectrodes 

or optical fibers into the desired target area, the activity of individual neurons or small 

groups of neurons can be measured. With fMRI, such an accuracy in monitoring brain 

activity is not yet possible.  

 

Even though mouse lemurs have proven to be valuable models in brain 

research, there are some limitations to this animal model. Mouse lemurs show 

particularities, such as their nocturnality and a strong seasonality, that distinguish them 

from humans. Their anatomical and functional brain organization is more homologous 

to humans than to rodents, however, the strepsirrhine primate brain (including that of 

mouse lemurs) shares fewer common characteristics with humans compared to 

haplorrhines. Saraf and colleagues, for example, investigated that mouse lemur brains 

closely resemble those of early primates with fewer cortical layers than most other 

monkeys, suggesting mouse lemurs to be considered as intermediate species between 

rodents and higher primates (SARAF et al. 2019). With their close genetic relatedness 

to humans and a more similar physiology and brain architecture than rodents, mouse 

lemurs are phylogenetically far closer to humans than to rodents. As mainly ethical 

concerns narrow down experimental procedures in animals, but especially in primate 

research on hominids, mouse lemurs should still be seen as a valuable alternative. 

Only a quite small number of animals exist in laboratory colonies worldwide (not more 

than 1000 live animals in 2019; compare PIFFERI et al. 2019), which currently limits 

extensive research. Therefore, the need of larger or more colonies and higher budgets 

to further establish mouse lemurs as effective alternate animal models in research 

seems necessary. 

 

 

5.5. Outlook 

Revealing similar brain atrophic patterns to the ones previously described in other 

primates, including humans, this thesis can confirm the gray mouse lemur as a 

valuable nonhuman primate model in the field of aging research. Additionally, and for 

the first time, sex-specific patterns of age-related brain atrophies are described in a 

nonhuman primate species. A first and exploratory linkage of brain morphometry to 
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cognition as well as to animal personality furthermore identified likely candidates for 

neurobiological substrates underlying inter-individual behavioral variations. The here 

presented findings are a solid basis for future research on brain aging, cerebral 

alterations, and related behavioral changes and, at the same time, lead to new 

questions for future studies. For example, the found, age-related changes in the 

volume of the caudate nucleus as well as thickness decline in the cingulate regions 

with age, were more strongly pronounced in females. As cingulate regions linked to 

cognitive performance in the here-utilized touchscreen-based tasks and have 

previously been discussed to be part of the neuronal circuitry underlying executive 

functions in mouse lemurs (e.g. PICQ et al. 2012), it would be of high interest to 

investigate if aged females are also more strongly affected by impairments of cognitive 

functioning. As described in the second study of this thesis as well as in different 

previous studies in mouse lemurs, various tools for the quantification of executive 

functioning and its age-related decline have been established in mouse lemurs, 

however, investigations on sex-specific differences in cognitive aging are missing. 

Combining brain morphology and cognitive data from a larger sample of aged 

individuals with a balanced ratio of male and female individuals could provide insights 

into possible sex-specific cognitive functioning in mouse lemurs. 

 

This thesis exclusively presents results of in vivo experiments and, as tested 

subjects varied widely in age (i.e. 1-11 years), many are still alive, which provides the 

unique opportunity for the acquisition of longitudinal data in a follow-up study. Also, 

after an animal’s death, it would be highly interesting to investigate on biochemical 

lesions and to examine how possible histochemical alterations described in mouse 

lemurs (e.g.) might relate to the structural alterations found in this thesis. Intracellular 

ß-amyloid deposits, for example, have already been discussed to relate to ventricular 

expansion of CSF in mouse lemurs (KRASKA et al. 2011). As the first study of this 

thesis found CSF expansion to be mainly observed in female individuals, it would also 

be of great interest to examine, if this higher age-related ventricular expansion 

coincides with, more advanced amyloidopathy in females compared to male 

conspecifics. 
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6. Summary 

Rebecca Grace Fritz (2020) 

Linking brain morphology to age, animal personality, and cognition in a 

nonhuman primate (Microcebus murinus) 

 

Medical progress, demographic change, and a continuously aging population are 

presenting today’s society with huge challenges in biomedical research. Increasing 

numbers of humans with age-related brain alterations and neurodegenerative diseases 

require answers from the field of brain aging research and related disciplines. Being 

closely related to humans and, with that, allowing a good translation of results to human 

medicine, nonhuman primates, such as the gray mouse lemur (Microcebus murinus), 

are in the center of attention, especially regarding brain aging research. Over the years, 

mouse lemurs have started to become valuable animal models as different studies 

revealed age-related cerebral alterations in these small, nonhuman primates that are 

comparable to those that have been observed during both, healthy and pathological 

brain aging in humans. These include atrophic processes of different brain regions as 

well as histochemical lesions, such as deposits of ß-amyloid or the accumulation of 

iron and Tau-protein with age.  As an animal’s behavior is ultimately controlled by its 

brain, brain research can be combined with behavioral research to identify 

neurobiological substrates for individual, phenotypic variation in behavioral domains, 

such as cognitive abilities and animal personality.  

 

For this doctoral thesis, age-related brain structural changes as well as a linkage 

of brain morphology to individual behavioral performance were examined in a research 

colony of the gray mouse lemur. In vivo magnetic resonance imaging-derived data of 

59 adult mouse lemurs, aged between 1.0 and 11.9 years, were analyzed by 

semiquantitatively evaluating ventricular expansion of cerebrospinal fluid, 

volumetrically measuring different subcortical brain regions, and by measuring the 

cortical thickness of brain lobes. To assess individual learning capability as well as 

cognitive flexibility, 21 animals were trained in highly standardized touchscreen-based 

cognitive tasks on object discrimination and reversal learning. Furthermore, 30 animals 
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were involved in open-field maze-based experiments to quantify spontaneous 

personality-related behavioral traits, such as exploration-avoidance, shyness-

boldness, or neophilia. High inter-individual variability was found in brain structural 

measurements as well as in behavioral performance. Morphometric analyses revealed 

the development of significant brain atrophies with increasing age, particularly around 

temporo-occipital regions and the caudate nucleus. Assuming that, besides age, other 

factors most likely also contribute to cerebral alterations, an additional focus was set 

on sex-specific differences. Overall, the ventricular expansion and declining thickness 

of the cingulate cortex were more pronounced in aged females, whereas decreasing 

thickness of the splenium and the occipital lobe was stronger in aged males. 

Combining brain structural data with individual cognitive performance suggested a 

prominent role of striatal regions as well as of temporal structures (including the 

hippocampus) for procedural learning and object discrimination. Cingulate, 

hippocampal, and thalamic structures were mainly linked to cognitive flexibility and 

response inhibition. Linkage of brain morphometry to animal personality revealed the 

volume of the amygdala as well as the thickness of cingulate and temporal 

substructures being related to explorative behavior, while mainly the volume of the 

caudate nucleus related to neophilia within the open-field testing setup. The volume of 

the amygdala was additionally linked to shyness-boldness.  

The described brain atrophies validate previous findings in mouse lemurs, prove 

a general reproducibility of results across different laboratory colonies and, as they 

resemble patterns of age-related brain atrophies known from humans, confirm mouse 

lemurs to be valuable nonhuman primate models in the field of aging research. 

Differences in brain structures between the sexes are comparable to sex-specific 

pathological brain-aging described in humans. Furthermore, as these findings are 

indicative for pathological, neurodegenerative processes that may affect aging females 

more than aging males, this thesis provides first evidence for sex-specific patterns of 

brain atrophy and brain aging in a nonhuman primate. Linkages of behavioral 

performance to brain morphology are in line with previous studies on brain structural 

substrates of different behavioral traits in humans, nonhuman primates as well as other 
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animal models. Furthermore, findings also match results from a previous mouse lemur 

study and support the validity of the utilized cognitive tasks.  

Overall, this thesis provides a valuable basis for future studies on cerebral alterations 

in mouse lemurs, can help in clarifying sex-specific mechanisms as well as their 

functional effects and, therefore, may be beneficial for biomedical research when 

developing individualized prevention and treatment of pathological brain aging and 

neurodegenerative diseases. Furthermore, the here described first exploratory results 

suggest likely candidates for neurobiological substrates of behavioral variations in 

mouse lemurs, which will benefit future research of comparative psychology and 

neuroscience in this nonhuman primate model. 
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7. Zusammenfassung 

Rebecca Grace Fritz (2020) 

Verknüpfung zwischen Hirnmorphologie, Alter, Tierpersönlichkeit und 

Kognition bei einem nicht-menschlichen Primaten (Microcebus murinus) 

 

Medizinischer Fortschritt, demographischer Wandel und eine stetig alternde 

Bevölkerung stellen die heutige Gesellschaft vor große Herausforderungen in der 

biomedizinischen Forschung. Ein Anstieg von Menschen mit altersbedingten 

Hirnveränderungen und neurodegenerativen Erkrankungen bedarf stetig neuer 

Antworten aus der Altersforschung und verwandter Disziplinen. Durch ihre nahe 

Verwandtschaft zum Menschen und die daraus resultierende, bessere Übertragbarkeit 

von Forschungsergebnissen, haben nicht-menschliche Primatenmodelle, wie der 

graue Mausmaki (Microcebus murinus), in den letzten Jahren vor allem im Bereich der 

Forschung zur Hirnalterung an Bedeutung gewonnen. Der Graue Mausmaki hat sich 

dabei als besonders wertvolles Primatenmodell etabliert, da verschiedene Studien an 

diesem Kleinstprimaten Hirnveränderungen demonstrieren konnten, die zerebralen 

Veränderungen ähneln, welche beim Menschen im Verlauf gesunder und/oder 

pathologischer Alterung vorkommen. Dazu gehören sowohl Atrophien verschiedener 

Hirnareale als auch histochemische Veränderungen wie ß-Amyloid Ablagerungen oder 

die Akkumulation von Eisen und Tau-Protein. Da das Verhalten von Tieren letztendlich 

ebenfalls zerebraler Steuerung unterliegt, können durch die Kombination von Hirn- und 

Verhaltensforschung neurobiologische Substrate individueller, phänotypischer 

Variationen identifiziert werden. Dazu gehören sowohl kognitive Fähigkeiten als auch 

tierpersönlichkeitsbezogenes Verhalten.  

 

Im Rahmen dieser Doktorarbeit wurden in einer Forschungs-Zuchtkolonie 

Grauer Mausmakis strukturelle, altersbedingte Hirnveränderungen sowie eine 

mögliche Verbindung zwischen Hirnmorphologie und individuellen 

Verhaltensausprägungen untersucht. Mittels in vivo Magnetresonanztomographie 

wurden hirnstrukturelle Daten von 59 adulten Mausmakis im Alter zwischen 1.0 und 

11.9 Jahren erfasst und analysiert. Die Auswertung der MRT-Aufnahmen erfolgte in 
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Form einer semiquantitiativen Analyse der ventrikulären Ausdehnung von 

Cerebrospinalflüssigkeit, einer volumetrischen Vermessung verschiedener 

subkortikaler Hirnareale sowie einer Schichtdickenmessung der Hirnrinde im Bereich 

unterschiedlicher Hirnlappen. Durch die Erfassung individueller Verhaltensdaten in 

hoch standardisierten, touchscreen-basierenden Kognitionstests zur 

Objektdiskriminierung und zum Umkehrlernen wurden sowohl Lernvermögen, als auch 

kognitive Flexibilität von 21 dieser Tiere bestimmt. Zusätzlich wurden bei 30 der Tiere, 

basierend auf Open-Field-Tests, verschiedene tierpersönlichkeitsrelevante 

Verhaltensmerkmale wie Exploration-Vermeidung, Schüchternheit-Mut und Neophilie 

quantifiziert. Deutliche inter-individuelle Unterschiede waren sowohl im Bereich der 

hirnstrukturellen Messwerte, als auch innerhalb der Verhaltensdaten erkennbar. Die 

hirnmorphometrischen Analysen ergaben mit zunehmendem Alter der Tiere einen 

deutlichen Anstieg atrophischer Prozesse, vor allem in temporo-occipitalen Bereichen 

sowie dem Nucleus caudatus. In der Annahme, dass neben dem Alter auch weitere 

Faktoren bei hirnstrukturellen Veränderungen eine Rolle spielen, wurden als 

zusätzlicher Aspekt geschlechtsspezifische Veränderungen untersucht: Globale 

Ventrikelerweiterungen sowie eine Schichtdickenabnahme in cingulären 

Kortexbereichen traten im Alter verstärkt bei weiblichen Individuen auf. Eine Abnahme 

der Kortexschichtdicke im Bereich des Spleniums sowie des Occipitallappens war 

hingegen vermehrt bei älteren männlichen Tieren zu finden. Die Verknüpfung 

hirnstruktureller Daten mit individuellen, kognitiven Leistungen legt eine Beteiligung 

des Hippocampus und weiterer temporaler Bereiche sowie Teilen des Striatums bei 

prozeduralen Lernprozessen und Objektdiskriminierung nahe. Cingulum-, Thalamus-, 

und Hippocampus-Regionen hingegen korrelierten mit kognitiver Flexibilität und 

inhibitorischer Kontrolle. Eine Verknüpfung der hirnstrukturellen Daten mit 

tierpersönlichkeitsrelevanten Verhaltensmerkmalen legte eine Beteiligung der 

Amygdala sowie cingulärer und temporaler Strukturen in Bezug auf das 

Explorationsverhalten nahe. Das Amygdalavolumen konnte zusätzlich mit 

Schüchternheit-Mut der Tiere verknüpft werden. Für das Volumen des Nucleus 

caudatus ergab sich ein Zusammenhang mit Neophilie. 
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Die beschriebenen Hirnatrophien untermauern die Ergebnisse früherer 

Mausmaki Studien und zeigen so eine Generalisierbarkeit der Ergebnisse über 

verschiedene Forschungskolonien und Labore hinweg. Da die Ergebnisse ferner den 

beim Menschen beschriebenen Mustern altersbedingter Hirnatrophien ähneln, 

bestätigen sie den Grauen Mausmaki als wertvolles Tiermodell in der Altersforschung. 

Auch die genannten, geschlechtsspezifischen Unterschiede im genauen Muster der 

Hirnalterung beim Mausmaki ähneln in Teilen den geschlechtsspezifischen Befunden 

zur pathologischen Hirnalterung beim Menschen. Da die Ergebnisse darauf hindeuten, 

dass vor allem weibliche Individuen des Grauen Mausmakis im Alter von 

pathologischen, neurodegenerativen Prozessen betroffen sind, liefert diese 

Doktorarbeit erstmalig Hinweise über geschlechtsspezifische Muster altersbedingter 

Hirnatrophien bei nichtmenschlichen Primaten. Die gefundenen Verknüpfungen von 

Hirnmorphologie mit Verhaltensmesswerten stehen in Einklang mit vorherigen 

Untersuchungen zur hirnstrukturellen Basis verschiedener Verhaltensmerkmale bei 

Menschen, nicht-menschlichen Primaten und einigen weiteren Tiermodellen. Die 

Ergebnisse stimmen außerdem mit der bisher einzigen, ähnlichen Studie am 

Mausmaki überein und untermauern die Validität der verwendeten Kognitionstest.  

 

Insgesamt liefern die Resultate dieser Doktorarbeit eine wertvolle Basis für die 

weitere Erforschung von Hirnveränderungen beim Grauen Mausmaki und können zur 

Aufklärung geschlechtsspezifischer Mechanismen und derer funktionellen Effekte 

beitragen. Dies ist in der biomedizinischen Forschung für die Entwicklung individueller 

Prävention und verschiedener Behandlungsmöglichkeiten pathologischer Hirnalterung 

und neurodegenerativer Erkrankungen von großem Interesse. Des Weiteren liefern die 

Ergebnisse erste Hinweise auf mögliche hirnstrukturelle Substrate inter-individueller 

Verhaltensvariabilität beim Mausmaki, was von Nutzen für zukünftige Forschung in der 

vergleichenden Psychologie und den Neurowissenschaften ist. 
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