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1 Introduction 

1.1 The amygdaloid complex 

The amygdala is located in the medial temporal lobe (Fig. 1.1) and was first identified 

by Burdach in 1819. Burdach described a group of nuclei that had a characteristic 

almond-shaped structure and which to date is called the basolateral complex (Sah et 

al., 2003). In the following centuries, more nuclei surrounding the basolateral 

complex were identified and added to the functional unit of the amygdaloid complex. 

Nowadays, up to 13 amygdaloid nuclei were described, which were further divided 

into distinct subdivisions distinguishable on the basis of their neuroarchitecture, 

immunhistochemistry, and hodology (Sah et al., 2003).  

The amygdala has a crucial role in processing of emotional and social relevant 

information and eliciting of emotional reactions. This was first postulated by Klüver 

and Bucy in 1939, who examined the behavioural effects of medial temporal lobe 

lesions in monkeys (Klüver and Bucy, 1939). The animals exhibited behavioral 

changes (e.g., hyperorality, increased exploration) and particularly a profound lack of 

behavioral regulation on the basis of the emotional and social meaning of stimuli 

(“psychic blindness”), including an absence of anger and fear, visual agnosia, and a 

loss of social interactions. Although these lesions included other brain regions, such 

as the hippocampus and surrounding cortical areas, Weiskrantz (1956) was able to 

replicate the results of Klüver and Bucy by more restricted amygdala lesions. Equally, 

lesions in the amygdala in humans lead to emotional deficits, including impaired 

recognition of emotions from facial expressions (Adolphs et al., 1995; Graham et al., 

2007) and abnormal social behavior and social decision-making (Kennedy et al., 

2009; Adolphs, 2010). 

The amygdala processes information from all modalities and each nucleus receives - 

mainly reciprocal - input from multiple distinct brain regions (cortical as well as 

subcortical). Through its interconnections with hippocampus, orbital and medial 

prefrontal cortex, and sensory cortex, the amygdala is thought to be associated with 
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emotional and social aspects of memory (McGaugh et al., 1996), attention (Phelbs, 

2004; Adolphs, 2010), and perception (Todd and Anderson, 2009). Furthermore, 

recent studies found that amygdaloid projections to the prefrontal cortex have strong 

influence in modulating decision making (DeMartino et al., 2006; Dolan, 2007; Roiser 

et al., 2009). A number of efferent projections terminate in hypothalamus and 

brainstem regions involved in behavior and control of autonomic and hormonal 

systems, such as periaqueductal grey and parabrachial nucleus (Sah et al., 2003). 

Most of these projections have their origin in the central nucleus, the main output 

nucleus of the amygdala (cf. chapter 1.1.1).  

 

 

Abnormal structure or function of the amygdala or of some of its nuclei is described in 

various human disorders, such as depression (Sheline et al., 1998; Frodl et al., 

2010), schizophrenia (Rajarethinam et al., 2001), posttraumatic stress disorder 

(Rogers et al., 2009), Alzheimer's disease (Scott et al., 1992; Vereecken et al., 

1994),  borderline personality disorder (Schmahl et al., 2003), and autism (Schumann 

and Amaral, 2006; Nacewicz et al., 2006). Therefore, the amygdala has been 

Figure 1.1 The limbic system in the human brain . The limbic system comprises several brain 
structures, including the amygdala and hippocampus, that are implicated in mediating emotions and
behavior (from Iversen et al., 2000). 
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implicated in the pathogenesis of numerous neuropsychiatric and neurodevelop-

mental disorders and, in recent decades, has received intense attention from 

neurobiological and psychiatric research (cf. chapter 1.3). However, its function at the 

molecular and cellular level as well as its involvement at the cognitive and clinical 

level remains to be fully understood (Adolphs, 2010). Despite a large number of 

studies focussing on the anatomical and functional aspects of amygdaloid 

connectivity, the physiology of its circuits and their role in the integration of incoming 

information in normal and pathologic conditions is still in the infancy stage due to the 

lack of detailed data of amygdaloid neurons and neuronal network patterns (Pitkänen 

et al., 2003). 

Figure 1.2 The central nucleus in C. perspicillata . Serial frontal hemisection of the brain of 
C. perspicillata through the amygdaloid region stained with cresyl violett (right hemisection). The 
central nucleus of the amygdala (CEA) is highlighted in color (left hemisection). AB, accessory basal 
nucleus; BA, basal nucleus; CGL, lateral geniculate nucleus, CRA, cortical nuclei; HIP, hippocampus; 
HT, hypothalamic nuclei; LAd, dorsal part of the lateral nucleus; LAv, ventral part of the lateral 
nucleus; MA, medial nucleus; NEO, neocortex; HB, nucleus habenularis; NW, neocortical white 
matter; PALL, globus pallidus; PRPI, prepiriform cortex; STR, striatum; TH, thalamic nuclei. 
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1.1.1 Central nucleus - Output station of the amygd ala 

The central nucleus (see Fig. 1.2) is the main output nucleus of the amygdala 

(McEwen, 2003) and the only one that is connected with every other amygdaloid 

nucleus (Cechetto et al., 1983). Extensive internuclear, intranuclear, and 

intradivisional connections were described (e.g., Krettek and Price, 1974, 1978; 

McDonald et al., 1986), indicating that there is an extensive local processing of 

information entering the amygdala before it leads to the appropriate behavioural and 

physiological outcomes (Ziegler and Herman, 2002; Sah et al., 2003). The central 

nucleus receives sensory efferents from subcortical (e.g., thalamus) as well as 

cortical regions, such as piriform, parietal, temporal, and prefrontal cortices, enabling 

the central nucleus to integrate cortical information about all sensory modalities 

(Samson et al., 2005). 

The central nucleus of the amygdala has been extensively studied concerning its 

participation in Pavlovian learning (Samson et al., 2005). Besides its involvement in 

classical fear conditioning, there is massive evidence for the involvement of the 

central nucleus in the acquisition of a different type of aversive memory termed 

conditioned taste aversion. Here, individuals learn to avoid certain foods if they are 

associated with sickness (e.g., Yamamoto et al., 1997; Navarro et al., 2000; Bahar et 

al., 2004). Moreover, the central nucleus is considered to contribute to appetitive 

forms of Pavlovian learning and motivational influences on behavior (e.g., Merali et 

al., 1998, 2003; Everitt et al., 2003). Recently, the central nucleus is implicated in 

modulating consolidation of emotion-related declarative memories elsewhere in the 

brain (McDannald et al., 2005) and mediating of negative emotional states 

associated with reward-related behavior and drug withdrawal (e.g., Marcinkiewcz et 

al., 2009). Moreover, by being the main amygdaloid source of projections to 

hypothalamus and brainstem areas, the central nucleus is strongly involved in 

mediating autonomic, neuroendocrine, and behavioral expressions of emotional 

states. For instance, its brainstem targets include the dorsal motor nucleus of the 

vagus (Danielsen et al., 1989) and periaqueductal grey (Davis, 1992) the two of them 

involved in cardiovascular control. By projecting to the parabrachial nucleus, the 

central nucleus participates in respiratory control (Iversen et al., 2000), the emotional 
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response to pain, and pain modulation (Bernard and Besson, 1990; Ji and 

Neugebauer, 2007). 

Through its interconnections with hypothalamus and brainstem areas, the central 

nucleus of the amygdala has a key role not only in expression of emotions, but also 

in mediating appropriate physiological (e.g., blood pressure and heart rate; 

Baklavadzhyan et al., 2000; Saha, 2005) and behavioral responses (e.g., "fight-or-

flight" reaction, freezing, social interaction; Davis, 1992) to stressful stimuli (Iversen 

et al., 2000). By projecting to the hypothalamic paraventricular nucleus (Davis, 1992), 

the central nucleus is thought to be strongly involved in the hypothalamo-pituitary-

adrenal axis regulating the synthesis and secretion of stress hormones (i.e., 

glucocorticoids and catecholamines) in response to threats. In addition, the central 

nucleus is implicated to be also involved in a specific extrahypothalamic sympatho-

adreno-medullary system mediating stress-induced vegetative, behavioral, and 

affective changes (Eliava et al., 2003). 

 

Figure 1.3 Efferent connections of the central nucl eus . Connections between the central nucleus 
of the amygdala and hypothalamic and brain stem areas that are likely involved in the mediation of 
emotional and stress responses. ACTH= adrenocorticotropin; CER = conditioned emotional response; 
EEG = electroencephalographic; n = nucleus (from Iversen et al., 2000; adapted from Davis, 1992). 
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1.2 The concept of stress 

The behavior of animals and men in response to threatening situations, such as 

being confronted with a predator or a mugger, social conflicts, as well as dangerous 

situations like an accident or fire, was traditionally characterized as "fight or flight" 

reaction as firstly described by Cannon in 1929 (Taylor et al., 2000). According to 

this, an individual may overcome a threatening situation, e.g., by becoming 

aggressive and attacking the threat or by fleeing, either literally or through avoidant 

coping (Iversen et al., 2000). Over time, the opinion of the traditional "fight or flight" 

broadened and several authors proposed to redefine the phrase, e.g., into "fight, 

flight, or freezing" or "freeze, flight, fight, or fright" reaction, implying a possible 

chronology of responses (Bracha et al., 2004). Moreover, recent studies indicated 

gender differences in behavioral responses to threats, showing that females were 

more likely to respond by a pattern of "tend and befriend" aiming to protect the self 

and offspring by an attachment-caregiving system and maintaining social support 

(Taylor et al., 2000). Nevertheless, regardless of gender, behavioral reactions to 

threats were accompanied by physiological responses, chiefly by activation of 

hormonal cascades.  

 

In 1936, Hans Selye stated that rats exhibited altered organs, such as hypertrophied 

adrenals and involutioned lymphatic nodes, in response to the exposure to various 

nocuous chemical and physical stimuli (Selye, 1936). Hence, by borrowing the word 

from the physical terminology, Seyle was the pioneer who introduced the term 

"stress" into the biological field, and demonstrated a key involvement of the adrenals 

and the hypothalamo-pituitary-adrenal axis in the hormonal response to threats 

(Selye, 1975). In mammals, the frontline hormones to withstand threatening 

situations are the catecholamines (rapid stress response) and glucocorticoids (slower 

stress response; Radley and Morrison, 2005). Stress-driven activation of the 

catecholamine and the glucocorticoid system, results in an activation of the 

autonomic nervous (e.g., cardiovascular changes, enhancement of cognition and 

attention) and the endocrine system (e.g., improving fitness by energy mobilization), 

respectively. Nowadays, a consensus for a scientifically accepted definition of 



Introduction 
 

7 
 

biological stress is not yet existing in the scientific literature (Pacák, 2000; Devries et 

al., 2003), but it is commonly described as, or similar to, the following definition by 

Radley and Morrison (2005): "Stress may be defined as any type of threat, either real 

or perceived, that requires compensatory responses for the maintenance of 

homeostasis". These so called stress responses did not only comprise activation of 

hormonal cascades, but also behavioral, physiological, and neurobiological 

alterations aiming to diminish the impact of a stressor (Buwalda et al. 2005), enabling 

organisms to respond to changes in their environment and to cope with stressful 

situations (DeVries et al. 2003; Palme et al. 2005).  

1.2.1 Stress, its mediators, and the central nucleu s of the amygdala   

Besides the hippocampus, the amygdala plays a key role in evaluating stressful 

situations, as well as in mediating appropriate stress responses, e.g., via the central 

nucleus projecting to hypothalamus and brainstem. In mediating stress-induced 

behavioral and physiological changes, the central nucleus is thought to be involved in 

both the hypothalamo-pituitary-adrenal axis (Fig. 1.4) and a specific 

extrahypothalamic sympatho-adreno-medullary system (Eliava et al., 2003). 

Concerning the glucocorticoid system, in response to stress, there is an appreciable 

increase in the secretion of corticotropin-releasing factor within the paraventricular 

nucleus of the hypothalamus (Fig. 1.4). Corticotropin-releasing factor reaches the 

anterior pituitary gland via the hypophyseal portal system of the brain, where it 

stimulates the release of adrenocorticotropin hormone, which in turn increases the 

synthesis and secretion of glucocorticoids in the adrenal cortex (Iversen et al. 2000; 

DeVries et al. 2003). In turn, the glucocorticoids negatively feedback on the 

hypothalamus and pituitary to suppress the glucocorticoid production for regulating 

and terminating the hypothalamo-pituitary-adrenal axis responses to stress. By 

expressing glucocorticoid receptors (Fuxe et al., 1985; Aronsson et al., 1988) and 

containing corticotropin-releasing factor-immunoreactive neurons (Eliava et al., 

2003), the central nucleus of the amygdala is not only thought to be involved in 

mediating stress responses via the hypothalamo-pituitary-adrenal axis, but also to 

play a key role in the positive feedback system caused by glucocorticoids (Fig. 1.4; 
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Sheline et al., 1998). This hypothesis was supported by the finding that 

glucocorticoids and stress increase the release of corticotropin-releasing factor in the 

central nucleus (Makino et al., 1994; Schulkin et al., 1998; Merali et al., 1998, 2003). 

 

 

Figure 1.4 The hypothalamo-pituitary-adrenal axis . The hypothalamo-pituitary-adrenal axis 
includes interactions between hypothalamus, pituitary gland, and adrenal glands and is under the 
excitatory control of the amygdala and inhibitory control of the hippocampus. The central nucleus of 
the amygdala is supposed to be implicated in the glucocorticoid feedback system that regulates the 
activation of stress responses (from Hyman, 2009). 
 

Of course, glucocorticoids are not only released in response to negative events, but 

also to several situations that are not regarded as stressful per se, such as courtship, 

copulation, and hunting (Möstl and Palme, 2002). Here, stress hormones also 

perform essential metabolic, immunologic, and homeostatic functions (e.g., 

stimulation of gluconeogenesis to maintain the supply of glucose, mobilization of fatty 

acids). Nevertheless, a persisting or recurrent stressor can damage the organism by 

glucocorticoid dysregulation resulting, e.g., in a decrease of individual fitness by 
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immunosuppression and hence increased vulnerability to diseases (McEwen, 2000; 

Möstl and Palme, 2002). Actually, exposure to stressors may evoke a wide variety of 

behavioral, physiological, and neurobiological consequences, observable in both 

men and animals, which will be discussed in the following chapters.  

1.2.2 Stress and its outcomes - Protective short-te rm, but pathologic long-

term effects 

As mentioned above, both behavioral reactions to threats and accompanying 

physiological responses (e.g., activation of the vegetative nervous system, release of 

glucocorticoids) are essential to prepare the individual to overcome dangerous 

situations and to maximize the survival. Although protective in the short-term, stress 

responses may have pathophysiological and -psychological long-term effects due to 

prolonged, inadequate, or exaggerated endocrinologic and autonomic functioning. 

Possible physiological outcomes include cardiovascular alterations, such as 

chronically elevated heart rate, high blood pressure, and abnormal heart rhythm 

(Torpy et al., 2007). Furthermore, insomnia (Iversen et al., 2000), chronic headaches 

(Cathcart et al., 2010), increased susceptibility to colds (Cohen et al., 1998), and 

changes in body weight (Tamashiro et al., 2007) can be provoked by chronic 

stressors. 

Likewise, behavioral and psychological outcomes of prolonged stress responses, 

including cognitive deficits in memory and attention, reduced social interaction and 

sexual behavior, a loss of interest or pleasure in new stimulations implying deficits in 

motivation, and anhedonia were described in human subjects and experimental 

animals altogether suggesting severe changes in motivation and emotionality (e.g., 

Vermetten and Bremner, 2002; Buwalda et al., 2005; Rygula et al., 2005; Touma et 

al. 2008).  

Such behavioral manifestations of stress as well as the accompanying physiological 

outcomes are similar to symptoms of human stress-related psychopathologies. For 

instance, insomnia and diminished interest and pleasure represent DSM-IV criteria 

(Diagnostic and Statistical Manual of Mental Disorders) for clinical depression 

(American Psychiatric Association, 2001). Further, cognitive deficits, like impaired 
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attention or problem solving, are often reported in patients with depressive illness 

(McEwen and Olié 2005). Indeed, threatening situations and stressful life episodes 

are recognized as being associated with the aetiology of several psychiatric 

disorders, like depression, posttraumatic stress disorder, dissociative identity, and 

borderline personality disorder (e.g., Schmahl et al., 2003; Rogers et al., 2009). Such 

threatening situations include emotional and sexual abuse, traffic accidents, and 

violent assaults, but also long-lasting life episodes, like family and marriage 

difficulties, job stress, and physical illness. According to that, stress is considered to 

represent a predisposing and precipitating factor for the development of human 

psychiatric disorders (Rainnie et al. 2004; Buwalda et al. 2005; Grippo et al. 2007; 

McCormick et al. 2008; Hölzl et al. 2010). 

In animal studies, behavioral outcomes of stress were replicated by glucocorticoid 

treatment or applying corticotropin-releasing factor (e.g., Bodnoff et al., 1995; 

Servatius et al. 2005). Referring to that, several human studies showed an increase 

of corticotropin-releasing factor in emotion- and stress-related brain regions in 

depressed patients (Merali et al., 2004; Risbrough and Stein, 2006). Further, long-

lasting or elevated glucocorticoid concentrations were associated with depressed 

mood and cognitive deficits in posttraumatic stress disorder (De Bellis et al., 1999) 

and depression (Reus and Wolkowitz, 2001; Sheline et al., 2003; Brown et al., 2004; 

Swaab et al., 2005; Gomez et al., 2006; Reppermund et al., 2007; Beck et al., 2008; 

Weber et al., 2008). All these findings, support the hypothesis that stress mediators 

are (i) responsible for the severe consequences on behavior and mind, and (ii) are 

further involved in the pathogenesis of stress-related psychopathologies.  

Actually, a prolonged or recurrent stress response is also thought to affect structural 

and functional neuronal plasticity, presumably through glucocorticoids providing 

feedback to the neuronal structures that control emotion and cognition (McEwen, 

2000; Rodrigues et al., 2009). Neuroplasticity, particularly in the amygdala and 

hippocampus, was found in both patients with mental disorders (e.g., Sheline et al. 

1998; Frodl et al. 2001; Schmahl et al. 2003; Nacewicz et al. 2006; Rogers et al., 

2009) and animal models focussing on stress-induced alterations (e.g., Magariños et 

al. 1996; McKittrik et al. 2000; Vyas et al. 2002, 2006; Mitra et al. 2005). 
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1.3 Neuroplasticity - Functional and structural bra in changes 

Neuroplasticity describes the flexibility of the nervous system to adapt and change as 

a consequence of experience. Thereby the neuronal network undergoes structural as 

well as functional reorganization, e.g., by rewiring itself to forge new connections by 

axonal sprouting or altering synaptic efficacy by long-term depression (Muellbacher, 

2011). Neuroplastic changes are thought to be the basic element of all types of 

learning, memory, and training processes and occur in cortical as well as subcortical 

regions of the central nervous system. For instance, neuroimaging studies reported 

on functional and structural reorganization in somatosensory, motor, and auditory 

brain areas in musicians (Pantev et al., 1998, 2001; Schlaug, 2001; Gaser and 

Schlaug, 2003; Lotze et al., 2003), such as enlargement of cortical zones 

representing the fingertips of the left hand in people who frequently practice playing a 

string (Elbert et al., 1995). These neuronal plasticity was detectable only for fingers 

frequently used and stimulated, but were absent in fingers that were not involved in 

playing the particular instrument (Pantev et al., 2001).  

Actually, studies focussing on sport psychology and (motor-) skill learning showed 

that neuroplastic changes observable after physical practicing a motor task were also 

reachable by imagery practice of the same task (e.g., Pascual-Leone et al., 1995; 

Jackson et al., 2003). Pascual-Leone et al. (1995) demonstrated that motor cortex 

areas representing the long finger flexor and extensor muscles expanded after 

learning a one-hand piano exercise with either physical or mental practice. These 

findings suggest that learning through both executed and imagined movements 

underlie similar neurobiological patterns of dynamic changes (LaFleur et al., 2002). 

Thus, this fact is used, e.g., in musicians and sportsman, to improve the individual's 

performing by mental practice with motor imagery, however, to a lesser extent than 

by physical practicing alone (e.g., Driskell et al., 1994; Kremer et al., 2009). 

Nevertheless, neuroplastic alterations may become maladaptive, such as in 

movement disorders like focal hand dystonia associated with excessive musical 

training of professional musicians. Here, abnormal finger representations in the 

primary somatosensory cortex were found, including closer distances to each other 

and unusual somatotopic arrangements (Bara-Jimenez et al., 1998).  
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Figure 1.5 Maladaptive cortical reorganization in u pper limb amputees . fMRI Data demonstrating 
the maladaptive cortical reorganization in sensory and motor cortex areas in upper limb amputees. (A) 
During lip-pursing movements, patients with phantom limb pain showed displacement of the medial 
border of the lip into hand and arm areas in sensory and motor cortex. (B) During executed 
movements, patients with and without phantom limb pain exhibited increased cortical activation in both 
hemispheres (from Lotze et al., 2001). 
 

Furthermore, lesion-induced neuronal plasticity may occur. This form of plasticity was 

firstly discovered in animal studies by Merzenich et al. (1984), where the amputation 

of digits in monkeys led to an invasion of previous cortical representation zones of 

deafferented digits by adjacent brain areas, accompanied by respective changes in 

the receptive field sizes. A decade later, neuroimaging studies started to confirm 

such reorganizational processes in humans, showing a somatotopic shift from face 

representation areas to deafferented hand areas in upper limb amputees, observable 

in both, primary somatosensory and motor cortex (Fig. 1.5; Flor et al., 1995; Lotze et 

al., 2001). These neuroplastic changes lead to the clinical symptoms of phantom limb 
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pain, with the pain intensity being correlated to the grade of reorganization (Flor et 

al., 1995). Interestingly, recent studies showed that maladaptive changes induced by 

deafferentiation can be reversed by imagined motor tasks of the deafferented limb 

(Moseley et al., 2006; MacIver et al., 2008), indicating that mental imagery led to a 

normalization of motor and somatosensory cortex organisation by neuroplastic 

changes (Fig. 1.6). 

 

 

Figure 1.6 Mental practice reverse maladaptive neur oplasticity . fMRI data showing the beneficial 
effect of mental practice with motor imagery in reversing maladaptive neuronal plasticity in amputees 
with phantom limb pain. Shown is the cortical activation in response to lip-pursing movements before 
and after a mental training program. Following motor imagery, the activation was less diffuse and 
more confined to lip areas in sensory and motor cortex, further, no more activation was found in the 
hand areas (from MacIver et al., 2008). 
 

A variety of cellular and molecular processes underlying neuronal plasticity was 

discovered. In 1949, a milestone of the research was set by Hebb postulating that 

synaptic plasticity and adaptability is a basic mechanism for learning and memory. 

Laterly, these processes were identified as long-term depression and -potentiation 

(Bliss and Lømo, 1973). Adult neurogenesis was first described by Altman in 1962. 
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Over the time, it was proven in several brain regions, e.g., the dentate gyrus of the 

hippocampus and the olfactory bulb (e.g., Kaplan and Hinds, 1977). Amygdalar and 

hypothalamic neurogenesis is thought to be influenced by several factors, including 

external environment, social interaction, and stress (Fowler et al., 2002, 2009). In 

contrast, also apoptosis may occur by aversive experience (Fujioka et al., 1999; 

Kraszpulski et al., 2006). Moreover, a bulk of literature reported on structural 

neuroplasticity, such as drendritic lengthening and arborization, and changes in spine 

density (e.g., Magariños et al., 1996; McKittrik et al., 2000; Vyas et al., 2002, 2006; 

Mitra et al., 2005) in emotion-related brain regions following chronic stress. This 

vulnerability to stress-induced neuroplastic changes was thought to be dependent on 

N-Methyl-D-aspartate receptor activation leading to a signaling cascade involving 

Ca2+-calmodulin-dependent protein kinases II. Calcium flux through N-Methyl-D-

aspartate receptors may play a key role in mediating activity-dependent reduction 

and enhancement in the efficacy of neuronal synapses. These interactions between 

N-Methyl-D-aspartate receptor activation and Ca2+-calmodulin-dependent protein 

kinases II appear to be an important mediator of all learning and memory processes 

(Yamauchi, 2005), and was also thought to play a crucial role in lesion-induced 

maladaptive neuroplasticity (Nikolajsen et al., 1996; Myers et al., 2000). Stress-

induced neuroplasticity may also be mediated by alterations in neuronal energetics, 

i.e., by inhibiting glucose transport of neurons and glia (Horner et al., 1990; Virgin et 

al., 1991).  

1.3.1 Maladaptive neuroplasticity in emotion-relate d brain regions   

Recent literature focussed on neuronal plasticity in the amygdala, hippocampus, and 

prefrontal cortex (e.g., Vyas et al., 2002, 2006; Mitra et al., 2005; Kraszpulski et al., 

2006; Radley et al., 2008), i.e., brain areas crucial for emotional processes and 

affected in clinical psychopathologies. Quite a number of human neuroimaging 

studies described considerable structural and functional brain changes underlying 

these diseases, including a decline in amygdala grey matter density (Frodl et al., 

2010) and smaller amygdalar nuclei volumes in depression (e.g., Sheline et al., 

1998;), and smaller hippocampal and amygdalar volumes in both borderline 
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personality (Fig. 1.7; Bremner et al., 1997; Schmahl et al., 2003) and dissociative 

identity disorder (Vermetten et al., 2006). Between amygdala neuroplasticity and 

illness duration, symptoms, and severity a relationship was found in patients suffering 

from depression (Frodl et al., 2010), posttraumatic stress disorder (Rogers et al., 

2009), and schizophrenia (Rajarethinam et al., 2001), suggesting a strong 

involvement of amygdala processing in the respective aetiologies. 

Assuming that stress represents a risk factor for the development of psychiatric 

disorders, its accompanying physiological components (e.g., glucocorticoids) are 

thought to be responsible for these long-lasting changes in brain morphology and 

plasticity, particularly in those regions involved in mediating emotionality and stress 

responses, i.e., the amygdala, hippocampus, and prefrontal cortex (McEwen 2000; 

Rodrigues et al., 2009). Actually, several neuroimaging studies reported on people 

who had experienced stressful life events or long-lasting stress, such as the World 

Trade Center disaster in 2001 or sexual abuse, showing altered gray matter volumes 

in amygdala, hippocampus, and medial prefrontal cortex (e.g., Bremner et al., 1997; 

Schmahl et al, 2003; Ganzel et al. 2008). Subjects who had experienced the Tokyo 

subway sarin attack in 1995 and thereafter developed posttraumatic stress disorder 

showed smaller amygdala volumes as compared to survivors of the same disaster 

without a history of posttraumatic stress disorder (Rogers et al., 2009), supporting the 

involvement of stress and its mediators not only in the pathogenesis, but also in the 

neuroplastic processes underlying these diseases. 

Why some people are more vulnerable to neuroplastic alterations and to develop 

psychopathologies and others not, remained still unclear. In addition, the correlation 

between brain changes and psychological outcomes is not understood, i.e., whether 

enlarged volumes may be caused by yet unknown factors during 

psychopathogenesis or they have a predisposing effect on the aetiology or both 

(Frodl et al., 2003; A van der Plas et al., 2010). Although a lot of studies pointed in 

the former direction, a neuroimaging study in healthy girls demonstrated that there is 

a correlation between amygdala volume and fearfulness associated with a positive 

nuclear family history of depression. These results indicate that structural variability 
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may present an endophenotype that underlie the susceptibility for stress-related 

pathology (A van der Plas et al., 2010). 

 

 

Figure 1.7 Hippocampal volumes in borderline patien ts and healthy controls . fMRI data showing 
smaller hippocampal volumes in an adult patient with a history of childhood abuse and suffering from 
borderline personality disorder (a) compared to a healthy control subject (b; from Schmahl et al., 
2003); rh = right hemisphere; lh = left hemisphere. 
 

In general, less is known about the mechanisms underlying alterations in brain 

morphology. Using neuroimaging techniques, some neuropathologic signs were 

revealed that could contribute to volumetric amygdala alterations. These signs 

include changes in glucose metabolism (Bremner et al., 1997; Abercrombie et al., 

1998) that might be coupled with increased blood flow (Frodl et al., 2003). Moreover, 

amygdala volume decline is associated with neuronal hyperreactivity and -excitability 

of the amygdala that might interact with prefrontal cortex and hippocampal 

deficiencies. Since all these regions are highly interconnected with each other 

(Drevets, 2001; Frodl et al., 2003 Rauch et al., 2006).  

Neuroimaging techniques, such as functional magnetic resonance imaging (fMRI) 

and magnetoencephalography (MEG), enable in vivo characterization of brain 

neurophysiology and neuromorphology under normal and pathologic conditions and 

are widely used for assessing brain changes in research and clinical settings (e.g., 
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brain volumes in patients suffering from depression; Sheline et al., 1998; Frodl et al., 

2001). Findings from neuroimaging studies postulated and supported several 

hypotheses about processes occurring in psychopathologies. Nevertheless, these 

methods are subject to physical and technical restrictions, resulting in limited spatial / 

temporal resolution (e.g., from blurring), low signal-to-noise ratio, or artifacts 

conditioned by the physiology of the living subject (e.g., flow artifacts; Drevets, 2000; 

Vermetten et al., 2006 Lotze, 2011), which impede to delineate small yet complex 

structures of the brain (e.g., distinct amygdaloid nuclei; Bach et al., 2011). Further, 

data about neuronal cell los, neurogenesis, or cell volume is non-determinable by 

neuroimaging techniques yet. Therefore, human studies of neuropathological 

changes on cellular and molecular levels were limited to postmortem examinations. 

Moreover, in almost all clinical neuroimaging studies, patients were taking medication 

during evaluation periods. To date, only two studies based on subjects free of 

medical treatment are available for posttraumtic stress disorder (Bossini et al., 2008; 

Rogers et al., 2009). The influence of medical treatments or therapies on brain 

morphology is yet not fully understood. To gain more detailed insights into the 

functional and structural changes underlying the aetiology of such 

psychopathologies, animal models are widely used in psychiatry and neurobiology.  

1.4 Animal models in neurobiological and psychiatri c research 

Considering stress as a predisposing and precipitating factor for the development of 

mental disorders, animal models have been widely used in stress research, aiming to 

unravel the underlying (i.e., aetiological) neurobiological mechanisms and eventually 

to develop therapies or agents to attenuate or regress symptoms (e.g., van Kampen 

et al., 2002; Cryan and Holmes, 2005; Rygula et al., 2005; Grippo et al., 2006; 

Markram et al., 2008; Touma et al., 2008). For identifying the respective cellular and 

molecular processes, a variety of animal models has been developed. For example, 

by exposing animals to chronic immobilization or social stress, certain aspects of 

stress-related human psychopathologies (i.e., structural and functional brain 

changes, behavioral and physiological outcomes) could be provoked.  
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A further goal of using animal models is to provide insights into the neuronal 

mechanisms underlying medical treatments beneficially used in psychiatric disorders. 

For instance, since electroconvulsive therapy is successfully applied in treatment of 

depression, some studies started to investigate the therapy effects in rats. 

Wennström et al. (2004) revealed a region- and cell-type specific proliferation of glial 

cells in basal, lateral, medial, and central amygdaloid nuclei following 

electroconvulsive treatment, suggesting that newly created cells were involved in the 

regulation of synaptic function. Moreover, animal studies provide knowledge about 

neuropharmacological mechanisms mediating the effects of antidepressants, e.g., 

that tianeptine may act via processes that modulate neurogenesis (Czéh et al., 2001; 

van der Hart et al., 2002). Pillai et al. (2004) revealed that antidepressants were able 

to prevent stress-induced neuronal plasticity (e.g., dendritic remodeling, cf. chapter 

1.4.2) in the basolateral amygdala. Furthermore, structural changes caused by high 

levels of glucocorticoids were prevented and reversed by treatment with 

antidepressants (Watanabe et al., 1992; Magariños et al., 1999), emphasizing the 

involvement of HPA axis increase in the pathogenesis of psychiatric disorders. 

1.4.1 Stress-induced behavioral and physiological a lterations 

By producing behavioral (e.g., anhedonia) and physiological (e.g., increased heart 

rate and reduced heart rate variability to a stressor) changes that are similar to those 

in human depression, the exposure of animals to chronic stress is a valid and useful 

experimental model for revealing the neurobiological mechanisms underlying this 

disease (e.g., Grippo et al., 2004, 2006, 2007; Rygula et al., 2005). Anhedonia is a 

core symptom of depression and characterized by a decrease in responsiveness to 

rewards, e.g., reflected by an inability to experience pleasure from things usually 

found enjoyable, such as hobbies, social interaction, or "dainties". Tests of 

emotionality, such as the elevated plus maze, behavioral despair or sucrose 

consumption test, have been widely used in animal models of psychiatric disorders, 

for evaluating stress-induced depression-like behavior and anhedonia. Concerning 

the sucrose consumption test, animals is offered a free choice between two bottles, 

one with tasty sucrose solution and another with tap water. Liquid intake is 
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determined by weighing the bottles, and decrease in consumption of sucrose is 

associated with anhedonic behavior (e.g., Rygula et al., 2005; Grippo et al., 2006). 

By using the chronic stress paradigm with emotional (i.e., sucrose consumption test) 

and physiological (e.g., echocardiography, arterial pressure recordings) tests, Grippo 

et al. (2006) demonstrated that chronic treatment with fluoxetine, an antidepressant 

of the selective serotonin reuptake inhibitor class, successfully prevented anhedonia 

and cardiovascular changes (e.g., elevated resting heart rate) associated with stress 

in rats, providing insights into the mechanisms that underlie depression.  

For characterizing animals' emotionality and stress coping abilities, another favored 

tool in science is the elevated plus maze, which was also applied in the present study 

(cf. chapter 1.5.2). The elevated plus maze is a well-established experimental design 

in rodent studies, consisting of four arms (two open and two enclosed ones). The 

paradigm relies on the approach-avoidance conflict of the animals to novel stimuli 

(Montgomery 1958; Pellow et al. 1985). This conflict is significantly stronger when 

rats were exposed to an open alley of a maze, than to an enclosed one. Rats free of 

choice uniformly prefer the enclosed arms. Montgomery (1958) concluded, that the 

exposure to the novel stimuli in such an experimental design evokes both exploratory 

drive and fear. Thus, open alleys of a maze obviously evoke more fear and 

subsequently more avoidance behavior than the enclosed arms.  

By measuring locomotor and exploratory activity, the elevated plus maze provide a 

tool for characterizing depression-like behavior represented by a loss of interest in 

newly stimulating situations, indicating motivational deficits (Rygula et al., 2005). 

Further, the experimental design serves as a test for the stress level of an animal, 

which is supposed to correlate with anxiety (McCormick et al. 2008; Pohorecky 

2008). The elevated plus maze has been widely used in pharmacological research, 

e.g., to examine anxiolytic effects of diverse agents, such as the benzodiazepine 

diazepam (e.g., Pellow et al. 1985; Korte et al. 1999). Here, prior to drug application, 

animals spent significantly less time on exploring the open arms, relative to total time 

spent in the maze. The injection of anxiolytic or anxiogenic compounds (e.g., 

amphetamine), increased or decreased the time spenz in the open arms, 

respectively. Animals exposed to a stressor spend significantly less time in the open 
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arms of the maze as compared to controls, an effect which can be reversed by 

anxiolytic agents. Equally, stress-induced behavioral alterations can be prevented or 

reversed by application of antidepressant drugs, like fluoxetine, tianeptine, and 

clomipramine (e.g., Conrad et al., 1996; Fuchs et al., 1996; van Kampen et al., 2002; 

Grippo et al., 2006; Rygula et al., 2006; Christiansen et al., 2011). 

A number of studies applying the elevated plus maze have been focussed on 

interindividual differences in stress-coping strategies or vulnerability to stress in 

animals and humans. For instance, by either exhibiting a high or a low locomotor 

activity, rats may display divergent behaviors after exposure to stressors. This 

experimental design was used successfully for identifying and characterizing 

individuals with relevant psychobiological profiles (Piazza et al. 1989; Dellu et al. 

1996; Touyarot et al. 2004; Touma et al., 2008). Such interindividual differences in 

responsiveness to a stressor could also be found in spatial learning and memory 

tasks, like the Morris water maze (Touyarot et al. 2004; Topic et al. 2005; Herrero et 

al., 2006), and tests investigating the animal's emotionality, such as anxiety-related 

and depression-like behavior (Touma et al., 2008). In human psychology, similar 

approaches in stress research can be found, like the Trier Social Stress Test or the 

Iowa Gambling Test. Here, it was shown, that human subjects as well differ in their 

behavior related to, e.g., stress or reward (Kirschbaum et al. 1996; Nater et al. 2007; 

van den Bos et al. 2009), in line with the findings of animal studies. Actually, 

interindividual coping abilities, manifested in behavior and physiology, appear also to 

correlate with manifestations of neuronal plasticity in emotion-related brain regions 

(Mitra et al., 2009). 

1.4.2 Stress-induced neuronal plasticity in emotion -related brain regions 

Current literature focuses on stress-induced neuronal plasticity, including dendritic 

remodeling, synaptic plasticity, and neurogenesis, in brain areas crucial for emotional 

processes and that are affected in clinical psychopathologies (e.g., Vyas et al., 2002, 

2006; Mitra et al., 2005; Kraszpulski et al., 2006; Radley et al., 2008). Because of its 

negative feedback regulation on the glucocorticoid response via the hypothalamo-

pituitary-adrenal axis, many studies have focussed primarily on the hippocampus, 



Introduction 
 

21 
 

which makes it to the most extensively studied structure regarding stress-induced 

neuronal plasticity. To name but a few works, Magariños and McEwen (1995) 

reported on atrophy of apical dendrites in hippocampal CA3 neurons in rats following 

repeated restraint stress and chronic multiple stress (i.e., alternate shaking, restraint, 

and swimming). Equally, chronic psychosocial stress produced apical dendritic 

retraction and debranching in CA3 neurons in tree shrews (Magariños et al., 1996).  

For a long time, other brain areas involved in mediating emotions and stress 

responses, such as the amygdala and prefrontal cortex, have received less attention. 

Following restraint stress, Conrad et al. (1999) reported on enhanced fear 

conditioning and hippocampal dendritic atrophy, whereas only the latter, but not the 

increased anxiety was preventable by the antidepressant tianeptine. Thus, the 

authors concluded that stress also must have an effect on hippocampal-independent 

components, which could override the influence of the hippocampus. By 

demonstrating atrophy in hippocampal CA3 neurons and hypertrophy in neurons of 

the amygdaloid basolateral complex following chronic immobilization stress, Vyas et 

al. (2002) postulated for the first time that the amygdala may also be affected, and 

actually, chronic stress may induce contrasting patterns of dendritic remodeling in 

these areas (Fig. 1.8). Equally, in the medial prefrontal cortex, stress-induced 

alterations in dendritic arborization and dendritic spine loss were found (Izquirdo et 

al., 2006; Radley et al., 2006). Besides dendritic remodeling, suppression of synaptic 

activity was described (e.g., Kim and Diamond, 2002; Stewart et al., 2005) and adult 

amygdalar and hippocampal neurogenesis is thought to be influenced by several 

factors, including stress, external environment, and social interaction (Gould et al., 

1997; Fowler et al., 2002, 2009).  

Stress-induced neuronal plasticity is supposed to correlate with behavioral outcomes 

of stress (Conrad et al., 1996; Vyas and Chattarji, 2004; McLaughlin et al., 2009). 

Although both chronic unpredictable stress and chronic immobilization stress activate 

the hypothalamo-pituitary adrenal axis, only chronic immobilization caused dendritic 

remodeling in the basolateral amygdala of rodents (Vyas et al. 2002). Based on 

these findings, Vyas and Chattarji (2004) subsequently evaluated the behavior of 

animals subjected to both types of stressors (chronic immobilization stress and 
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chronic unpredictable stress) using the elevated plus maze. Consistent with the 

above neuromorphological findings (Vyas et al 2002), only chronic immobilization 

stress, but not chronic unpredictable stress facilitates anxiety-like behavior in the 

elevated plus maze. This strongly indicates a relationship between dendritic structure 

and function, presumably due to combined underlying cellular mechanisms (Vyas 

and Chattarji 2004). Similar results were obtained from the hippocampus (e.g., 

Conrad et al. 1996; McLaughlin et al. 2009). Chronic restraint stress produced 

altered arborization of hippocampal neurons and corresponding spatial learning and 

spatial memory deficits in rats (McLaughlin et al., 2009) that could also been induced 

by chronic glucocorticoid treatment (Bodnoff et al., 1995). 

 

 

 

Figure 1.8 Contrasting patterns of dendritic remode ling . Camera lucida drawings of Golgi-
impregnated hippocampal CA3 neurons (left) and basolateral pyramidal neurons (right) from animals 
previously subjected to chronic immobilization stress (CIS) and control animals. Chronic 
immobilization stress induces dendritic atrophy and debranching the hippocampus and enhanced 
dendritic arborization in the basolateral amygdala (from Vyas et al., 2002). 
 

All three brain regions (i.e., amygdala, hippocampus, and prefrontal cortex) contain 

high levels of glucocorticoid receptors (prefrontal cortex: Ahima and Harlan, 1991; 

Sanchez et al., 2000; hippocampus and amygdala: e.g., McEwen et al., 1968; Fuxe 

et al., 1985; Aronsson et al., 1988), and are thought to be involved in mediating 

hypothalamo-pituitary-adrenal axis activity in response to stressful conditions. 
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Chronic glucocorticoid application induced dendritic retraction and debranching in the 

hippocampus (Woolley et al., 1990; Watanabe et al., 1992), supporting the 

hypothesis that this brain region is a target to the effects of glucocorticoids and 

stress, which in turn, may affect the regulation of the hypothalamo-pituitary-adrenal 

axis (Radley and Morrison, 2005). All in all, these findings of stress-induced structural 

neuroplasticity in emotion-relevant brain regions strongly suggested to represent 

cellular mechanisms underlying the pathogenesis of stress-related psychiatric 

disorders. 

1.5 Aim of the study 

Many studies addressing stress-induced neuronal plasticity in the amygdala were 

predominantly focussed on the basolateral complex (e.g., Vyas et al., 2002, 2004). 

The central nucleus of the amygdala is often viewed as a passive relay of outputs of 

the basolateral nuclei towards downstream effectors. However, recent studies 

indicated that the central nucleus may also be a target of neuronal plasticity (review: 

Samson et al., 2006). Considering its involvement in mediating emotional states, 

behavioral and physiological responses, and the positive feedback system caused by 

glucocorticoids (cf. chapters 1.1.1 and 1.2.1), it is very likely that the central nucleus 

is implicated in the prolonged, exaggerated, and uncontrolled stress responses 

contributing to the pathogenesis of psychiatric disorders. Therefore, the present 

neuroanatomical study set out to examine stress-induced plasticity and stability in the 

central nucleus, the major output nucleus of the amygdala. 

Since behavioral as well as physiological responses to stressful situations depend on 

the type of threat, its intensity and temporal dynamics (Palme et al., 2005), and also 

species-, sex-, and even strain-dependent differences are known (Merali et al., 2003; 

Reeder et al., 2004; Rüdi-Bettschen et al., 2004, 2005; Klenerová et al., 2006, 2007), 

an extensive elaboration of the selected stress paradigm, i.e., behavioral outcomes 

and endocrine responses, was indispensable to ensure an effective stress induction 

in our animal model, the Short-tailed fruit bat, Carollia perspicillata (Phyllostomidae). 

Phyllostomid bats show a complex social organisation and behavior (Bradbury, 
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1977). Their acoustic communication reveals human-like abilities such as individual 

recognition by voice and vocal learning, which were formerly considered to be almost 

exclusive for men (Esser and Schmidt 1989; Esser 1994, 1998). Further, these 

animals possess large social call repertoires (Esser 1994; Esser and Pistohl 1998) 

and have a highly developed limbic system (Baron et al. 1996). Laboratory animals 

like rats and mice have the advantage of being available in huge amounts and easy 

to handle, but possess a marginal behavioral repertoire as compared to social bats. 

Hence, colonial bats of the family Phyllostomidae appear predestined for modelling 

complex and emotion-relevant functions of the human nervous system (e.g., stress 

responses).  

1.5.1 Evaluation of endocrine responsiveness to chr onic immobilization stress 

in bats 

The selected stress procedure (i.e., chronic immobilization stress) is a common and 

approved method for stress induction in rodents (e.g., Sudo et al., 2004; Klenerová et 

al., 2006; Fuentes et al., 2007; Lolait et al., 2007). For verifying whether 

immobilization is also suitable in C. perspicillata, in a first approach, the stress 

hormone levels (i.e., cortisol concentrations) of the animals were measured as a 

reliable physiological parameter for stress. Besides ensuring an effective stress 

induction, we had to verify that the immobilization paradigm (one hour per day on ten 

consecutive days) does not lead to habituation of the stress response.  

Bats comprise the second largest order of mammals and account for one-fifth of all 

mammalian species, with a total number of 1,111 species recognized (Reeder et al., 

2004a). Surprisingly, there are merely a few studies concerning the stress physiology 

of these animals (e.g., Widmaier et al., 1994; Reeder et al., 2004a, b; Reeder et al., 

2006; Klose et al., 2006). As far as we know, in all existent studies on stress 

physiology of bats (e.g., Widmaier et al., 1994; Reeder et al., 2004a, b; Reeder et al., 

2006, Klose et al., 2006) blood samples were used for stress-hormone 

measurement. This invasive method has the disadvantage to produce stressful 

situations itself and is often not feasible in small animals (e.g., Palme and Möstl, 

2000; Möstl and Palme, 2002; Touma et al., 2003). For the present study, we have 
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decided to establish and evaluate a method for fecal cortisol analysis as a 

noninvasive and feedback free method for stress hormone determination in bats, 

providing a practical tool for future, e.g., wildlife and stress research. Here, each 

individual can be used as its own control (pre- versus poststress). On the one hand, 

this leads to a reduction in the total number of animals needed. On the other hand, 

the effect of interindividual variation in hormone levels can be excluded by within-

subject comparisons. In addition, episodic (e.g., diurnal) fluctuations of hormone 

levels are largely attenuated in feces, which leads to more reliable cortisol 

measurements as compared to blood samples (Keay et al., 2006). 

1.5.2 Characterization of stress-induced behavioral  outcomes 

Besides the endocrinological validation of our stress paradigm, we evaluated 

behavioral changes following chronic immobilization stress in our animal model. 

Characterizing possible behavioral outcomes is very important, for recent literature 

reporting on correlations of stress-induced neuronal plasticity with behavioral 

outcomes, indicating that apparently not all stressors have the power to elicit 

neuronal plasticity in the basolateral amygdala (Conrad et al. 1996; Vyas and 

Chattarji 2004; McLaughlin et al. 2009; cf. chapter 1.4.2). Thus, for evaluating the 

behavior and stress coping ability of C. perspicillata, we designed and established a 

custom-made plus maze for bats referring to the elevated plus maze used in rodent 

studies (cf. chapter 1.4.1). Equally, our custom-made plus maze consisted of four 

arms (two open and two enclosed ones), but it was designed 3-dimensionally due to 

the bat's ability to fly (cf. chapter 2.3.1). Referring to the rodent studies, also the bats 

could freely choose and move between open and enclosed arms. A control group 

(unstressed animals) and a group of animals subjected to immobilization were used 

to assess the influence of chronic immobilization stress on the behavior.  

1.5.3 Stress-induced neuronal plasticity in the cen tral nucleus of the amygdala 

After endocrinological and behavioral validation of our stress paradigm in 

C. perspicillata, we hypothesized that exposing individuals to chronic immobilization 

stress leads to neuronal plasticity in the central nucleus of the amygdala. By applying 
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neurohistological techniques, the amygdaloid complex of C. perspicillata was 

parcelled in distinct nuclei based on cyto- and myeloarchitectonic properties. This 

initial work was indispensable to ensure a clear identification of the central nucleus 

for the second part of our neuromorphological study. Here, stress-induced neuronal 

plasticity was examined by analyzing neuron size, number, and nuclear volumes of 

the central nucleus in animals exposed to chronic immobilization stress and in a 

control group, which was not subjected to any type of stressor.  
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2 Materials and Methods  

2.1 Experimental animals and general housing condit ions 

Short-tailed fruit bats (Carollia perspicillata) from the breeding colony at the Institute 

of Zoology, University of Veterinary Medicine Hannover, were employed in the 

present studies. The bats were exposed to a reversed LD cycle (12L:12D) with the 

dark phase beginning at 0900 h. The temperature was maintained at 26 ± 1°C and 

relative humidity was between 70% and 80%.  

Water and food, consisting of sliced bananas, honey, and oat flakes were provided 

ad libitum. Twice a week, the food was supplemented with vitamins and minerals 

(Multibionta and Polybion N, Merck Selbstmedikation GmbH, Darmstadt, Germany; 

Vitakalk, MFE Marienfelde GmbH, Hamburg, Germany). 

2.2 Evaluation of endocrine responsiveness to chron ic immobilization stress 

Eight male Short-tailed fruit bats were employed in the stress hormone study. During 

the experiments, the bats were housed "singly" to enable assignment of fecal 

samples to individuals. Therefore, wooden cages (43 x 43 x 60 cm) were divided with 

wire mesh into four equally-sized animal compartments each. This wire-mesh design 

was chosen to prevent the animals from isolation stress and to allow for olfactory, 

acoustic, visual, and tactile contact to each other through the mesh. For sample 

collection, the doors of the cages did not have to be opened. Hereby, unintentional 

stressing of the animals and its possible effects on the corticoid production could be 

minimized. To become familiar with each other and accustomed to the new 

environment, the bats were transferred to these cages four weeks before study 

onset.  

As a prerequisite for measuring the cortisol production in response to stress via 

feces, the food-transit time (i.e., the time from oral uptake of food to defecation) of 

the bats had to be determined in advance. In this part of the study, four additional 
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males were included and kept singly under the same housing conditions described 

above. Mashed bananas were stained with a commercial food dye (Schwartau, 

“blue”) and offered to these animals to indicate gut passage of freshly consumed 

food.  

2.2.1 Stress procedure and fecal sampling 

After completion of collection of fecal samples from naïve bats (prestress, see 

below), all eight animals were subjected to immobilization stress. Therefore, the torsi 

and wings of the bats were wrapped gently with elastic gauze bandage. The stress 

induction occurred one hour per day (1000 – 1100 h) for ten consecutive days. 

During these restraint sessions, the bats were placed in a room illuminated with 

standard neon tubes. At the end of each stress session, the animals were returned to 

the respective cages.  

Collection of poststress fecal samples started one hour after termination of the ten-

day stress paradigm and samples were taken three times every two hours (1200, 

1400, 1600 h). Prestress fecal samples of the naïve bats were taken at equivalent 

times for control. All samples were stored at -20°C  until being extracted.  

2.2.2 Fecal corticoid extraction 

Fecal samples were extracted using a vortexing (nonboiling) extraction method 

described for nondomestic mammals (Wasser et al., 2000; modified from 

Schwarzenberger et al., 1991). Each aliquot of 0.5 g faeces was homogenized in 2 

ml 90% methanol and vortexed for 30 min using a multi-tube pulsing vortexer 

(VIBRAX VXB basic, IKA, Staufen, Germany). Extracts were then centrifuged for 20 

min at 500 x g (Centrifuge 5403, Eppendorf, Hamburg, Germany). The supernatants 

were dried under a continuous flow of nitrogen in a heating block module (TCS-

Metallblock-Thermostat, Barkey, Bielefeld, Germany) and the residues dissolved in 

0.5 ml phosphate buffered saline for the assay described in detail below. To ensure 

that the samples from the stressed animals were in line with the range of the 

standard curve, these aliquots were diluted with phosphate buffered saline (1:50).  
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2.2.3 Cortisol enzyme immunoassay 

Fecal cortisol concentrations were assessed with a commercially available enzyme-

linked immunosorbent assay (Cortisol ELISA, IBL, Hamburg, Germany) developed 

for in-vitro diagnostics, i.e., the quantitative determination of free cortisol in human 

saliva and of total cortisol in diluted serum. Briefly, aliquots of 50 µl of each sample, 

standard and control (both included in the ELISA) were individually pipetted into 

microtiter-plate wells coated with anticortisol antibodies (rabbit). 100 µl cortisol 

conjugated to horse radish peroxidase were added to each well. After incubation of 

the plates for two hours at room temperature on an orbital shaker (Orbital shaker 

S03, Stuart Scientific, Staffordshire, United Kingdom), several washing steps with 

washing solution followed. To indicate the quantity of antigen in the samples, 

tetramethylbenzidine (TMB) was added as a colorimetric substrate, producing a 

visible, chromogenic signal. Therefore, 100 µl TMB substrate solution were pipetted 

into each well, followed by an incubation of 30 min at room temperature on the orbital 

shaker. Then, the substrate reaction was stopped with 100 µl of TMB stop solution. 

The detection of the chromogenic signal (optical density of the samples) was 

performed on a spectrophotometric plate reader (ZCXB 2240, Dynatech 

Laboratories, Chantilly, United States), measuring the absorbance at 450 nm. The 

determined intra- and interassay coefficients of variation were 13.81% and 16.53%, 

respectively. 

2.3 Characterization of stress-induced behavioral o utcomes 

For the behavioral study, 20 (ten male, ten female) Short-tailed fruit bats were 

housed in wooden cages (one per sex) of 50 x 80 x 60 cm each. Four weeks before 

study onset, the bats were transferred to these cages to become familiar with each 

other and accustomed to the new environment. Ten (five male, five female) animals 

were subjected to chronic immobilization stress as described above (cf. chapter 

2.2.1), the remaining ten bats were not subjected to immobilization (control animals). 
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2.3.1 Plus maze and video analysis 

The custom-made plus maze for bats (Fig. 2.1) was designed referring to the 

elevated plus maze used in rodent studies. It consisted of four arms (58 x 44 x 62 

cm) made from coarse wire mesh to exclude an escape of the animals. Since all of 

our experiments were conducted in the dark, where bats mainly rely on echolocation 

for spatial orientation, two oppositely oriented arms were left sound-transmissive 

(termed “open”), whereas both of the other arms were made sound-reflective (termed 

"enclosed"). The latter was achieved by putting three chipboard plates around each 

arm and acrylic glass on top. The open and the enclosed arms were oriented 90 

degrees to each other and interconnected by a central square (58 x 44 x 44 cm). To 

unitize circadian effects on the behavior, all testing (pre- and poststress) was 

conducted during the active (i.e., dark) phase of the bats, between 0900 and 1500 h. 

The stressed animals were tested in the maze one day after the termination of the 

stress paradigm. Each test was initiated by placing an individual in the center of the 

plus maze with its face directed symmetrically to the border between an open and an 

enclosed arm of the maze. Based on a previously established activity profile of 

C. perspicillata in the maze, a standard duration of 100 min was chosen for each trial 

and bat. All animals of our study were exposed to the maze only once, to guarantee 

the novelty of the experimental situation (see “introduction”). The respective animal’s 

behavior was recorded by an infrared-sensitive web cam (Quickcam, Logitech, 

Morgens, Swiss; internal IR-filter removed) positioned above the maze. An infrared-

diode array (B223, Kemo, Langen, Germany) illuminated the plus maze. The 

behavior of the bats was videographed for subsequent off-line analysis by a video-

surveillance application including motion detection (CatSpy 1.51, Tim Hagemann, 

Köln, Germany) running on a personal computer. After each trial, the maze was 

intensively cleaned with ethanol and the absorbent paper on the floor was replaced. 

The behavior of each animal in the maze was analyzed with regard to the percentage 

of time spent in open and enclosed arms. Additionally, the flight activity rate of the 

bats was measured in both open and enclosed arms. 
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Figure 2.1 Custom-made plus maze for bats . The plus maze for bats consisted of two oppositely 
oriented sound-transmissive (termed "open"; up and down) arms and two enclosed ones (left and 
right). Each of the latter ones was surrounded by chipboard on three sites and acrylic glass on top. For 
reasons of clarity and comprehensibility, the wire mesh ceiling of the plus maze is not shown here. 

2.4 Stress-induced neuronal plasticity in the centr al nucleus 

For the neuromorphological study, 16 male Short-tailed fruit bats were housed in 

wooden cages as described before (cf. chapter 2.2). Eight animals composing the 

treatment group were subjected to chronic immobilization stress (cf. chapter 2.2.1). 

Eight animals remained untreated, i.e., were not subjected to immobilization (control 

animals). 

2.4.1 Brain preparation 

The bats were deeply anesthetized by inhalation narcosis (oxygen with 2 - 4% 

halothane), administered through a small respiratory mask. Surgical tolerance was 

determined by monitoring respiratory rate and hindlimb pedal withdrawal reflex. 

Subsequently, the animals were transcardially perfused with phosphate-buffered 

saline, followed by a fixative (4% paraformaldehyde in deionized water), both at room 
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temperature. After preparation of the brains, they were postfixated for at least three 

days using the same fixative as for the perfusion. The brains were then stored in a 

phosphate-buffered 30% sucrose solution for 12-24 hours at eight degrees 

centigrade for cyroprotection, followed by a standardized embedding procedure 

(Schuller et al. 1986). Within a cubic embedding chamber, the brains were positioned 

on three adjustable pins in such a way, that an imaginary line connecting the dorsal 

surface of the cerebrum and the cerebellum is parallel to the base of the chamber. 

For later references (see below), lateral and dorsal views of the adjusted brain were 

taken by a camera (Canon, Powershot G5). Afterwards, the embedding chamber was 

filled with a mixture of albumin (Fluka BioChemika, 05461) and glutaraldehyde 

(Sigma-Aldrich, G-5882) and the hardened block was frozen in 2-methylbutane 

(Sigma-Aldrich, 59075) at minus 55 degrees centigrade. By this embedding 

procedure an equivalent orientation of each brain in a block was achieved, providing 

a standardized cutting plane and thus serial sections of high symmetry over all brains 

studied. This is a crucial point for reliably identifying neuroanatomical structures and 

facilitates the analysis and comparison of volumetric data within and among animals. 

The embedded brains were cut in frontal plane by using a cryostat (Microm, HM 500 

OM) and the 40µm-thick sections were arranged on gelatine-coated slides. Thereby, 

the sections were divided into four interleaved sets and these were stained 

alternately by using two different staining techniques: cresyl violet (for cell stains) or 

myelin silver impregnation (Gallyas 1979, modified by Radtke-Schuller; for fiber 

stains). Finally, the brain slices were cleared in xylene (Roth, 9713) and mounted in 

canada balsam (Roth, 8016).  

2.4.2 Image processing 

Photomicrographs of the brain sections were made by using a light microscope 

(Zeiss, Axioplan) and a high-resolution digital camera (Diagnostic Instruments, Spot 

cam). Final magnifications of X25 (X2.5 objective, N.A.: 0.075), X1000 (X10 

objective, N.A.: 0.3) and X200 (X20 objective, N.A.: 0.5) were used for capturing 

detailed photomicrographs of the amygdaloid complex. Overviews were taken by a 

camera (Canon, EOS 40D) on a light-table. Captured images were imported into an 
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image processing application (Corel, Corel Draw 12) and neuroanatomical structures 

were labeled appropriately. For localization and identification of brain structures a 

brain atlas of C. perspicillata, consisting of three serial sections (frontal, sagittal, and 

horizontal plane), was used. Based on the neuroarchitectonics (e.g., cell size and 

density, prominent fiber bundles, nuclear location and shape), intensity of cresy violet 

staining and literature about the neuroarchitectonics of the amygdaloid complex of 

other mammalian species (e.g., rat: McDonald, 1982 a/b; Cassell et al., 1986; 

Schiess et al., 1999; rat and cat: Krettek and Price, 1974, 1978; cat: Hall, 1972; 

Russchen, 1982; Cechetto et al., 1983; bat: Humphrey, 1936; Marsh et al., 2002; 

monkey and human: Martin et al., 1991), a detailed parcelling of the Carollia 

amygdala was conducted. We also consulted distinct brain atlases of mouse 

(Paxinos and Franklin, 2008), hamster (Morin and Wood, 2001), and bat (Tadarina 

mexicana: Humphrey, 1936; Rousettus aegyptiacus: Schneider, 1966; Myotis 

montivagus: Baron et al., 1996; Rousettus amplexicaudatus brachyotis: Baron et al., 

1996). The nomenclature used in the present study most closely resembles the one 

used by Baron et al. (1996) for the bat's brain. Since, the amygdaloid nuclei were not 

subdivided herein, the terminology for the nuclear subdivisions was adapted, with 

some modifications (Price et al., 1987, modified by Sah et al., 2003), from works on 

the rat. 

2.4.3 Nuclear volume analysis 

In the treatment group and controls, central nucleus volumes were determined by the 

Cavalieri method (Gundersen et al., 1988a), a stereological estimation procedure 

characterized by its strong unbiasedness, independence of orientation of sections, 

and independence of the shape of the object under study. According to the 

Cavalieri's principle, the volume of every object can be calculated by using the 

following information: areal data for a series of parallel sections through the object, 

known distance between the sections (i.e., section interval), and the section 

thickness. 

For each animal, every second coronal section (i.e. cresyl violet stainings) was 

sampled for analysis. For each section, the boundaries of the central nuclei (left and 
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right hemispheres) were outlined and surface areal information was calculated using 

a digitizing software (Engauge Digitizer 4.1, Sourceforge). In very few instances, 

single brain sections had to be excluded from analysis due to freezing artifacts in 

amygdala regions. The volume of each central nucleus, V, was determined by 

multiplying the total of calculated areal data of all sections studied, m, by the original 

section thickness, t, and the section interval, s (Maßon, 2006):  

 

V =  

      

For excluding effects of interindividual variations in brain size on central nucleus 

volumes, all brains were measured morphometrically using prominent 

macromorphological characteristics of the bat's brain (i.e. fissura rhinalis, A 

(McDaniel, 1976), the junction between cerebrum, cerebellum, and paraflocculus, B, 

and the dorsal junction between cerebrum and cerebellum, C; Fig. 2.2).  

 

 

 

 

Figure 2.2 Macromorphologic characteristics of the bats brain . Schematized lateral view of the 
brain of C. perspicillata with labeled macromorphologic characteristics (a - b). A, fissura rhinalis 
(McDaniel, 1976); B, junction between cerebrum, cerebellum, and paraflocculus; C, dorsal junction 
between cerebrum and cerebellum (drawing courtesy of S. von den Berg). 
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2.4.4 Cell count procedure 

For evaluating neuronal survival, neurogenesis, or neuronal loss, the optical 

dissector combined with a fractionator is the method of choice (Gundersen et al., 

1988; West, 1993), providing a 3-dimensional, stereological technique whereby the 

cell number can be determined in an unbiased manner independent of size, shape, 

and spatial distribution of the cells under study. The optical dissector technique is 

based on counting particles in a so-called unbiased virtual counting space (Schmitz 

and Hof, 2005), consisting of two or more parallel section planes as thin "optical" 

sections, generated by focusing through a thicker section of material (e.g., brain 

tissue). Additionally, the particles were counted in a known and predetermined 

fraction using a counting frame (fractionator method; Gundersen et al., 1988). Thus, 

the concept of the optical dissector and the fractionator can be interpreted as an 

imaginary rectangular box (Pakkenberg et al., 2003) with the z-axis representing the 

height of the dissector, h, and the x- and y-axis outlining the area of the counting 

frame, a(frame). Hence, the volume of the dissector, v(dis), could be calculated as 

follows: 

 

v(dis) = h * a(frame) 

 

By counting the cells within the dissector, ∑Q-, the total number of cells, N(part), in a 

reference space of given volume, V(ref), could be determined by using the following 

formula (Pakkenberg et al., 2003): 

 

N(part) = [∑Q(part)- / ∑v(dis)] * V(ref) 

 

Cell numbers of the left and right central nucleus of the amygdala were assessed on 

coronal sections stained with cresyl violet using a light microscope (Zeiss, Axioplan) 

and a high-resolution digital camera (Diagnostic Instruments, Spot cam). For cell 

counts, a counting grid, consisting of four squares in a row, each with an edge length 

of 0.35 mm at a final magnification of X50, was optically positioned over the 

respective central nucleus (Fig. 2.3). 
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Figure 2.3 Cell count procedure . For counting neurons and glia, a counting grid, consisting of four 
squares in a row, each with an edge length of 0.35 mm at a final magnification of X50, was optically 
positioned over the respective central nucleus (a). Two randomized squares were selected and herein 
cells were counted according to the general counting frame rules (see text) at a final magnification of 
X1000 (X100 objective, N.A.: 1.3 oil; b). AB, accessory basal nucleus; BA, basal nucleus; cc, corpus 
callosum; CEA, central nucleus; CGL, lateral geniculate nucleus, CRA, cortical nuclei; HB, nucleus 
habenularis; HIP, hippocampus; HT, hypothalamic nuclei; LAd, dorsal part of the lateral nucleus; LAv, 
ventral part of the lateral nucleus; MA, medial nucleus; NCA, nucleus caudatus; NEO, neocortex; NW, 
neocortical white matter; PALL, globus pallidus; PRPI, prepiriform cortex; STR, striatum; TH, thalamic 
nuclei. 
 

For the first and the last one till two sections of the anterior and posterior part of the 

central nucleus, respectively, a counting grid consisting of two squares of the same 

dimensions was used, due to the oval shape of the nucleus and the resulting small 

area sites in these sections. Two squares were randomly selected and herein cells 

were counted by moving the plane of focus through the particular brain section, using 

a counting frame with an area of 86400 µm2 (240 µm x 360 µm) and a dissector 

height of 40 µm by a final magnification of X1000 (X100 objective, N.A.: 1.3 oil). 

Thereby, all cells were included, which clearly came into focus within the optical 

dissector and fulfilled the general counting frame rules (i.e. were found entirely within 
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the frame or hit at least one of the inclusion lines; Gundersen et al., 1988; Schmitz 

and Hof, 2005). For calculating the total cell number of the central nuclei, the 

reference space of given volume, V(ref), was obtained from the corresponding 

nuclear volume analysis (see above) for each individual. 

2.4.5 Determination of soma diameters 

Maximal soma diameters, dmax, were measured on photomicrographs of central 

nucleus sections captured with the high-resolution digital camera (Diagnostic 

Instruments, Spot cam; final magnification of X1000 (X10 objective, N.A.: 0.3)) by 

using the digitizing software (Engauge Digitizer 4.1, Sourceforge). For each central 

nucleus (left and right), the dmax of the soma was determined for as many as 150 

neurons. Neurons could easily be distinguished from glia cells by their size (cells with 

a dmax smaller than 10 µm were scored as glia) and lack of nucleoli. Further, glia cells 

appeared much darker in staining and uniformly had a round soma.   

2.5 Statistical analysis 

All statistical tests were performed with the software package Statistica 9 (StatSoft, 

Hamburg, Germany). Statistical analysis of the behavioral data (the time spent in the 

open arms of the plus maze and the flight activity rate) and parts of the 

neuroanatomical data (i.e., nuclear volume and cell numbers) between treatment 

group and controls was done with the Mann-Whitney U-test (between-subject 

analysis). The Wilcoxon signed rank test was chosen to compare pre- with poststress 

values of the fecal cortisol concentrations as well as the neuroanatomical data of the 

left with the right central nucleus (within-subject analysis). Results of the soma 

diameter analysis were examined with the unpaired Student's t-test. For each 

stereologically estimation, the coefficient of variation was calculated as SD / mean. 

Statistical significance was accepted when p ≤ 0.05.  

 

.  
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3 Results  

3.1 Endocrine responsiveness to chronic immobilizat ion stress in the Short-

tailed fruit bat 

Comparing pre- with poststress fecal samples, a statistically significant increase in 

cortisol concentration was found after chronic immobilization stress in C. perspicillata 

(Fig. 3.1; n1 = 7, n2 = 7, T = 0.00, P = 0.017), observable at all three sampling times 

(1200, 1400, 1600 h = 1, 3, 5 h after termination of the ten-day stress paradigm and 

equivalent times in case of prestress samples, respectively). At each sampling time 

(1200, 1400, 1600 h) interindividual variations in the hormone concentrations were 

apparent, but more prominent in poststress as compared to prestress values 

(prestress at 1200; 1400; 1600 h, respectively: range (R) = 49.29; 18.69; 81.78; 

poststress at 1200, 1400, 1600 h, respectively: R = 293.62; 287.70; 350.77). Thus, 

although subjection to the stress regime led to an obvious activation of the 

hypothalamo-pituitary-adrenal axis in all animals studied (Fig. 3.1), the amount of 

released cortisol differed interindividually. 

Further, over the four-hour period investigated, fecal cortisol concentrations 

decreased systematically (numbers below) in both, stressed animals and controls, 

presumably due to circadian fluctuations, with high cortisol levels being found at the 

beginning of the activity phase and low levels towards its end (cortisol in stressed 

animals (1200; 1400; 1600 h): xm̃ed  = 129.56; 60.17; 33.05 ng/mg; controls (1200, 

1400, 1600 h): xm̃ed  = 23.59; 3.78; 2.71 ng/mg). 
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Figure 3.1 Fecal cortisol measurements . Changes in fecal cortisol concentration in response to 
immobilization stress measured 1, 3, and 5 h (1200, 1400, 1600 h) after termination of the ten-day 
stress paradigme (post-stress) compared to pre-stress values at equivalent times. Wilcoxon signed-
rank test: n = 7, *P<0.05, versus prestress values. 
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3.2 General behavior in the custom-made plus maze 

Short-tailed fruit bats exposed to the costume-made plus maze explored the 

unfamiliar environment. Thereby, the animals mainly flew around and only rarely 

scrambled along the wire mesh of the four arms of the maze. At rest, the animals 

either hung down from the wire-mesh ceiling of the arms, or attached themselves to 

the corresponding walls. Because all of the animals definitively spent a higher 

percentage of time in the enclosed arms of the maze (n = 10, xm̃ed = 98%), approach-

avoidance behavior was obviously evoked by the sound-transmissive (termed 

“open”) arms of the plus maze.  

3.3 Stress-induced behavioral outcomes 

The effect of chronic immobilization stress on the behavior of the animals in the plus 

maze is shown in figure 3.2. The bats exhibited two different behavioral strategies in 

response to restraint stress and accordingly could be classified into behavioral type 1 

and 2, based on the median split of their exploratory behavior in the plus maze. Half 

of the animals subjected to immobilization (type 1) spent a significantly higher 

percentage of time in the sound-transmissive (i.e., open) arms of the plus maze 

(n = 5, xm̃ed = 79%) than the controls (n = 10, xm̃ed = 2%; n1 (type 1) = 5, 

n2 (control) = 10, U = 0, P = 0.0006). In contrast, the animals of behavioral type 2, 

spent significant less time in the open arms of the maze (n = 5, xm̃ed = 1% ) as 

compared to the animals of behavioral type 1 (n1 (type 1) = 5, n2 (type 2) = 5, U = 0, 

P = 0.0079). 

The analysis of the flight activity rate (Fig. 3.2) confirmed this divergent behavior of 

the bats after immobilization. The animals of behavioral type 1, which preferred the 

open arms of the maze, also displayed a significantly higher activity rate in percent 

(n = 5, xm̃ed = 20%) than the control animals (n = 10, xm̃ed = 6%; n1 (type 1) = 5, 

n2 (control) = 10, U = 0, P = 0.0009) and the animals of behavioral type 2 (n = 5, 

xm̃ed = 5%; n1 (type 1) = 5, n2 (type 2) = 5, U = 0, P = 0.0079).  
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Figure 3.2 Stress-induced behavioral changes in C. perspicillata . Above: Time spent in the open 
arms of the plus maze for controls (n = 10) and stressed animals (type 1 and type 2, n = 5 animals per 
type). Below: Flight-activity rate of controls (n = 10) and stressed animals (type 1 and type 2, n = 5 
animals each). The box plots show the respective median (square), lower and upper quartile, and 
sample minimum / maximum. Mann-Whitney U-Test: ***P < 0.001; **P < 0.01; *P < 0.05 
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3.4 Parcelling and characterization of the amygdalo id nuclei 

The amygdaloid complex of C. perspicillata was located in the medial temporal lobe 

of the brain (Figs. 3.3 - 3.5). The two most prominent nuclei within each hemisphere 

were the lateral nucleus (LA), which was the largest one, extending over the entire 

rostrocaudal extent of the amygdala, and the basal nucleus (BA), located ventral to 

the lateral nucleus. The boundaries of both nuclei could be easily distinguished from 

those of the other nuclei on the basis of cyto- and myeloarchitectonics (Fig. 3.6b - h). 

Consistent with the current literature, LA and BA were collectively referred to as the 

basolateral nucleus (BLA). Within the basal nucleus, obvious differences in cell size 

and intensity of cresyl violet staining provide the cytoarchitectonic basis for a further 

division: one subdivision with the largest cells (Mean ± CV; 22.42 ± 0.10 µm soma 

diameter, dmax) found in the amygdaloid complex (Fig. 3.7a), located medially and 

defined as magnocellular subdivision (Bmc), and one with smaller cells (20.34 ± 0.10 

µm; parvocellular subdivision, Bpc; Fig. 3.6c - h). In addition, the magnocellular part 

was characterized by extensive intra-divisional and inter-nuclear connections, 

primarily with the central nucleus of the amygdala (Fig. 3.6c - f). The lateral nucleus 

was more homogeneous in appearance. Based on slight differences rather in cell 

density than in cell size, LA was also divided into two subdivisions, a ventrolaterally 

located part composed of smaller cells (Lv, 19.78 ± 0.08 µm) and a dorsal part with 

slightly larger and tightly-packed cells (Ld, 20.05 ± 0.09 µm). However, the boundary 

between these two subdivisions was not sharp (Fig. 3.6c - i). Within the central 

region of the ventrolateral division, in rostrocaudal direction, neurons were less 

densely packed and slightly darker stained in the medial part than neurons in the 

lateral part, indicating the presence of an additional medial subdivision (Lm; Fig. 3.6c 

- g). The basal nucleus was flanked ventrally by the accessory basal nucleus (AB; 

Fig. 3.6c - h), which could be subdivided into a lateral, an intermediate, and a medial 

part (ABl, ABi, ABm) on the basis of differences in cell density as well as intensity in 

cresyl violet staining, and by containing smaller somata (15.81 ± 0.08 µm). The three 

nuclei (LA, BA, AB) together formed the so-called basolateral complex located in the 

lateral part of the amygdala, delimitating the amygdaloid complex to the external 

capsule (ec) and the prepiriform cortex (PRPI, Figs. 3.2 - 3.4).  
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The central nucleus (CEA, Figs. 3.3 - 3.5) was found dorsomedially in the central 

two-thirds of the amygdala along the rostrocaudal axis. Further, the central nucleus 

lay adjacent to the basolateral and the accessory basal nucleus, clearly separated 

from them by fibers of the longitudinal association bundle. The central nucleus was 

bordered dorsally by the striatum (STR) and lateral ventricle (LV), medially by the 

globus pallidus (PALL), and ventrally by the medial nucleus of the amygdala (MA) as 

well as the amygdaloid part of the bed nucleus of stria terminalis (BNST). In the 

cresyl violet stainings, the central nucleus appeared more homogeneous and 

contained smaller sized cells (17.86 ± 0.11 µm) as compared with the basolateral 

nucleus. Based on cell size, we divided the central nucleus neurons in three 

subpopulations, comprising a predominant cell type with medium-sized somata (16 ≥ 

20 µm; 66%), and two cell types with either larger (20 > 24 µm; 15%) or smaller 

somata (12 < 16 µm; 19%), all cell types homogeneously distributed within the 

nucleus. For the central nucleus, extensive intra-nuclear fibers and inter-nuclear 

connections with the adjacent nuclei (LA, BA, AB, MA), as well as strong extra-

amygdaloid projections were observed (Fig. 3.6c - g). In the middle of the 

rostrocaudal extension, strong fiber projections passed through the central nucleus 

on their way to the basolateral complex (Fig. 3.6d). In cresyl violet preparations, no 

distinct differences in cell size or shape were found as to justify a further subdivision 

on this basis. However, based on the alignment of neurons and differences in cresyl 

violet intensity, we divided the central nucleus in three subdivisions: medial, (CEm), 

lateral (CEl), and capsular part of the central nucleus (CEc). The medial subdivision 

was clearly defined by its darkly stained neurons. 

The medial nucleus (MA, Fig. 3.6d -f) was an irregular shaped nucleus located in the 

caudal part of the amygdaloid complex and composed of small, mostly tightly-packed 

cells (14.81 ± 0.09 µm). The nucleus appeared diverse, but based on the 

cytoarchitectonic structure as revealed by our cresyl violet stainings (cell size, shape, 

and density), no discrete subdivisions could be distinguished. The medial nucleus 

abutted on the amygdalohippocampal area (AHA; Fig. 3.6g - i), which was situated 

between the amygdaloid complex and the hippocampal formation, and the cortical-

like nuclei of the amygdala (CRA; Fig. 3.3). The latter group of nuclei lay at the 
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surface of the brain and, by showing layered structures, was characterised as 

cortical-like (e.g., Sah et al., 2003). The anterior and posterior cortical amygdaloid 

nucleus (COa and COp, respectively; Fig. 3.6b - f), periamygdaloid cortex (PAC; 

Fig. 3.6d - e), and nucleus of the lateral olfactory tract (NLOT) could be identified.  

Moreover, intercalated cell clusters (ITC, Fig. 3.6b - g) were multipresently found 

between different nuclei within the amygdaloid complex and composed of small, 

uniformly oval-shaped cells (12.24 ± 0.08 µm).  

 

 

Figure 3.3 Serial frontal section of the bat's amyg dala . Serial frontal hemisections of the brain of C. 
perspicillata through the amygdaloid region stained with cresyl violett (left hemisection) and myelin 
silver impregnation by Gallyas (right hemisection). The borders of the amygdaloid complex are 
outlined in the cresyl violet staining (dashed line). AB, accessory basal nucleus; BA, basal nucleus; cc, 
corpus callosum; CEA, central nucleus; CGL, lateral geniculate nucleus, CRA, cortical nuclei; HIP, 
hippocampus; HT, hypothalamic nuclei; LA, lateral nucleus; MA, medial nucleus; NCA, nucleus 
caudatus; NEO, neocortex; NW, neocortical white matter; PALL, globus pallidus; PRPI, prepiriform 
cortex; RTH, nuclei reticularis thalami; STR, striatum; TH, thalamic nuclei. 



Results 
 

45 
 

 

Figure 3.4 Serial horizontal section of the bat's a mygdala . Serial horizontal hemisections of the 
brain of C. perspicillata through the amygdaloid region stained with cresyl violett (upper hemisection) 
and myelin silver impregnation by Gallyas (lower hemisection). The borders of the amygdaloid 
complex are outlined in the cresyl violet staining (dashed line). ACB, nucleus accumbens; AON, 
anterior olfactory nucleus; BLA, basolateral nucleus; BO, olfactory bulb; CM, mammillary bodies; OBL, 
medulla oblongata; PN, pontine nuclei. For other abbreviations see legend to Fig. 3.3.  
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Figure 3.5 Serial sagittal section of the bat's amy gdala . Serial sagittal sections of the brain of 
C. perspicillata through the amygdaloid region stained with cresyl violett (upper section) and myelin 
silver impregnation by Gallyas (lower section). The borders of the amygdaloid complex are outlined in 
the cresyl violet staining. CER, cerebellum; DLL, dorsal nucleus of lateral lemniscus; GMD, dorsal part 
of medial geniculate nucleus; GMV, ventral part of medial geniculate nucleus; INC, inferior colliculus; 
OLS; olivia superior; VLL, ventral nucleus of lateral lemniscus. For other abbreviations see legend to 
Figs. 3.3 and 3.4. 
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Figure 3.6 Frontal serial sections through the amyg daloid region of C. perspicillata . 
Sections (a - j) are presented in an anterior-posterior direction, representing different amygdaloid 
rostro-caudal levels. For each level (a - j), on the left side, a cresyl violet stained hemisection is given. 
For each subfigure of row (Figs. 4.6a - j) the respective outlined region is presented twice, stained with 
cresyl violet (middle) and myelin silver impregnation by Gallyas (right). ABl, lateral part of the 
accessory basal nucleus; ABm, medial part of the accessory basal nucleus; AHA, amygdalo-
hippocampal area; Bmc, magnocellular part of the basal nucleus; Bpc, parvocellular part of the basal 
nucleus; BNST, amygdaloid part of the bed nucleus of stria terminalis; CEc, capsular part of the 
central nucleus; CEl, lateral part of the central nucleus; CEm, medial part of the central nucleus; COa, 
anterior cortical amygdaloid nucleus; COp, posterior cortical amygdaloid nucleus; PAC, 
periamygdaloid cortex; SON; nucleus supraopticus; asterisks, intercalated cell clusters (ITC). For 
other abbreviations see legend to Figs. 3.3 and 3.4. 
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Figure 3.7 Neuronal cell types of C. perspicillata . Cytoarchitectonics of neurons in different 
amygdaloid nuclei (a - g), neocortex (h) and striatum (i) as seen in cresyl violet preparations of 
multiple frontal sections. Photomicrographs were taken at a final magnification of X1000 (X100 
objective, N.A.: 1.3 oil). a: basal nucleus; b: lateral nucleus; c: intercalated cell cluster; d: medial 
nucleus; e, f: central nucleus; g: cortical nuclei; h: neocortex; i: striatum. 

3.5 Central nucleus characteristics and stress-indu ced neuronal plasticity 

For the three different sampling designs (nuclear volume analysis, cell counting and 

soma diameter determination), first we described the general structural 

characteristics of the central nucleus of both hemispheres and, second, differences 

and similarities between the central nucleus of the treatment group and control 

animals. 
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The morphometric control measures of the brains did not indicate differences in brain 

size between the treatment group and control animals (n1 = 8, n2 = 7; U = 19.0; Z = -

0.983; P = 0.335). 

3.5.1 Nuclear volume analysis 

For the treatment group, the nuclear volumes of the left and right central nucleus 

(Mean ± CV) were estimated to be 4.96 x 108 ± 0.14 µm3 and 5.64 x 108 ± 0.18 µm3, 

respectively. For the control group, measurements of 5.84 x 108 ± 0.18 µm3 for the 

left and 5.85 x 108 ± 0.12 µm3 for the right central nucleus were taken. Comparisons 

of left and right hemisphere, revealed significantly smaller volumes of the left central 

nucleus for the treatment group (n1 = 8, n2 = 8; T = 1.0; Z = 2.380; P = 0.017; Fig. 

3.8), but no such differences for the control group (n1 = 7, n2 = 7; T = 13.0; Z = 0.085; 

P = 0.932).  

Nuclear volumes of the left central nuclei were reduced by trend in the treatment 

group as compared to control animals (n1 = 8, n2 = 7; U = 13.0; Z = -1.678; P = 0.083; 

Fig. 3.8), suggesting that immobilization stress led to an atrophy of the nuclei. No 

such differences in volumes between the treatment and control group were detected 

for the right central nuclei (n1 = 8, n2 = 7; U = 24.0; Z = 0.405; P = 0.685).  

3.5.2 Neuron and glia numbers 

The total number of neurons (Mean ± CV) in the treatment group was estimated to be 

5898 ± 0.15 in the left and 6715 ± 0.16 in the right central nucleus. For the controls, 

the corresponding neuron numbers were 6163 ± 0.21 (left) and 6278 ± 0.16 (right). 

The total number of neurons was significantly smaller in the left than in the right 

central nucleus for the treatment group (n = 8; T = 0.0; Z = 2.520; P = 0.011; Fig. 

3.9), but not for the controls (n1 = 7, n2 = 7; T = 11.0; Z = 0.807; P = 0.612). 

Comparisons between treatment group and control animals revealed that the total 

number of neurons remained constant in both, the left and the right central nucleus 

(left nucleus: n1 = 8, n2 = 7; U = 25.0; Z = 0.289; P = 0.772; right nucleus: n1 = 8, n2 = 

7; U = 22.0; Z = 0.636; P = 0.524; Fig. 3.9).  
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For the treatment group, the total number of glia (Mean ± CV) was 3871 ± 0.12 and 

3996 ± 0.18 for the left and the right central nucleus, respectively. The corresponding 

glia numbers for the controls were 4020 ± 0.11 for the left and 4079 ± 0.09 for the 

right nucleus. No stress-induced differences in glia numbers were found between the 

two groups (left nucleus: n1 = 8, n2 = 7; U = 20.0; Z = -0.452; P = 0.651; right nucleus: 

n1 = 8, n2 = 7; U = 18.0; Z = -0.710; P = 0.478). 

 

 

Figure 3.8 Volume analysis of the central nucleus . Central nuclei volumes (left and right 
hemisphere) for treatment group (n = 8 animals) and controls (n = 7). The box plots show the median 
(square), lower and upper quartile, and sample minimum / maximum. Comparisons between treatment 
group and controls were performed using the Mann-Whitney U-test (between-subject design). For 
within-subject analysis, the Wilcoxon signed rank test was used to compare the nuclei volumes of left 
and right hemisphere; *P < 0.05, (*)P < 0.1 (tendency). 

3.5.3 Determination of soma diameter 

The average dmax of central nucleus neurons was (Mean ± CV) 17,55 ± 0.11 µm for 

the treatment group (left nucleus: 17.72 ± 0.11 µm; right: 17.38 ± 0.12 µm) and 17,86 

± 0.11 µm for the controls (left nucleus: 17.78 ± 0.12 µm; right: 17.95 ± 0.11 µm). No 

inter-hemispheric differences were found (treatment group: n1 = 8, n2 = 8; T = 7; Z = 

1.54; P = 0.124; controls: n1 = 6, n2 = 6; T = 6.0; Z = 0.9435; P = 0.346; Fig. 3.10). 
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Comparisons between both groups revealed a significant decrease of the soma 

diameter of neurons after immobilization stress for the right central nucleus (t = -

4.128; df = 978; P = 0.00004; Fig. 3.10), but not for the left hemisphere (t = -0.513; df 

= 1039; P = 0.608). Observations concerning the three subpopulations of neurons 

suggested a shift in number from the large (20 > 24 µm; control animals: 15%, n = 

125 / 816; treatment group: 11%, n = 133 / 1201) to the small neuron type category 

(12 < 16 µm; control animals: 19%, n = 155 / 816; treatment group: 23%, n = 280 / 

1201). The number of neurons of the predominant cell type with medium-sized 

somata (16 ≥ 20 µm; control animals: 66%, n = 536 / 816; treatment group: 66%, n = 

788 / 1201) as well as the homogeneous distribution of the distinct cell types within 

the central nucleus remained constant. 

 

 

 

Figure 3.9 Neuronal cell counts for the central nuc leus . Total numbers of neurons of the central 
nuclei (left and right hemisphere) for treatment group (n = 8) and controls (n = 7). The box plots show 
the median (square), lower and upper quartile, and sample minimum / maximum. Comparisons 
between treatment group and controls were performed using the Mann-Whitney U-test (between-
subject design). For within-subject analysis, the Wilcoxon signed rank test was used to compare the 
total numbers of neurons of left and right central nucleus; *P < 0.05. 
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Figure 3.10 Soma size of central nucleus neurons . Neuronal soma diameters (dmax) of the central 
nuclei (left and right hemisphere) for treatment group (n = 7) and controls (n = 7). The box plots show 
the mean (square) ± SEMs, and upper and lower 95% confidence limits. Comparisons between 
treatment group and controls were performed using the Mann-Whitney U-test (between-subject 
design). For within-subject analysis, the Wilcoxon signed rank test was used to compare the soma 
diameters of the left and right central nucleus; ***P < 0.001. 
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4 Discussion 

4.1 Stress and its pathological outcomes  

Both behavioral and physiological responses to stress enable an organism to adapt 

to environmental demands and are essential to overcome threatening situations. 

Although protective in the short-term, stress responses may have pathophysiological 

long-term effects presumably due to prolonged, inadequate, or exaggerated 

endocrinologic and autonomic functioning, holding the risk of developing physical and 

psychiatric disorders (cf. chapter 1.2.2). By having devastating consequences on 

brain structure and function, glucocorticoids are thought to contribute to the 

pathogenesis of such stress-related disorders (McEwen, 2000; Rodrigues et al., 

2009). Quite a number of human neuroimaging studies described considerable 

structural and functional changes in brain regions that control emotion and cognition 

(i.e., hippocampus, amygdala, and prefrontal cortex) presumably underlying the 

aetiology of these diseases (e.g., depression: Sheline et al., 1998; Frodl et al., 2001; 

posttraumatic stress disorder: Rogers et al., 2009; borderline personality disorder: 

Schmahl et al., 2003; dissociative identity disorder: Vermetten et al., 2006). 

Accordingly, stress is supposed to be a predisposing and precipitating factor for the 

development of human psychiatric disorders (Rainnie et al., 2004; Grippo et al., 

2007; McCormick et al., 2008; Hölzl et al., 2010).  

4.2 The central nucleus - Involvement in stress-rel ated disorders? 

Through its interconnections with hypothalamus and brainstem areas, the central 

nucleus of the amygdala has a key role in mediating appropriate behavioral and 

physiological responses to threats (Iversen et al., 2000; cf. chapter 1.1.1). On the one 

hand, the nucleus is implicated in a specific extrahypothalamic sympatho-adreno-

medullary system mediating stress-induced vegetative, behavioral, and affective 

changes (Eliava et al., 2003). On the other hand, it is thought to be strongly involved 
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in the hypothalamo-pituitary-adrenal axis regulating the synthesis and secretion of 

stress hormones (i.e., glucocorticoids). Moreover, by expressing glucocorticoid 

receptors (Aronsson et al., 1988; Fuxe et al., 1985) and containing corticotropin-

releasing factor-immunoreactive neurons (Eliava et al., 2003), the central nucleus 

may play a crucial role in the positive feedback system caused by glucocorticoids. 

Actually, it has been shown that glucocorticoids and stress increased the release of 

corticotropin-releasing factor in the central nucleus (Schulkin et al., 1998; Merali et 

al., 1998, 2003) supporting the notion of its role in providing feedback to neuronal 

circuits involved in mediating stress responses. Thus, the central nucleus might be 

strongly involved in the prolonged, exaggerated, and uncontrolled stress responses 

(e.g., dysregulation of hypothalamo-pituitary-adrenal axis activity) that are thought to 

be responsible for the development of stress-related psychiatric disorders (Maes et 

al., 1998). 

 

We hypothesized that exposing individuals of the Short-tailed fruit bat, 

C. perspicillata, to aversive experience leads to neuronal plasticity in the central 

nucleus of the amygdala. By providing numerous advantages, like showing a highly 

social organization and behavior and having a highly developed limbic system, bats 

of the family Phyllostomidae appear predestined for modeling stress- and emotion-

relevant functions of the human nervous system (e.g., stress responses; cf. chapter 

1.5). Thus, the first goal of this project was to establish and evaluate a suitable stress 

paradigm for C. perspicillata. For this purpose, in the first part, a noninvasive and 

feedback free method for measuring fecal cortisol concentrations as a reliable 

physiological parameter for stress was successfully established and verified in the 

bat. However, several studies postulated that distinct stress paradigms, although 

having similar impact on hypothalamo-pituitary-adrenal axis activity, differ in their 

effects on structural and functional neuroplasticity, but that neuroplastic changes are 

reflected by behavioral outcomes (e.g., Vyas and Chattarji, 2004; McLaughlin et al., 

2009; cf. chapter 1.4.2). For instance, hypertrophy of basolateral amygdala neurons 

is known to be correlated with enhanced anxiety in the elevated plus maze (Vyas et 

al., 2002, 2004; Mitra et al., 2005). Thus, in the second part, possible stress-induced 
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effects on the behavior of C. perspicillata were examined in a newly invented custom-

made plus maze for bats. Finally, the amygdaloid complex was parcelled into distinct 

nuclei to ensure a clear identification of the central nucleus as a prerequisite for the 

neuromorphological study investigating plasticity and stability following chronic 

immobilization stress in the very nucleus. 

4.3 Establishment of a fecal cortisol analysis in a  bat model 

Glucocorticoids are a reliable physiological indicator for stress and their noninvasive 

determination became a prevalent method in a wide variety of fields, including wildlife 

management, animal welfare, and science (e.g., Schwarzenberger et al., 1996; 

Wasser et al., 2000; Bamberg et al., 2001; Hirschenhauser et al., 2005; 

Schwarzenberger, 2007). Due to species-specific differences in hormone excretion, a 

careful validation and testing of enzyme immunoassays and extraction methods are 

strongly recommended, even for closely related species (Schwarzenberger, 2007). In 

addition, various enzyme immunoassays can differ in their responsiveness, 

sensitivity, and applicability depending on the antibodies used (with different cross-

reactivities, concerning metabolites of cortisol) and the species under consideration 

(Wasser et al., 2000).  

In the present study, a cortisol enzyme immunoassay was chosen for quantitative 

fecal analysis in C. perspicillata. Cortisol was extracted from fecal samples using a 

vortexing extraction method described for nondomestic mammals (Wasser et al., 

2000). Following chronic immobilization stress, significant increased cortisol 

concentrations compared to prestress conditions were found in the bats' feces, 

suggesting a successful application of the assay and the extraction method used and 

immobilization as an applicable stress paradigm in this bat species. The successful 

detection of cortisol in the bat's feces is in line with other animal studies using cortisol 

or corticosterone assays for measuring stress hormones in feces (e.g., chimpanzee: 

Whitten et al., 1998; hyena: Goymann et al., 1999; diverse nondomestic mammalian 

and avian species: Wasser et al., 2000; rat: Bamberg et al., 2001). Nevertheless, the 

presence of cortisol / corticosterone in feces, and hence, the applicability of such 
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assays is controversially discussed in the literature. In a number of studies fecal 

glucocorticoids could not be detected or the measured signals were only weak, 

suggesting a high metabolization for several animal species, e.g., ruminants (Teskey-

Gerstl et al., 2000; Touma et al., 2003; Schwarzenberger et al., 2007). Therefore, 

several labs started to develop and/or use assays against cortisol / corticosterone 

metabolites (e.g., 11,17-dioxoandrostanes: Teskey-Gerstl et al., 2000; 11-

oxoaetiocholanolone, 5α-pregnane-3β,11β,21-triol-20: Touma et al., 2003). In 

mammals, excreted metabolites are highly species-specific, due to different 

metabolisms, routes of excretion, and gut microflora (Wasser et al., 2000; Keay et al., 

2006). To our knowledge, no data about fecal cortisol metabolites are available for 

the Short-tailed fruit bat. The assay used in the present study detected basal fecal 

cortisol concentrations under prestress conditions and increased values after chronic 

immobilization stress, indicating the appearance of cortisol in the species' feces. 

Further, decreasing cortisol concentrations were found over the period investigated in 

all animals studied, suggesting a diurnal rhythm, which is in line with findings from 

the little brown bat, Myotis lucifugus, (Widmaier et al., 1994) and consistent with 

studies in other mammals (Kwiecinski and Damassa, 2000). Moreover, a qualitative 

validation, including double determinations and testing of reproducibility of cortisol in 

fecal samples, verified the enzyme immunoassay to be reliable in measuring cortisol 

concentrations. However, due to the high cross-reactivity of antibodies against 

glucocorticoid metabolites, the possibility of having simultaneously measured some 

of the metabolites structurally related to cortisol cannot be fully excluded. Irrespective 

of this, following chronic immobilization stress, the animals exhibited a significant 

increase in fecal cortisol concentration compared to prestress conditions, thus, the 

assay has here been proven to be applicable for the qualitative evaluation of the 

bats’ stress. The large variation of poststress values in bats exposed to the same 

stressor implies interindividual differences in cortisol secretion, which are widely 

found among mammals and can presumably be explained by individual vulnerability 

to stressors. Multiple factors, including age, social environment, and different 

personality traits, may contribute to the individual variation in stress responsiveness 

and will be further discussed in chapter 4.5.1.  
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To our knowledge, this study is the first attempt to establish a method for fecal 

cortisol analysis in Phyllostomid bats. Corresponding methods for members of other 

bat families are also absent from the reviewed literature. As a noninvasive and 

feedback free method, fecal cortisol determination has the advantage of being easy 

to conduct without handling of the individuals. Hence, this method is also well 

applicable to free-living animals and predestined for stress research in bats. 

4.4 Characterization of stress-induced behavioral o utcomes in the bat 

The results of the behavioral study show, that naïve bats when exposed to the 

custom-made plus maze preferred the enclosed arms, suggesting that the open arms 

evoked more fear, and hence, more avoidance behavior. This is in line with rodent 

studies, where individuals also spent more time in the enclosed arms of a maze, due 

to the animals' approach-avoidance conflict evoked by an unfamiliar environment 

(Montgomery, 1958; Pellow et al., 1985). This conflict is significantly stronger when, 

e.g., rats were exposed to an open alley of a maze, than to an enclosed one. 

Montgomery (1958) concluded, that the exposition to the novel stimuli in such an 

experimental design evokes both exploratory drive and fear. Open alleys of a maze 

obviously evoke more fear and subsequently more avoidance behavior than the 

enclosed arms. 

In the present study, immobilization stress leads to an alteration of the locomotor and 

exploratory behavior of the bats in the maze. The results further suggest the 

equalized appearance of two different coping strategies. Poststress, half of the 

animals subjected to immobilization spent significant more time in the open arms of 

the maze than the controls (behavioral type 1), whereas the other half (behavioral 

type 2) displayed reduced exploratory behavior as compared to behavioral type 1. 

The analysis of the flight activity rate (present study) also revealed divergent 

behavior after immobilization, and accordingly stressed bats could again be classified 

in two equalized groups (high activity versus low activity). Interestingly, the highly 

active group contained all animals, which were classified as belonging to behavioral 

type 1 before. Since, the bats of behavioral type 1 showed both, a preference for the 
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open arms of the maze and a significantly higher activity as compared to type 2 and 

controls, this behaviors may be interpreted as escape behavior, referring to the fight-

or-flight response originally described by Cannon (1915). In contrast, by displaying a 

low activity rate and avoiding the open arms, the animals of behavioral type 2 

appeared to seek shelter in the closed arms of the maze, comparable to the stress 

response pattern originally described by Engel and Schmale (1972), which is 

characterized by immobility (conservational-withdrawal response). Hence, the 

observed behavior may indicate the existence of two different stress-coping 

strategies of bats.  

Interindividual differences in stress-coping strategies, have also been described for 

another bat species. The escape behavior of the Phyllostomid bat, Anoura geoffroyi, 

was studied with respect to the variability of responses to visual and acoustic cues 

(Chase, 1983). Bats were placed individually into a plywood Y-maze with two arms 

(termed runways). Each of the arms could be either illuminated or darkened. Two 

different groups of animals were tested, free-living bats immediately after capture and 

bats captured 48 h prior to testing. Exposed to the Y-maze with one arm opened at 

its distal end and the other one closed (acoustically discriminable through 

echolocation), most of the animals of the 1st group but not all chose the enclosed 

runway (75% in darkness, 93% under light). Similar to our results in C. perspicillata, 

the open arm of the Y-maze also might have evoked avoidance behavior in A. 

geoffroy. In contrast, the animals captured two days before testing displayed a 

divergent behavior. About half of these animals (48%) chose the open, the other half 

(52%) the enclosed runway. The author discusses the discrepancy between the two 

groups on the base of different motivations of the animals (escape tendency 

increasing with duration of captivity). By comparison with our results, it appears that 

the divergent behavior in the second group of A. geoffroy can also be explained by 

possible stress effects. Presumably, two days in captivity in small cages led to severe 

stress (most of all isolation stress), which was obviously sufficient to evoke 

behavioral alterations in A. geoffroy, similar to the two different coping strategies 

found in C. perspicillata (present study). 
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4.5 Individual differences in stress responsiveness   

Evidence for the existence of individual differences in the responsiveness or 

vulnerability to stress can be found in the human literature (e.g., Rudolph and 

Hammen, 1999; Oitzl et al., 2000; Troisi, 2001) and in various animal studies. For 

example, studies on rodents reported on interindividual differences in emotional and 

learned responses to a stressor, like aggression, learned helplessness or escape 

behavior (Koolhaas et al., 1999; Wood et al., 2008). Despite the large variation in 

responses to stress among individuals, several studies on men, as well as animals, 

discussed the concept of "high and low responders" (e.g. Piazza et al., 1991, 1993; 

Dellu et al., 1996, Touyarot et al., 2004; Touma et al., 2008). Interestingly, 

correlations between stress-induced behavioral outcomes and endocrine 

responsiveness were found, suggesting the existence of different coping strategies 

(men: Nater et al., 2007; van den Bos et al., 2009; animals: Piazza et al., 1991, 1993; 

Dellu et al., 1996; Kirschbaum et al., 1996). Koolhaas et al. (1999) revealed the 

existence of two coping styles in rats, termed proactive and reactive coping, 

characterizing the animals' behavior, e.g., with regard to differences in aggression, 

active avoidance, or flexibility. Here, for example, aggressive males displayed active 

behavior to avoid an electric shock, whereas in contrast non-aggressive males 

showed immobility behavior. A low plasma corticosterone response to stressful 

stimulation was found in proactive coping rodents, whereas the animals displaying 

reactive coping with freezing behavior (Koolhaas et al., 1999) showed a higher 

hypothalamo-pituitary-adrenal axis reactivity. However, both types of responders 

were equally successful in avoiding further aversive experiences (i.e., shocks; 

Koolhaas et al., 1999).  

Interindividual differences in responsiveness to a stressor could also be found in 

spatial learning and memory tasks like the morris water maze (Touyarot et al., 2004; 

Topic et al., 2005). Similar to the behavior of C. perspicillata observed after 

immobilization (present study), rats displayed a divergent behavior by either 

exhibiting a high or a low locomotor activity after exposure to mild novelty stress. The 

latter experimental design was successfully used for identifying and characterizing 

individuals with relevant psychobiological profiles (Piazza et al., 1989; Dellu et al., 
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1996; Touyarot et al., 2004). Similar approaches can be found in well-established 

human psychological tests, like the Trier Social Stress Test or the Iowa Gambling 

Test. Here, it was shown, that also human subjects differ in their behavior related to, 

e.g., stress or reward (Kirschbaum et al., 1996; Nater et al., 2007; van den Bos et al., 

2009). 

In C. perspicillata, the divergent behaviors (i.e., increased vs. decreased locomotor 

and exploratory behavior) displayed in the custom-made plus maze after chronic 

immobilization may be explained by having high and low responders among the bats. 

Changes in locomotor and exploratory activity were associated with anxiety and the 

stress level in rodents (McCormick et al., 2008; Pohorecky, 2008). Thus, referring to 

the elevated plus maze used in rodent studies, decreased exploratory activity 

observed in behavioral type 2 (present study) might be owing to more anxious 

animals which could be associated with a higher stress level and correspondingly 

stronger hypothalamo-pituitary-adrenal axis activity in those animals (i.e., higher fecal 

cortisol concentration). However, according to works by Piazza et al. (1991, 1993), 

increased locomotor activity as well indicates a stronger endocrine responsiveness to 

mild novelty stress in rodents, suggesting a high stress level in behavioral type 1, too. 

Actually, all animals subjected to immobilization showed a significant increase in 

fecal cortisol concentrations, suggesting an activation of the hypothalamo-pituitary-

adrenal axis as an adaptive physiological response to the stressor. In accordance 

with other mammalian species there was a large variation of poststress values in 

bats exposed to the same stressor implying strong interindividual differences in 

cortisol secretion, however, our fecal cortisol analysis failed to reveal clear 

differences in stress responsiveness on the endocrine level (i.e., high and low 

responders). Thus, the divergent behavior in C. perspicillata is likely based on 

individual stress-coping strategies, though apparently independent from distinct 

differences in glucocorticoid secretion.  
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4.5.1 Possible factors underlying individual differ ences in stress responses 

A variety of factors is discussed to have influence on the individual's responsiveness 

to stress. For instance, the degree of behavioral or cognitive alterations is supposed 

to depend on age, gender, social environment, and certain personality traits (e.g., 

Armitage, 1991; Johnston and File, 1991; DeVries et al., 2003, Sandi, 2007). By 

having chosen only adult animals of virtually the same age, in our experiments, age 

dependent differences could be excluded a priori. A statistical analysis of our data 

(unpublished) revealed no sex-specific differences in exploratory or activity behavior 

of C. perspicillata in the maze. Gender differences mainly depend on estrous phase 

and appear to be more or less prominent in some species and / or experimental 

tests, respectively (Armitage, 1991; Johnston and File, 1991; Rodgers and Cole, 

1993; Walf and Frye, 2007; Caldarone et al., 2008). Furthermore, the meaning of a 

stressor to an individual seems to be important for modifying it’s response. This may 

be individually influenced by prior exposure to the specific stressor, previous 

challenging experiences, and the individual life history in general (Vermetten and 

Bremner, 2002; Keay et al., 2006). Studies in rodents revealed that rearing 

conditions, like postnatal / early handling, might have considerable physiological and 

psychological consequences for an individual, such as a modified reactivity of stress-

related circuits throughout life (e.g., by influencing hippocampal type II glucocorticoid 

receptor binding; Meaney et al., 1989). Thus, postnatally handled animals appeared 

less vulnerable to stressors and showed lower endocrine responsiveness as 

compared to controls, presumably by having developed more effective strategies to 

prevent the effects of adverse life periods (Vermetten and Bremner, 2002; Pryce et 

al., 2005; Sandi, 2007). Furthermore, effects of maternal behavior were reported, 

indicating that animals experiencing poor maternal care might develop "neophobic" 

behavior, by displaying reduced exploration of novel environments and an increased 

emotional, as well as hypothalamo-pituitary-adrenal axis reactivity to stressors. 

Strong maternal care leads to "neophilic” animals, vice versa (review: Vermetten and 

Bremner, 2002). By having chosen only naïve bats for the present studies, effects of 

prior exposure to nonnatural stressors (e.g., early handling) and previous severe 

challenging experiences could be excluded. All C. perspicillata used here, were born 
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and raised in the same colony, suggesting almost identical rearing conditions. 

Information about interindividual differences in maternal care is not available. By 

excluding gender, age and prior exposure to stressors as causal factors for the bats' 

individual variation in cortisol response and stress coping strategies, disparate 

individual life histories (e.g., intensive versus poor maternal care), personality traits, 

mood and / or genetic predispositions can be looked at as the most likely ones. 

Nevertheless, the underlying psychological and physiological mechanisms 

responsible for interindividual differences in endocrinological responsiveness and 

coping in animals and humans and in vulnerability to stressors remain still unclear 

(c.f. chapter 4.9). 

4.6 Parcelling and characterization of the amygdalo id nuclei 

In the third part of the present project, based on cyto- and myeloarchitectonic 

properties, the amygdaloid complex of C. perspicillata was parcelled into distinct 

nuclei to ensure a clear identification of the central nucleus. Highly interconnected 

amygdaloid nuclei with determinable subdivisions were localized and identified. The 

structural organization of this laurasiatherian mammal's amygdala was found to 

largely resemble those of other mammalian species (rat: McDonald, 1982a/b; Cassell 

et al., 1986; rat and cat: Krettek and Price, 1978; monkey: Martin et al., 1991). 

However, also clear differences in the nuclear locations and relative sizes of the 

different amygdaloid nuclei were found. 

4.6.1 Basolateral complex 

The basal and lateral nucleus, jointly addressed as basolateral nucleus, dominated 

the amygdaloid complex of the bat and were prominent in almost all frontal serial 

sections, except for the most anterior and posterior regions of the amygdala. The 

latter regions merely contained the lateral nucleus. These findings are in line with 

neuroanatomical studies in other bats (Humphrey, 1936; Baron et al., 1996) and also 

humans (Heimer et al., 2008), where the basolateral complex is by far the largest 

part of the amygdala. Conforming with other mammalian studies (e.g., Hall, 1972; 
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Równiak et al., 2003), the subnuclei of the basolateral nucleus of the bat together 

appeared as a fairly homogeneous mass of cells, sharing common morphological 

properties (e.g., shape and arrangement of cells, relative large somatas as compared 

to other amygdaloid nuclei, intensity of cresyl violet preparation). These similarities 

were not occasionally since the grouping of nuclei within the amygdala not only 

provide the separation into distinct functional subsystems, but also fit well with the 

developmental origin of the nuclei (Sah et al., 2003). By containing cells 

morphologically resembling frontotemporal cortical neurons, the basal and lateral 

nucleus are commonly regarded as the frontotemporal group, and further it has been 

assumed, that they even developed embryologically and phylogenetically from 

cortical regions (Hall, 1972; Swanson and Petrovich, 1998). In addition, both nuclei 

receive afferents from similar sources and share the same neurotransmitters (e.g., 

Davis et al., 1994).  

Compared to rodents (mouse: Paxinos and Franklin, 2008; hamster: Morin and 

Wood, 2001), the lateral nucleus of C. perspicillata, particularly its dorsal subdivision, 

appeared much larger in relation to the other nuclei of the basolateral complex. An 

enlarged lateral nucleus was also described for the Mouse-eared bat (Myotis; 

Johnston, 1923), and was further apparent from brain atlases of the Common 

vampire bat (Desmodus rotundus murinus; Bhatnagar, 2008) and the Egyptian fruit 

bat (Rousettus aegyptiacus; Schneider, 1966). As to our knowledge, in the existing 

neuroanatomical literature on bats the lateral nucleus was not further subdivided. On 

the basis of its cytoarchitectonics as revealed by cresyl violet staining (i.e., cell size 

and cell density), we recognized three subdivisions, termed dorsal, ventrolateral, and 

medial subdivision of the lateral nucleus, according to the terminology used in 

neuroanatomical studies on the rodent amygdala (Sah et al., 2003). Similar 

subdivisions were described for the rat (Sah et al., 2003) and the cat (Krettek and 

Price, 1978).  

Based on differences in cell size and intensity of cresyl violet staining, we divided the 

basal nucleus into a medial (magnocellular) and a laterally located (parvocellular) 

subdivision. Conforming with studies on other mammalian basal nuclei (e.g., Marsh 

et al. 2002; Równiak et al.; 2003), the neuron somata in the medial part were the 
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largest in the amygdaloid complex and had a characteristical intense cresyl violet 

staining. In a comparative study, Równiak et al. (2003) demonstrated that the 

neuronal structure in the individual basolateral nuclei was extremely stable even 

across several mammalian species (i.e., guinea pig, rabbit, fox, and pig) and 

remained almost unchanged unless in soma size, which was found to increase with 

brain volume. For example, the average soma diameter (dmax) in the basal nucleus of 

the pig reached 33.1 µm, whereas it was 22.3 µm for the guinea pig. Accordingly, 

animals with similar body sizes and brain volumes, show virtually identical average 

neuronal soma diameters (dmax; bat: 22.42 ± 0.10 µm, present study; guinea pig: 22.3 

µm, Równiak et al., 2003; rat: 17 - 22 µm, McDonald, 1982b), even when different 

neurohistological staining techniques were applied (cresyl violet staining vs. Golgi 

technique). Solely based on cresyl violet staining, we were not able to classify the 

basolateral neurons into distinct subpopulations, as was done in the work of Równiak 

et al. (2003) and McDonald (1982b). 

Even though, in C. perspicillata, the partitioning of the basal nucleus was similar to 

the situation in rodents and cats, the magnocellular part was found to be centrally 

located within the basal nucleus rather than rostrally as it is described for rodents and 

cats (Price et al., 1987; Krettek and Price, 1978). Concerning cell size, cell density, 

and intensity of cresyl violet staining, neurons of the rostral part of the bat's basal 

nucleus resembled those of the caudal and caudolateral parts of the nucleus, which 

were delineated as parvocellular subdivision. This is in line with a study on the 

basolateral nucleus in the Mustached and Pallid bat (Pteronotus parnellii, Antrozous 

pallidus; Marsh et al., 2002), declaring that in rostrocaudal direction the 

magnocellular part was limited to the central part of the nucleus. A similar 

rostrocaudal position of the magnocellular part was delineated by Baron et al. (1996) 

for the brain of Myotis montivagus, but interestingly, herein, it was located in the 

lateral rather than the medial region of the basal nucleus, immediately adjacent to the 

prepiriform cortex. Possibly, the endopiriform nucleus, a large group of cells located 

deep to the piriform cortex could have been mistaken for the area delineated as 

magnocellular part of the basal nucleus in M. montivagus. Moreover, Baron et al. 

(1996) have not identified an accessory basal nucleus in the amygdala of M. 
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montivagus. A further explanation for the uncommon location of the magnocellular 

part of the basal nucleus in their work could be, that it actually corresponds to the 

missing accessory basal nucleus, which abuts the basal nucleus ventrally. The 

accessory basal nucleus of C. perspicillata was smaller and less prominent as 

compared to the rodent and cat amygdala. Based on slight differences in cell density 

and distinct differences in intensity of cresyl violet staining, three subdivisions (lateral, 

intermediate, and medial) could be presently recognized, which is in line with rodent 

studies (Sah et al., 2003). 

In conclusion, concerning nuclear location and cell size, the neuroarchitectonic 

properties of the three nuclei comprising the basolateral complex (lateral, basal and 

accessory basal nucleus) were similar to those described for the rat (McDonald, 

1982a/b; Cassell et al., 1986), cat (Hall, 1972; Krettek and Price, 1978), and for bats 

(Humphrey, 1936; Marsh et al., 2002). Indeed, the bat's basolateral complex (present 

study) also showed the characteristic almond-shape, which was responsible for the 

denotation of the amygdaloid complex by Burdach in the early 19th century (Sah et 

al., 2003). Between rodents and bats, differences in relative nuclear volume size 

were found. Furthermore, the existing comprehension of the bat's amygdala was 

supplemented with the presently described subdivisions of the lateral and accessory 

basal nucleus.  

4.6.2 Central nucleus 

The central nucleus of C. perspicillata was found dorsomedially, in the central two-

thirds of the amygdala along the rostrocaudal axis and lay adjacent to the lateral, 

basal, and accessory basal nucleus. The central nucleus was easily distinguishable 

from the basolateral complex on the basis of cyto- and myeloarchitectonics. As 

described above, the basolateral complex shared morphological features with cortical 

regions. In contrast, the central nucleus of the bat appeared similar to the striatum in 

terms of cell size, alignment, and shape and intensity of cresyl violet staining. This is 

in line with studies using the Golgi technique in rats (McDonald, 1982a) and cats 

(Hall, 1972) showing that central nucleus neurons were more striatal-like and 

morphologically very different from the cortical-like cells found in the basolateral 
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complex (see above). Additionally, studies in rats reported on "striatal-like" 

electrophysiological characteristics of central nucleus units, regarding their 

bioelectrical membrane properties and their hyperpolarized / depolarized resting 

membrane potential (Schiess et al., 1999). The similarities found can presumably 

also be explained by the embryological origin of the central nucleus (Swanson and 

Petrovich, 1998). 

Besides the distinct delimitation to the basolateral complex on the lateral side, also 

the other borders of the central nucleus of C. perspicillata could be clearly defined: 

dorsal border, striatum or the lateral ventricle; medial, globus pallidus; ventral, medial 

nucleus and amygdaloid part of the bed nucleus of stria terminalis. The architectonic 

organization of the amygdaloid complex has been examined in a multiplicity of 

studies. Even though, most investigators concentrated on the rat amygdala (e.g., 

McDonald, 1982a/b; Cassell, 1986), several studies exist on other mammals, like the 

cat (e.g., Hall, 1972; Krettek and Price, 1978) and monkey (e.g., Martin et al., 1991). 

In the available literature, there is a certain inconsistency in the precise delimitation 

of the central nucleus of the amygdala, its different subdivisions, and the total 

number of subdivisions. For example, according to Hall (1972), the central nucleus of 

the cat was not clearly distinguishable from the medial nucleus, whereas Krettek and 

Price (1978) stated that a limb of fibers of the stria terminalis delineated the central 

from the medial nucleus. Johnston (1923) included into the boundaries of the central 

nucleus an anterior region of the amygdala, which today is commonly addressed as 

the anterior amygdaloid area and represents a distinct group of nuclei. While the 

central nucleus was belatedly associated with the amygdaloid complex, it traditionally 

was assigned to the cortical nuclei (review: Sah et al., 2003). McDonald (1998) came 

to the view that the central nucleus has histochemical and developmental 

characteristics that are different from those of the cortical nuclei and emphasized its 

uniqueness within the amygdaloid nuclei.  

Most of the neuroanatomical studies used cresyl violet preparations, myelin silver 

impregnations and / or Golgi techniques, each of them revealing different aspects of 

the neuroarchitectonics. While, some of the inconsistencies within the literature can 

presumably be explained by the application of different histological staining 
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techniques, other differences might reflect dissimilar interpretations rather than 

observations (Hall, 1972). Additionally, in the last few decades, the development of 

various immunhistochemical techniques (e.g., antibodies against corticotropin-

releasing factor, neurotensin, substance P) enabled a more detailed analysis of the 

neuroarchitecture, e.g., by comparing the immunoreactivity between subpopulations 

of neurons within nuclei. Nevertheless, the delimitations of the central nucleus as 

revealed by cresyl violet staining and myelin silver impregnation (present study), 

matched fairly good with both data on the cat obtained by Thionin staining (Krettek 

and Price, 1978) and on other bat species based on cresyl violet, lugol fast blue, and 

acetylcholinesterase staining techniques (Baron et al., 1996; Marsh et al., 2002; 

Bhatnagar, 2008). 

As mentioned above, there is also confusion about how to subdivide the central 

nucleus of the amygdala. While early studies described it as a homogeneous mass 

(Johnston, 1923; Gurdjian, 1928), later investigators (Brodal, 1947; Uchida, 1950; 

Hall, 1972; Krettek and Price, 1978) recognized two subdivisions (medial and lateral) 

for the rat's and cat's central nucleus, but the precise delineation of the subdivisions 

differed between studies. McDonald (1982b) proposed four subdivisions for the rat's 

central nucleus. However, Cassell (1986) disagreed on certain boundaries and 

described an additional subdivision, which was only visible when placing a retrograde 

tracer (HRP-WGA, wheat germ agglutinin-horseradish peroxidase) into the bed 

nucleus of stria terminalis. The monkey central nucleus was also divided in two 

subdivisions (e.g., Koikegami et al., 1963; Price et al., 1987). In contrast, Martin et al. 

(1991) suggested four parts based on the cyto- and myeloarchitecture of the monkey 

central nucleus. According to the latter authors, connectional data from future tracing 

studies are needed to justify these conclusions. 

Based on slight differences in neuron alignment and intensity in cresyl violet staining, 

we recognized three subdivisions of the central nucleus in C. perspicillata: lateral, 

medial, and capsular part. Other studies of the bat's brain did not comment on any 

subdivisions of the central nucleus (Johnson, 1923; Humphrey, 1936; Baron et al., 

1996; Marsh et al., 2002, Bhatnagar, 2008). It could be possible that the lateral 

division found in the cat's central nucleus corresponds to the regions that we 
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identified as lateral and capsular part. There were no marked differences between 

the two of them. In contrast, the medial part was clearly delimitable from the two 

afore mentioned parts by its darkly stained neurons. We found no differences in 

neuron size between the lateral and medial subdivision in the bat, whereas Krettek 

and Price (1978) and Hall (1972) stated larger cells in the lateral subdivision of the 

cat's central nucleus. The disposal and characteristics of the central nucleus of 

C. perspicillata resembled those found in the mouse brain (Paxinos and Franklin, 

2001), although herein, the medial part is further divided in an anterior and a 

posterior part.   

While the Golgi studies in rat and cat (see above) have described neurons in various 

subdivisions, later works on acute brain slices have either not discussed different 

subdivisions (Schiess et al., 1999) or divided neurons into those in lateral and medial 

parts (Martina et al., 1999). For the rat, the recent general agreement seems to be 

that neurons with heterogeneous morphologies exist distributed across 

cytoarchitectonic boundaries. At least two subtypes of neurons within the central 

nucleus were differentiated on the basis of morphological appearance and 

electrophysiological properties (e.g., Schiess et al., 1999, for review see: Sah et al., 

2003). The predominant cell type representing approximately 63% - 75% of the 

central nucleus neuron population was described as medium-sized neuron with 

ovoid, pyramiform, and fusiform soma, spine-laden distal dendrites, and non-

accommodating electrophysiological response properties, (e.g., Schiess et al., 1993, 

1999). The second cell type is slightly larger and has ovoid, polygonal, and 

pyramiform soma, spine-sparse to aspinous dendrites, and accommodating 

electrophysiological response properties. Both cell types appeared to be 

homogeneously distributed in the central nucleus of the rat (Schiess et al., 1999). By 

showing no differences in neuron size between the two subdivisions in 

C. perspicillata, our results supported the picture of homogeneously distributed 

neuron types within the central nucleus of mammals. However, based on soma size 

we divided central nucleus neurons in three subpopulations, comprising a 

predominant cell type with medium-sized soma (66%), and two cell types with larger 

(15%) and smaller soma (19%).  
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Most of the neuroanatomical studies targetting the parcelling of the mammalian 

amygdala were based on cytoarchitectonic differences revealed by Golgi techniques. 

These techniques present details of dendritic and axonal morphology which permit a 

more definite delimitation of subdivisions than that afforded by cresyl violet staining 

(McDonald, 1982b), and further, allow for a characterization and classification of 

different cell types within respective particular subdivisions. The results of the present 

study were merely grounded on cresyl violet preparations. Further studies using 

Golgi techniques would provide more detailed and secured investigations based on 

morphological aspects of neurons, like fusiform or triangular shaped soma, dendritic 

arborization, and dendritic spine density. Moreover, as mentioned above, 

immunhistochemical techniques were recently applied to find similarities between 

neuropeptide distributions within subdivisions and subpopulations of neurons. Based 

on cresyl violet preparations, no further classification of neurons into distinct 

subpopulations was possible, but also not aim of our study, which tended to define 

the boundaries of the central nucleus of the Carollia amygdala for further examination 

of stress-induced neuroplasticity in that very nucleus. 

4.6.3 Medial nucleus, amygdaloid part of the bed nu cleus of stria terminalis, 

and the cortical nuclei 

Traditionally, the medial nucleus and the amygdaloid part of the bed nucleus of stria 

terminalis were also pooled with the cortical nuclei. McDonald (1998) was the first to 

suggest that the medial nucleus has histochemical and developmental characteristics 

that are distinct from the cortical nuclei. Conforming with studies on different bat 

species (Myotis montivagus: Baron et al., 1996; Pteronotus parnellii, Antrozous 

pallidus: Marsh et al., 2002), the medial nucleus of C. perspicillata appeared as an 

irregular-shaped group of neurons situated in the dorsomedial region of the posterior 

amygdala. As in the afore mentioned works and the present study, based on 

cytoarchitectonic properties, no clear intranuclear subdivisions could be recognized, 

whereas the medial nucleus of rats and monkeys could be divided into four and three 

subdivisions, respectively (Martin et al.; 1991; Sah et al., 2003). Actually, some 

studies divided the nucleus into layers (Price et al., 1987; Amaral et al., 1989). In 
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contrast, Krettek and Price (1978) divided the medial nucleus in an anterior and 

posterodorsal part. Additional neurohistological (i.e., Golgi technique) and 

immunohistochemical (e.g., antibodies against neurotensin and / or substance P) 

staining techniques and their application in the bat appear necessary for a better 

comprehension of possible medial nucleus subdivisions in our animal model. The 

amygdaloid part of the bed nucleus of stria terminalis was extensively studied in 

monkeys and humans (Martin et al., 1991). In C. perspicillata, we defined a group of 

neurons situated between central, medial, and accessory basal nucleus as the 

amygdaloid part of the bed nucleus of stria terminalis, containing cells resembling 

those of the anterior part of the central nucleus, but which were clearly separated 

from it. In other neuroanatomical studies on the bat's amygdala, the amygdaloid part 

of the bed nucleus of stria terminalis was not considered (Baron et al., 1996; Marsh 

et al., 2002). Johnston's (1923) delimitation of the central nucleus included an 

extensive region of the anterior part of the amygdaloid complex and even brain tissue 

beyond. Hence, here, an accidental inclusion of the bed nucleus of stria terminalis 

appears likely. 

In our cresyl violet stainings, the cortical nuclei appeared as layered structures. A 

detailed analysis of this lamination was not the purpose of the present study and 

would have required additional histological procedures (i.e., Golgi technique). Earlier 

studies, however, divided the cortical nucleus in layers I, II, and III - IV, 

corresponding to Cajal's pyriform layers I - IV (Hall, 1972). 

4.7 Stress-induced neuroplasticity in the central n ucleus of the amygdala 

By measuring different variables, including nuclear volume, number of neurons, and 

soma size, stress-induced neuronal plasticity and stability were examined within the 

central nucleus of the amygdala in C. perspicillata. Following chronic immobilization, 

a slight decline in nuclear volume of the left central nucleus and decreased neuronal 

soma sizes within the right central nucleus of the amygdala were found. These 

findings support the notion that brain regions involved in the neuronal circuitry 

mediating behavioral and physiological responses are affected by stress itself, and 
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may emphasize the role of the central nucleus in cellular mechanisms underlying 

stress-related diseases.  

A decline in amygdala volumes was demonstrated in a number of human 

neuroimaging studies focussing on neuroplastic changes following stressful life 

events and in stress-related psychiatric disorders. For instance, lower gray matter 

volumes were found in people who had experienced the World Trade Center disaster 

in 2001 (Ganzel et al., 2008) and in adult survivors of childhood abuse suffering from 

borderline personality or posttraumatic stress disorder (Bremner et al., 1997; 

Schmahl et al, 2003), suggesting a strong involvement of the amygdala in the 

pathogenesis of these disorders. This is supported by studies demonstrating a strong 

correlation between amygdala neuroplasticity and illness duration, symptoms, and 

severity, e.g., in posttraumatic stress disorder (Rogers et al., 2009) and 

schizophrenia (Rajarethinam et al., 2001). Although, neuroimaging techniques 

enable in vivo characterization of neurophysiology and neuromorphology, no data 

about the contribution of distinct amygdaloid nuclei and the neuronal mechanisms, 

e.g., through neuronal cell loss, reduction in neuronal size, or dendritic remodulation, 

to the volume decline could be assessed (e.g., Drevets, 2000). By revealing 

neuromorphological changes, our data suggest that neurobiological mechanisms 

within the central nucleus of the amygdala may contribute to the decreased 

amygdala volumes found after human stress exposure and in related psychiatric 

disorders, though maybe through different mechanisms in both hemispheres.  

4.7.1 Stress-induced neuromorphological changes in the central nucleus 

The results indicated that both left and right central nucleus underwent 

neuroplasticity following chronic immobilization stress, but in different manifestations: 

a significant decrease of neuronal soma sizes in the right and a decline by trend in 

nuclear volumes in the left central nucleus.  

In connection with several disorders, a number of postmortem studies in humans 

revealed a decline in neuron size in brain regions processing emotions and stress 

responses. For instance, in the amygdala of patients who suffered from Alzheimer's 

disease, a significant neuronal shrinkage was found (Scott et al., 1992). Herein, 
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medium and large neurons were preferentially affected resulting in a shift in size 

distribution to smaller neurons (Vereecken et al., 1994) that was also detected in C. 

perspicillata (present study). Furthermore, a decline in neuronal size and reduced 

density of large neurons were reported in studies of postmortem brains from subjects 

with depression (e.g., Rajkowska et al., 1999; Cotter et al., 2001), bipolar disorder 

(Cotter et al., 2002), and schizophrenia (Rajkowska et al., 1998). Since several 

studies also found a reduced glia cell density (Scott et al., 1992; Cotter et al., 2002), 

some authors proposed that a decline in neuron size may be due to a diminished 

trophic glial cell support. However, no stress-induced differences in glia numbers 

were found in the present study. 

Following prenatal stress, an increase in apoptotic cells was described for the 

hypothalamus (Fujioka et al., 1999) and reduced neuron numbers were observed in 

the basal, lateral, and central nucleus of the amygdala in rats (Kraszpulski et al., 

2006). Moreover, adult amygdalar and hippocampal neurogenesis are thought to be 

influenced by several factors, including external environment, social interaction, and 

stress (Gould et al., 1997; Fowler et al., 2002, 2009). By showing constant cell 

numbers in both left and right central nucleus for treatment group and controls, 

however, our results did not suggest any impairment of neurogenesis and apoptosis 

following immobilization stress. Also following chronic unpredictable stress, Pêgo et 

al. (2008) did not found any differences in the total number of neurons between 

treatment group and controls in the bed nucleus of stria terminalis or amygdaloid 

nuclei, although nuclear volumes of the bed nucleus were significantly increased. 

Thus, dendritic remodeling and / or changes in cell volumes seem to contribute to the 

stress-induced volume increase in the bed nucleus of stria terminalis (Pêgo et al., 

2008). Actually, the authors reported on a significant increase in the total length of 

dendrites and total number of spines in the bed nucleus, as well as a significant 

increase in cell volumes (Pêgo et al., 2008). However, despite the significant decline 

in neuronal size no corresponding differences in nuclear volumes were detectable for 

the right central nucleus of C. perspicillata (present study).  

Since a decrease, neither in total number of neurons nor in soma size was found in 

the left central nucleus in C. perspicillata, the nuclear volume decline may also be 
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explained by changes in dendritic arborization or length, although, these variables 

were not examined in the present study. Following chronic stress, neurons of the 

basolateral amygdala show dendritic hypertrophy and an increase in spine density 

(Vyas et al., 2002, 2004; Mitra et al., 2005), whereas in contrast, dendritic atrophy 

and a decrease in spine density were found in hippocampal neurons (e.g., Magariños 

et al., 1996; Vyas et al., 2002). Vyas et al. (2002) proposed that these contrasting 

neurobiological mechanisms might be associated with different functions of 

hippocampal and amygdaloid inputs to the hypothalamus. By having an excitatory 

influence, the hippocampus may enhance GABAergic processes in the hypothalamus 

leading to suppression of the hypothalamo-pituitary-adrenal axis, whereas inhibitory 

projections from the amygdala to the hypothalamus may produce the opposite effect. 

Thus, stress-induced amygdala activity would lead to an imbalance in hypothalamo-

pituitary-adrenal axis functioning by a reduction in hippocampal inhibitory control and 

enhanced amygdaloid excitatory control (Vyas et al., 2002).  

Nevertheless, in contrast to the enhanced spine density in the basolateral complex, 

stress-induced spine retraction was found in the medial nucleus of the amygdala 

(Bennur et al., 2007; Marcuzzo et al., 2007). Since both medial and central nucleus 

have the same ontogenetic origin and share neurochemical features and functions 

(e.g., Nitecka and Frotscher, 1989; Sah et al., 2003), it seems likely that the two of 

them may undergo similar alterations following stress. Thus, the decline of left 

nucleus volumes in C. perspicillata might be explained by an increase in neuropil, 

however, no stress-induced changes were found in total dendritic length in the 

central nucleus of rats (Vyas et al., 2003), although the authors did not mention 

whether left or right (or both) nuclei were analyzed. Nevertheless, the cellular 

substrates underlying the functioning of the neuronal circuits involved in the 

hypothalamo-pituitary-adrenal axis, and how the distinct components of these circuits 

are affected by stress, remains to be fully understood. Further investigations are 

needed to clarify possible stress-induced changes in dendritic remodeling in the 

central nucleus of the amygdala, e.g., by applying Golgi techniques which provide 

more detailed information about dendritic and axonal morphology and dendritic spine 

density. 
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4.7.2 Stress-dependent effects on neuronal plastici ty: chronic immobilization 

vs. unpredictable stress 

Following chronic unpredictable stress, dendritic remodelling accompanied by 

increased nuclear and cell volumes were found in the anteriomedial area of the bed 

nucleus of stria terminalis, which is also implicated in mediating emotional behavior 

and the neuroendocrine control of stress responses (Pêgo et al., 2008). The bed 

nucleus of stria terminalis is thought to be continuous with the central and medial 

nucleus of the amygdala and some authors (e.g., Alheid et al., 1995; Alheid, 2003) 

proposed its inclusion into the so-called "extended amygdala". However, Pêgo et al. 

(2008) failed to reveal significant differences in nuclear and cell volume, total number 

of neurons, and dendritic length between treatment group and controls in the 

amygdaloid nuclei.  

In line with this, Vyas et al. (2002) stated that chronic immobilization stress induced 

dendritic remodeling in neurons of the basolateral complex, whereas chronic 

unpredictable stress (as used by Pêgo et al., 2008) failed to cause structural changes 

in the very region. Since our results also suggested neuroplastic changes in nuclear 

volumes and neuron sizes following chronic immobilization stress, chronic 

unpredictable stress seems obviously not suitable for inducing morphological 

changes in the amygdaloid nuclei. These findings were partially supported by the 

work of Pêgo et al. (2008) itself showing that subcutaneous injection of 

corticosterone, unlike chronic unpredictable stress, at least led to an increase of the 

total number of spines and spine density, suggesting altered synaptic transmission.  

Pêgo et al. (2008) explained the contrary effects of chronic unpredictable (their work) 

and chronic immobilization stress (Vyas et al., 2002, 2004) by the stimulus specificity 

of neuronal networks responsible for emotionality, suggesting that the awareness of 

inescapability caused by immobilization results in the expression of fear rather than 

anxiety. Davis (1998) stated that unlike the sentiment and expression of (stimulus-

specific) fear, the something more unspecific like anxiety is not predominantly 

associated with the amygdala, but with the bed nucleus of stria terminalis, which 

indeed showed structural changes following chronic unpredictable stress (Pêgo et al., 

2008). Nevertheless, chronic immobilization stress admittedly involves a physical 
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component represented by immobilization, but is thought to have its main effect as a 

psychological stressor due to the awareness of inability to escape (Glavin et al., 

1994; McLaughlin et al., 2009). Psychological stressors were described to have more 

severe effects in mammals as compared with physical stressors (e.g., Gavrilović and 

Dronjak, 2006). To draw conclusions from animal models to humans (including 

human psychopathologies), suitable stressors appear useful to apply: In humans the 

most common stressors are of a psychological nature (Kessler et al., 1985; Kessler, 

1997; Bjorkqvist, 2001) and do not comprise aversive stimuli, like electric foot shock, 

cold exposure, water and food deprivation (as commonly used in the chronic 

unpredictable stress paradigm). 

4.7.3 Lateralisation in the amygdaloid complex 

Lateralized effects of stress on the amygdala, similar to those found in our study in 

C. perspicillata, were also described in human neuroimaging studies focussing on 

morphological and metabolical changes following stressful life events and / or 

associated with stress-related psychiatric disorders. Actually, several studies 

reported on lateralized findings in subjects suffering from generalized anxiety 

(Milham et al., 2005), posttraumatic stress disorder (Rogers et al., 2009), 

schizophrenia (Rajarethinam et al., 2001), and dissociative identity disorder 

(Vermetten et al., 2006), suggesting a strong involvement of the left amygdala in the 

pathogenesis of these stress-related psychiatric disorders. Further, in depressed 

patients, a decline in gray matter density of the left amygdala was found, with its 

amount being correlated to the course and severity of illness (Frodl et al., 2010). A 

relationship between illness duration, symptoms, and severity on one side and left 

amygdala volumes on the other side was also found in patients suffering from 

posttraumatic stress disorder and schizophrenia (Rajarethinam et al., 2001; Rogers 

et al., 2009).  

Together, all these findings emphasize the role of the amygdala in the aetiology of 

stress-related psychopathologies. Neuroplastic changes in this brain structure are 

related to symptoms, such as emotional dysregulation, impaired recognition of facial 

expression, and abnormal fear-extinction. However, to date, the cerebral 
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lateralization of stress effects and the underlying mechanisms are still unknown. 

Several studies examined the lateralization of amygdala functioning in general, 

partially with contradictory results. To name but a few, meta-studies focussing on the 

lateralization in emotional processing in humans revealed a predominant involvement 

of the left amygdala in negative emotions (Wager et al., 2003; Baas et al., 2004), 

whereas the right amygdala appeared to be greater involved in fear conditioning 

(Baker and Kim, 2004). In contrast, studies using PET and fMRI clearly showed that 

responses in the amygdala of the left hemisphere were significantly greater to fearful 

than to happy facial expressions. Moreover, the response in the left amygdala 

increased with increasing fearfulness and decreased with increasing happiness 

(Iversen et al., 2000). Other studies proposed that the right amygdala is more 

involved in rapid, dynamic emotional processing (Wright et al., 2001), mediating a 

global emotional reaction by any arousing stimulus (Gläscher and Adolphs, 2003), 

whereas the left amygdala could be specialized for more specific, sustained 

emotional evaluations.  

However, little is known about the functional lateralization on the level of distinct 

amygdaloid nuclei. Actually, regarding the central nucleus, such differences in 

hemispheric functioning seem to exist. Recent studies reported on neuronal plasticity 

related to emotional-affective aspects of pain and pain modulation in the right central 

nucleus of the amygdala (Ji and Neugebauer, 2009; Minami, 2009). Our results in C. 

perspicillata indicated that both left and right central nucleus underwent 

neuroplasticity following chronic immobilization, but in different manifestations: a 

decline in nuclear volumes in the left and a decrease of neuronal soma sizes in the 

right nucleus. Whether these findings reflect different aspects of central nucleus 

processing, e.g., nuclear volume decline in the left hemisphere due to recurrent and 

prolonged (sustained evaluation) immobilization (negative stimuli), remains unclear. 

Possibly, also the manifestation of neuroplastic changes in several 

psychopathologies mainly in the left brain hemispheres might be explained by the 

functional lateralization of stress processing from long-lasting stress associated with 

negative stimuli (e.g., abuse or psychosocial conflicts). However, if neuroplasticity in 

the right hemispheres would occured in the above mentioned studies, but been 
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restricted to alterations in cell size, as observed in the present study, these changes 

would have been missed due to the limited spatial resolution of neuroimaging 

techniques. Finally, to understand hemispheric lateralization of amygdaloid 

functioning and the underlying mechanisms, as well as how and to which extent 

distinct amygdaloid nuclei are involved in emotional stress processing, awaits further 

studies.  

4.8 Cellular mechanisms involved in the pathogenesi s of stress-related 

disorders 

In general, less is known about the mechanisms underlying an either uni- or bilateral 

decline in amygdala volumes in stress-related psychopathologies. Using 

neuroimaging techniques, some neuropathologic signs were revealed, including 

changes in glucose metabolism and neuronal hyperreactivity and -excitability (e.g., 

Bremner et al., 1997; Drevets, 2001, cf. chapter 1.3.1). By providing further insights 

into the functioning of distinct amygdaloid nuclei, animal models have lend support to 

the hyperreactivity and -excitability hypothesis postulated by neuroimaging studies in 

humans.  

Since Rodriguez-Manzanares et al. (2005) demonstrated that stress impaired the 

inhibitory control of GABAergic neurons in the basolateral amygdala, enhanced 

amygdaloid processing could possibly be explained by a failure in inhibition that, in 

turn, lead to an increased neuronal activity and plasticity, e.g., by facilitating the 

induction of long-term potentiation (Vouimba et al., 2006; Markram et al., 2008). By 

mediating endocrine, autonomic, and behavioral responses to stress, the 

corticotropin-releasing factor is a key neurotransmitter (Smagin et al., 2001; Rainnie 

et al., 2004). Following the injection of a corticotropin-releasing factor receptor 

agonist into the basolateral amygdala, rats developed anxiety-like behavior that 

persisted over > 30 days and was associated with a concomitant hyperexcitability of 

the basolateral amygdala (Rainnie et al. 2004). On the cellular and molecular level, 

Rainnie et al. (2004) showed that the amygdala hyperexcitability is based on a 

specific loss of GABAA receptor-mediated inhibition, which led to an increase in 
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NMDA receptor-mediated excitation of basolateral amygdala projection neurons. 

Interestingly, the stress-induced hypertrophy in dendritic basolateral neurons 

described by Vyas et al. (2002, 2004) was restricted to stellate and pyramidal 

neurons, which presumably are excitatory projections neurons (McEwen and Olié, 

2005). Moreover, Kraszpuski et al. (2006) postulated a loss of GABAergic 

interneurons following prenatal stress, leading to disinhibition of excitatory 

glutamatergic cells. Following NMDA receptor activation, several intracellular 

cascades are initiated, like the calcium-calmodulin-dependent protein kinase II 

signaling cascade, which induces neuronal plasticity and plays also a key role in 

learning and memory (Yamauchi, 2005). Rainnie et al. (2004) postulated that 

neuroplasticity in the basolateral amygdala, mediated by corticotropin-releasing 

factor, may induce a complex signaling cascade leading to an imbalance of excitatory 

and inhibitory processes that is responsible for the development of stress-related 

disorders or, at least, contribute to their pathogenesis. The involvement of the central 

nucleus in these processes must await further studies (see below).  

4.8.1 The central nucleus' involvement in the patho genesis 

In recent clinical studies, hyperactivity of brain systems mediating stress, i.e., 

corticotropin-releasing factor systems, was discussed to be responsible for deficits in 

brain reward function, which is one of the core symptoms of depression (Barr and 

Markou, 2005; Bruijnzeel and Gold, 2005). Actually, the central nucleus of the 

amygdala is thought to be one of the regions through which corticotropin-releasing 

factor mediates the deficits in reward function (Marcinkiewcz et al., 2009). This 

hypothesis could be supported by animal studies revealing that the central nucleus 

expressed glucocorticoid receptors (Aronsson et al., 1988; Fuxe et al., 1985) and 

contained corticotropin-releasing factor-immunoreactive neurons (Eliava et al., 2003). 

It was further shown that glucocorticoid application increases corticotropin-releasing 

factor mRNA in the central nucleus of the amygdala (Makino et al., 1994; Schulkin et 

al., 1998). This finding suggests an involvement of the central nucleus in the positive 

feedback system caused by glucocorticoids resulting in an increased production of 

glucocorticoids. Furthermore, Akana et al. (2001) showed that glucocorticoid 
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application in the central nucleus did not affect the acute stress responsiveness, but 

potentiated the autonomic responses to chronic stress exposure. 

 

Even when combining findings from neuroimaging studies and animal models, to 

date, little is known about the neuronal fundamentals of amygdala processing, the 

involvement of distinct nuclei, and their implication in the prolonged, exaggerated, 

and uncontrolled stress responses leading to the development of stress-related 

disorders. By revealing a decline by trend in nuclear volume of the left and decreased 

neuronal soma size of the right central nucleus of the amygdala following chronic 

immobilization, our study contributed to the pool of data concerning stress-induced 

neuroplasticity in emotion-relevant brain regions. The results argue against the notion 

of the central nucleus as a passive relay of outputs of the basolateral complex 

towards downstream regions, and instead support recent studies suggesting plastic 

changes in aversive Pavlovian learning to occur (e.g., Bahar et al., 2003; Goosens 

and Maren, 2001; Samson and Paré, 2005). Nevertheless, by being affected, our 

data at least strongly suggest an involvement of the central nucleus in the emotional 

processing of chronic immobilization stress and its outcomes. This is in line with a 

work by Bhatnagar and Dallman (1998), indicating that this nucleus is selectively 

activated by chronic stress, suggesting an involvement in neuronal facilitation 

processes.  

In addition, the central nucleus is implicated to be also involved in a specific 

extrahypothalamic sympatho-adreno-medullary system mediating stress-induced 

vegetative, behavioral, and affective changes (Eliava et al., 2003). This, together with 

the nucleus's crucial roles in the positive feedback system caused by glucocorticoids, 

in modulating emotion-related memory storage (McDannald et al., 2005), and in 

mediating negative emotional states associated with deficits in reward-related 

behavior (Marcinkiewcz et al., 2009), points towards a key role of the central nucleus 

in abnormal processes underlying the uncontrolled stress responses implicated in the 

aetiology of psychiatric disorders. Whether the mechanisms underlying emotional 

and stress processing in the central nucleus resemble those described for the 

basolateral complex, i.e., hyperexcitability due to disinhibition of excitatory 
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glutamatergic neurons resulting in disinhibiting of autonomic brainstem centers (see 

above), need to be clarified in future studies. It is very likely that the amygdaloid 

nuclei play a crucial role in the pathogenesis of stress-related psychopathologies, but 

only by interacting with other, equally important, stress affected brain regions, like the 

hippocampus, anterior and medial prefrontal, and anterior cingulate cortex (Rauch et 

al., 2006). 

4.9 In search for neuronal substrates underlying th e interindividual 

differences in resilience to stressors and suscepti bility to develop stress-

related psychiatric disorders 

As mentioned afore, less is known about the neuropathological leading to stress-

induced alterations in brain morphology (cf. chapter 1.3.1). Further, the correlation 

between neuroplastic changes and psychological outcomes remains to be 

understood, i.e., whether a decline in amygdala volumes may be caused by yet 

unknown factors during psychopathogenesis or they have predisposing effect on the 

aetiology or both (Frodl et al., 2003; A van der Plas et al., 2010). Although a lot of 

studies pointed in the former direction, neuroimaging studies in healthy girls 

demonstrated that there is a correlation between amygdala volume and fearfulness 

associated with a positive nuclear family history of depression, indicating that 

structural variability as an endophenotype may underlie susceptibility for stress-

related pathology (A van der Plas et al., 2010).  

Regardless of whether altered brain structures are a response to or a cause of 

stress-related psychiatric disorders, it remains to be clarified why threatening 

situations and stressful life episodes affect individuals differently (i.e., why some 

people are more vulnerable to these structural changes and to develop 

psychopathologies and others not). For instance, subjects who had experienced the 

Tokyo subway sarin attack in 1995 and developed posttraumatic stress disorder 

thereafter showed smaller amygdala volumes as compared to survivors of the same 

disaster without a history of posttraumatic stress disorder (Rogers et al., 2009). The 

usage of animal models for mimicking behavioral, physiological, and neurobiological 



Discussion 
 

84 
 

changes similar to symptoms of human psychopathologies was already discussed in 

detail in chapter 1.4. By unraveling neurobiological molecular and cellular substrates 

(e.g., regarding the influence of genetic factors, maternal and social experience) 

underlying interindividual differences in coping strategies in animals, recent studies 

set out to also explain differences in human's resilience to a stressor or susceptibility 

and predisposition to develop psychiatric disorders. In response to predator stress 

(i.e., exposure to a cat for ten minutes), some rats exhibit hyperarousal and 

generalized anxiety (mal-adapted animals), characteristics resembling symptoms of 

posttraumatic stress disorder, whereas some animals appear to be unaffected (well-

adapted animals). Using this stress paradigm, several interindividual differences in 

gene expression were found, including upregulation of the activity-regulated 

cytoskeletal-associated protein mRNA expression in well-adapted animals 

(Kozlovsky et al., 2007b) and downregulation of galanin and brain-derived 

neurotrophic factor mRNA expression in mal-adapted animals (Kozlovsky et al., 

2007a, 2009). These proteins have important neurotrophic and homeostatic functions 

and are supposed to be implicated in mediating experience-induced structural and 

functional plasticity (i.e., influence on synaptic connectivity, consolidation of long-term 

memory) that may underlie behavioral and neurobiological manifestations of stress-

related psychiatric disorders. Recently, Mitra et al. (2009) demonstrated that 

differences in interindividual stress-coping strategies in rats (i.e., well- vs. mal-

adapted behavior) are associated with corresponding differences in dendritic 

morphology in the basolateral amygdala. The authors grouped the animals according 

to their exploratory activity and risk assessment behavior shown in the elevated plus 

maze. Rats previously exposed to stress exhibited either a decrease (classified as 

mal-adapted) or an increase in exploratory activity (classified as well-adpated), 

whereas the controls fell between both groups. Neurons in the basolateral amygdala 

of well- and mal-adapted animals and controls differ in dendritic length, number of 

branch points, branch packing, and extend of dendritic tree (Mitra et al., 2009). For 

instance, rats classified as well-adapted had significant shorter dendrites but a higher 

degree in arborization as compared to mal-adapted rats and controls suggesting that 
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this neuronal plasticity in the basolateral amygdala prevents maladaptive effects of 

stressful life events. 

By displaying either increased (behavioral type 1) or decreased (behavioral type 2) 

locomotor and exploratory activity in the custom-made plus maze, the individual 

coping behaviors of C. perspicillata (present study) resembled those of rats following 

predator stress (i.e., well- vs. mal-adapted) described by Mitra et al. (2009), where 

the control animals also showed an intermediate behavior (see above). However, 

between both coping strategies, no differences in nuclear volume, total number of 

neurons, and neuron size were found within the central nucleus of the amygdala in 

C. perspicillata. Whether stress-induced changes in dendritic morphology, similar to 

that found in the rat basolateral amygdala, may also occur in the central nucleus 

must await further studies. Nevertheless, it should be noted, that in the work of Mitra 

et al. (2009) each group (i.e., well- and mal-adapted) consisted of only four rats that 

were selected from a variety of 81 animals and fulfilled as best the criteria of either 

more or less anxious animals. Although, in the present study, a selection of animals 

according to extreme behaviors was not done, it could also be showed that 

C. perspicillata displayed divergent adaptive behaviors in the plus maze. Further, a 

single exposure to a predator for ten minutes (as used in the work by Mitra et al., 

2009) might have had a less grave impact on neuromorphology as compared to 

repeated immobilization (one hour per day for ten consecutive days; present study). 

Following chronic immobilization, Vyas et al. (2002, 2003) reported on enhanced 

anxiety correlated with an increase in dendritic arborization in the basolateral 

amygdala. Although, in the study by Mitra et al. (2009), mal-adapted animals showed 

more anxious behavior compared to controls, no differences in neuromorphology 

were observed. This suggests that predator stress for ten minutes might be not 

strong enough for producing neuroplastic changes in all animals. This, in turn, would 

question the conclusion of the authors (Mitra et al., 2009) that the neuronal changes 

in well-adapted animals might indicate a resilience marker against stress, maybe 

these animals actually were more susceptible for the stressor. The different 

behavioral and neuromorphological manifestations of predator stress possibly could 

have been explained by differences in hypothalamo-pituitary-adrenal axis activity, 
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(e.g., a higher or lower stress hormone concentration in well-adapted as compared to 

mal-adapted animals), however, Mitra et al. (2009) did not assess stress hormone 

levels.  

4.10 Final discussion and outlook 

In the present project, the influence of chronic immobilization stress on the stress 

hormone level, the behaviors, and the neuronal plasticity and stability in the central 

nucleus of the amygdala was investigated in the Short-tailed fruit bat, Carollia 

perspicillata. By using a human enzyme immunoassay, a method for fecal cortisol 

analysis was established and successfully validated in the Short-tailed fruit bat, C. 

perspicillata. The stress hormone analysis revealed that subjecting bats to chronic 

immobilization stress results in a significant increase of fecal cortisol, indicating 

immobilization as an appropriate stressor in this bat species. 

Further, by adapting a commonly used behavioral paradigm for characterizing stress-

coping styles of animals (i.e. the elevated plus maze) to bats, the influence of chronic 

immobilization on the behavior of C. perspicillata was examined. Obviously, the 

stress paradigm was sufficient to evoke adaptive behavioral changes in bats. 

Moreover, by displaying either increased (behavioral type 1) or decreased 

(behavioral type 2) locomotor and exploratory activity, animals previously subjected 

to chronic immobilization stress seemed to show divergent adaptive behaviors, 

apparently indicating different coping strategies of the individuals 

The results of the neuromorphological study revealed that both left and right central 

nucleus underwent neuroplasticity following chronic immobilization stress: a 

significant decrease of neuronal soma sizes in the right and a decline by trend in 

nuclear volumes in the left central nucleus were found.  

 

In conclusion, the results of the present study suggest that a higher hypothalamo-

pituitary-adrenal axis activity due to chronic immobilization stress leads to neuronal 

plasticity in the central nucleus with concomitant behavioral changes. These findings 

support those obtained from the basolateral amygdala and hippocampus showing 
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that brain regions involved in mediating behavioral and physiological responses are 

affected by stress itself. Further studies are needed to unravel the neurobiological 

mechanisms underlying stress-induced neuroplastic and functional changes and their 

implication in regulation of homeostasis, e.g., regulation of hypothalamo-pituitary-

adrenal axis. By being involved in the hypothalamo-pituitary-adrenal axis (Iversen et 

al., 2000) and a specific extrahypothalamic sympatho-adreno-medullary system 

(Eliava et al., 2003), the central nucleus of the amygdala has a key role in mediating 

appropriate behavioral and physiological responses to stress. Interactions between 

the central nucleus and glucocorticoids might be important for understanding the 

prolonged, exaggerated, and uncontrolled stress responses (e.g., dysregulation of 

hypothalamo-pituitary-adrenal axis activity) that are thought to be responsible for the 

development of stress-related psychiatric disorders. 

By having a considerably effect on hypothalamo-pituitary-adrenal axis activity and 

behavioral outcomes, chronic immobilization appeared suitable for examining stress-

induced neuroplastic changes in the brain of C. perspicillata. Moreover, following 

aversive experiences, bats displayed divergent adaptive behaviors providing an 

animal model for studying interindividual's resilience to stress and susceptibility to 

develop stress-related disorders.  

 

In animal models and humans, stress-induced behavioral (e.g., anhedonia and 

motivational deficits) and neuromorphological outcomes are reversible by treatments 

with well-established antidepressants, like citalopram and fluoxetine (e.g., Grippo et 

al., 2006; Rygula et al., 2006; cf. chapter 1.4.1). Further, the role of the amygdaloid 

complex in mediating antidepressants effects was emphasized in a study of Castro et 

al. (2010) demonstrating that the basolateral complex regulates the positive effects of 

fluoxetine on hippocampal cell proliferation and survival and on related depression-

like behavior. Although antidepressants were widely used for treatment of several 

psychiatric diseases, such as depression, anxiety, and posttraumatic stress disorder, 

they have a number of severe side effects and their overall efficacy is controversially 

discussed. For many patients it is difficult and long-lasting to find the appropriate 

medication or combination of drugs to achieve the desired clinical effects, which is 
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further complicated by the latency of six to eight weeks until clinical improvement 

(Baghai et al., 2006; Ruhé et al., 2006). Moreover, the efficacy of antidepressants 

differs with the grade of severity of the disease resulting in minimal or nonexisting 

benefits in treatment of patients with mild or moderate depressions (Fournier et al., 

2010). Thus, there is a general agreement in need of further and better treatments for 

mental disorders.  

In the recent years, psychological interventions have received more and more 

attention in the treatment of mental disorders and have become a great objective in 

neurobiological, psychiatric, and psychoneuroimmunological research (Schubert and 

Schüssler, 2009). The latter is a recently established research area with an 

interdisciplinary approach focussing on the relationships and interactions between 

psychological and physiological processes and immunological functioning. 

Psychotherapeutic treatments, such as cognitive-behavioral treatment, and several 

relaxation and meditation techniques have been considered to have considerable 

influences on behavior and physiology (e.g., Ortner et al., 2007; Hölzel et al., 2011; 

Perlitz et al., 2011). A recent study focussed on the correlation between perceived 

stress and morphological changes in the amygdala in humans, providing the first 

evidence for neuroplastic changes associated with changes in psychological states 

(Hölzel et al., 2010). In this neuroimaging study, subjects employed a popular 

meditation technique about eight weeks (i.e., Mindfulness-based stress reduction; 

Kabat-Zinn, 1990). Decreases in self-reported stress were found to correlate with 

changes in amygdaloid gray matter density (Hölzel et al., 2010). Herein, due to its 

involvement in regulation of the autonomic nervous system, and thus in, e.g., 

relaxation and meditation processes, the central nucleus might be implicated in these 

neuroplastic changes. Several studies showed that Mindfulness-based stress 

reduction significantly reduces stress levels and enhances psychological well-being 

(Chang et al., 2004; Carmody and Baer, 2008). The meditation technique is based on 

paying attention to and cultivating awareness of present moment experiences such 

as thoughts, emotions, and physical sensations (e.g., breathing, walking, sitting; 

Kabat-Zinn, 1990). Thus, an active awareness of the body, the surrounding world, 

and emotional responses apparently lead to beneficial neuroplastic alterations 
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related to an increase in well-being. Equally, in psychotherapeutic approaches for 

treatment of phantom limb pain, which is as well characterized by maladaptive 

plasticity, the brain's ability to change in response to experiences is specifically used 

to achieve clinical improvements. The efficacy of conventional pharmacological 

treatments of phantom limb pain, as well, is very low, i.e., only 8-10% of patients 

receive long-lasting improvement (Sherman et al., 1984). However, recent studies 

reported on considerable pain relief and reduction in unpleasantness of constant pain 

following mental practice with motor imagery (e.g., Moseley et al., 2006; MacIver et 

al., 2008) and mirror therapy (Ramachandran et al., 1995, 1996, 1998). Here, 

imagery of movements and illusions of the amputated limb were successfully applied 

to reverse maladaptive neuroplastic changes, i.e., cortical reorganization in 

somatosensory and motor cortex, and to clinically improve perceived pain. Thus, 

mental practice can not only be used in musicians and sportsmen to improve motor 

skills (cf. chapter 1.3.), but is also a powerful tool in clinical treatment of several 

disorders.  

Interestingly, even writing down problems, for example in diaries, has a considerable 

influence on people's psychological well-being and physiological and immunological 

functioning (Schubert, 2008). Furthermore, by modulating the hypothalamo-pituitary-

adrenal axis and vegetative nervous system (e.g., House et al., 1988; Uchino et al., 

1996; Thorsteinsson and James, 1999), affiliative behaviors and social support, 

including physical contact experienced in social bondings (i.e., touching, hugging, 

cuddling; Taylor et al., 2000), can enhance the individual's resilience to stress and 

provide a buffer against stress-related disorders (Cohen and Willis, 1985; Carter, 

1998; DeVries et al., 2003). This might explain the beneficial "tend and befriend" 

reaction used by females aiming to cope with threatening situations (cf. chapter 1.2; 

Taylor et al., 2000). Actually, Bickart et al. (2010) demonstrated that the amygdala 

volume increases with the size and complexity of the individual's social networks. In 

contrast, psychosocial stress has devastating consequences on psychological states 

and neuromorphology of brain regions mediating emotions (e.g., dendritic atrophy 

and debranching in hippocampal neurons; Margariños et al., 1996), and social 

withdrawal or isolation is thought to induce psychiatric disorders, like schizophrenia 
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(e.g., van Os et al., 2000; Hoffman, 2007). Even, socioeconomic status (in humans) 

and social rank (in animals) influence individual's health (e.g., by physiological and 

immunological factors) and psychological well-being, also in association with the 

aetiology of psychiatric disorders (Sapolsky, 2004). 

In conclusion, although internal factors (e.g., genetic predisposition; Levinson, 2006) 

are thought to contribute to the pathogenesis of stress-related psychiatric disorders, 

also many external factors, such as maternal experiences, social support, self-

referential processing, and perspective taking have an important influence on the 

impact of a stressor and the development, maintaining, and treatment of 

psychopathologies. Mental processes can be used beneficially to produce positive 

effects on physical health and psychological well-being, diminish the impact of 

stressors, and ameliorate symptoms of a number of disorders, including depression 

(Teasdale et al., 2000) and anxiety (Roemer et al., 2008). In the last decades, there 

has been an increasing prevalence rate of psychiatric disorders (e.g., Klerman and 

Weissman, 1989; Cross-National Collaborative Group, 1992), and for instance, 

unipolar depression was the leading cause of disease burden in middle- and high-

income countries in year 2004 (World Health Organization, 2008). Many clinicians 

are quick to prescribe psychotropic drugs, and actually, antidepressants were the 

most prescribed drugs in middle-aged adults (ages ranging from 20 - 59) in the 

United States (Gu et al., 2010). Nevertheless, there may be more beneficial 

alternative therapies, i.e., psychosocial and psychological interventions, at least for 

disorders with mild and moderate outcomes. Recent neuroimaging studies 

underpinned the effectiveness of such approaches with neuromorphological findings, 

though yet, little is known about the underlying neural mechanisms (e.g., Lazar et al., 

2005; Pagnoni and Cekic, 2007; Hölzel et al., 2010, 2011; Luders et al., 2009; 

Vestergaard-Poulsen et al., 2009). For understanding the underlying cellular 

mechanisms, animal models are strongly needed. Actually, recent studies 

demonstrated beneficial effects of social support on neurogenesis and in maintaining 

the functioning of the serotonergic system in chronically stressed rats (Westenbroek 

et al., 2003a, b, 2004). Since individuals of Phyllostomid bats are highly social 

animals, C. perspicillata could provide a suitable animal model for studying the 
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effects of social support on brain and behavior. Psychological interventions may not 

only reverse, but also prevent maladaptive plasticity leading to the aetiology of 

stress-related psychiatric disorders. Besides, becoming more aware in present 

moment experiences and emotions may improve the quality of life and help 

individuals to develop behavioral strategies for coping with everyday life stress in the 

fast and hectic world of modern society. 
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5 Abstract 

Keeping the gate - experience-dependent neuronal pl asticity and 

stability in an output station of the amygdala 

 

Sandra Ammersdörfer 

 

Behavioral and physiological responses to stress enable an organism to cope with 

threatening situations. Although protective in the short-term, stress responses may 

have pathological long-term effects presumably due to a prolonged, inadequate, or 

exaggerated endocrinologic and autonomic functioning. Stress hormones, like 

cortisol, are supposed to contribute to the pathogenesis of psychiatric disorders by 

having devastating consequences on brain function and structure, predominantly on 

brain regions that are crucial for emotional processes and the evaluation of stressful 

situations (e.g., the amygdala). Pathological brain changes as well as behavioral 

outcomes (e.g., anhedonia) similar to that observed in human patients suffering from 

stress-related psychiatric disorders, can be provoked in animals by exposing them to 

stressful situations. Thus, animal models are widely used in neurobiological research 

to mimic certain aspects of these diseases aiming to understand the neuronal 

mechanisms involved in their aetiologies. 

The primary objective of this project was to examine stress-induced neuronal 

plasticity and stability within the main output station of the amygdala, i.e., the central 

nucleus. The central nucleus has a key role in the mediation of physiological and 

behavioral stress responses and is strongly involved in the hypothalamo-pituitary-

adrenal axis regulating the production of stress hormones. For the purpose of this 

project, the first step was to establish and evaluate a suitable stress paradigm for our 

animal model, the Short-tailed fruit bat, Carollia perspicillata. For evaluating the 

selected stress paradigm (i.e., chronic immobilization stress) a two-stage approach 
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was chosen. First, a noninvasive and feedback free method for measuring fecal 

cortisol as a reliable physiological parameter for stress was successfully established 

and verified in the bat. Second, stress effects on the locomotor and exploratory 

behavior were examined by adapting a commonly used behavioral paradigm for 

characterizing stress coping styles in animals (i.e., the elevated plus maze) to bats.  

For stress induction, adult bats were subjected to chronic immobilization stress (one 

hour per day) over a period of ten days. For the stress hormone measurements, fecal 

samples were collected pre- and poststress. Following chronic immobilization, all 

animals studied exhibited a significant increase in fecal cortisol concentrations 

compared to prestress conditions suggesting that repetitive immobilization over ten 

days represented an effective stressor in this bat species. The successful 

establishment of a method for fecal cortisol analysis in the Short-tailed fruit bat, 

C. perspicillata, provides a practical tool for wildlife and stress research. 

For the behavioral study, the locomotor and exploratory behavior of each animal was 

analyzed in a custom-made plus maze for bats, consisting of four arms: two 

oppositely oriented arms were left sound-transmissive (termed “open”), whereas both 

of the other arms were made sound-reflective (termed "enclosed"). The plus maze 

was designed 3-dimensionally because of the bats' ability to fly. In this newly 

invented design, the behaviors of the stressed animals were compared with a control 

group (not subjected to immobilization) with respect to the percentage of time spent 

in the open arms and the flight activity in the entire maze. The results show that 

chronic immobilization stress changes the locomotor and exploratory behavior of 

C. perspicillata. Moreover, when exposed to the plus maze, stressed bats seem to 

display two divergent adaptive behaviors, apparently indicating different coping 

strategies of the individuals. 

The neuroanatomical part of this project was scheduled in two steps: First, based on 

cytoarchitectonic properties, an exhaustive parcellation of the bat's amygdala was 

done which did not exist for C. perspicillata before. Second, by measuring nuclear 

volume, total number of neurons, and neuronal soma size, stress-induced neuronal 

plasticity and stability within the central nucleus of the amygdala was examined. 

Following chronic immobilization stress, significant decreased neuronal soma sizes 
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within the right central nucleus and a slight decline in the nuclear volume of the left 

central nucleus of the amygdala were found. These findings were in line with recent 

literature demonstrating that brain regions involved in the neuronal processes for 

emotions and the mediation of behavioral and physiological responses are affected 

by stress itself.  

The central nucleus is often traditionally viewed as a passive relay of outputs of the 

basolateral complex toward downstream brainregions. This project supports recent 

evidence suggesting that the central nucleus may also be a target of neuroplastic 

changes and emphasizes its possible role in the cellular mechanisms underlying 

stress-related disorders. 
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6 Zusammenfassung 

Keeping the gate - Erfahrungsabhängige, neuronale P lastizität und 

Stabilität im Ausgangsnukleus der Amygdala 

 

Sandra Ammersdörfer 

 

Die Bewältigung einer bedrohlichen Situation wird einem Organismus durch 

physiologische Stressreaktionen und adaptive Verhaltensantworten ermöglicht. 

Obwohl diese Stressreaktionen den Organismus bei Bedrohung schützen, können 

sie langfristig gesehen, aufgrund einer anhaltenden, unangemessenen und / oder 

überhöhten Aktivtät des vegetativen und endokrinologischen Systems, pathologische 

Folgen nach sich ziehen. Es wird angenommen, dass Stresshormone, wie 

beispielsweise Cortisol, durch ihre verheerenden Auswirkungen auf die Funktion und 

Struktur des zentralen Nervensystems zur Pathogenese von psychiatrischen 

Erkrankungen beitragen. Von dieser maladaptiven Neuroplastizität sind vor allem 

Gehirnregionen betroffen, die eine wichtige Rolle in der Prozessierung von 

Emotionen und stressreichen Erfahrungen spielen (z.B. die Amygdala). Durch 

experimentelle Stresseinwirkung können in Versuchstieren physiologische, 

behaviorale und neuroplastische Veränderungen hervorgerufen werden, die den 

Symptomen menschlicher Psychopathologien ähneln. Tiermodelle werden daher 

vielfach zur Untersuchung der neuronalen Mechanismen eingesetzt, die der Ätiologie 

dieser Erkrankungen zugrunde liegen. 

Das primäre Ziel dieses Projektes bestand darin, stressinduzierte neuronale 

Plastizität und Stabilität im Ausgangsnukleus der Amygdala (d.h. im zentralen 

Nukleus) zu untersuchen. Für den Erfolg der Studie war es wichtig, ein geeignetes 

Stressprotokoll für unser Tiermodell, die Brillenblattnase (Carollia perspicillata), zu 

entwickeln. Hierzu wurde in einer ersten Studie eine nicht-invasive Methode zur 
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Messung von Cortisolkonzentrationen im Kot von Fledermäusen etabliert und 

verifiziert. In einer zweiten Studie wurde der Einfluss von Immobilisationsstress auf 

das lokomotorische und explorative Verhalten von C. perspicillata in einem speziell 

für Fledermäuse entwickelten Versuchsdesign („plus maze“) untersucht.  

Die Immobilisierung der Fledermäuse erfolgte an zehn aufeinanderfolgenden Tagen 

für jeweils eine Stunde am Tag. Für die endokrinologische Studie wurden Kotproben 

von Fledermäusen im ungestressten Zustand und nach Immobilisierung verwendet. 

Infolge der repetitiven Immobilisierung zeigten alle in der Studie untersuchten Tiere 

eine erhöhte fäkale Cortisolkonzentration im Vergleich zum ungestressten Zustand. 

Mit dieser Studie wurde erfolgreich eine Methode zur Messung von 

Cortisolkonzentrationen im Kot von Fledermäusen etabliert, die 

Anwendungsmöglichkeiten sowohl im wissenschaftlichen Bereich, wie auch im 

Wildtier-Management bietet.  

Der Einfluss von Immobilisationsstress auf das lokomotorische und explorative 

Verhalten der Fledermäuse wurde in einem Verhaltenstests analysiert, der in 

Nagetierstudien weitverbreitete Anwendung findet (hier: „elevated plus maze“), und 

entsprechend für Fledermäuse modifiziert wurde. Der Versuchsaufbau bestand aus 

vier kreuzförmig angeordneten Armen (jeweils zwei gegenüberliegende „offene“ 

Arme bzw. „geschlossene“ Arme) und war aufgrund der Flugfähigkeit der 

Fledermäuse 3-dimensional gestaltet. In diesem neu entwickelten Versuchsaufbau 

wurden die Verhaltensweisen von gestressten und ungestressten Tieren bezüglich 

der Flugaktivitätsrate und der Aufenthaltsdauer in den offenen Armen analysiert. Die 

Ergebnisse der Studie haben gezeigt, dass (1) Immobilisationsstress das 

lokomotorischen und explorative Verhalten von C. perspicillata beeinflusst hat und 

(2) die gestressten Tiere zwei unterschiedliche Verhaltensweisen aufwiesen, die als 

interindividuelle Stressbewältigungsstrategien interpretiert wurden.  

Der neuroanatomische Teil dieses Projekts war in zwei Ansätze gegliedert: (1) 

Basierend auf den zytoarchitektonischen Eigenschaften wurde eine umfangreiche 

Parzellierung der Amygdala von C. perspicillata durchgeführt. (2) Um den Einfluss 

von Immobilisationsstress auf die neuronale Plastizität und Stabilität zu untersuchen, 

wurde die Anzahl und die Somagröße der Neurone sowie das Volumen des 
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zentralen Nukleus gemessen. Während die Neuronenzahl konstant blieb, wurde eine 

tendenzielle Abnahme des linken Nukleusvolumens und eine signifikante 

Verkleinerung der Neuronen des rechten Nukleus infolge von Immobilisationsstress 

festgestellt. Der zentrale Nukleus wurde traditionell als eine passive Schnittstelle 

innerhalb der amygdaloiden Schaltkreise angesehen. Die Ergebnisse dieses 

Projektes unterstützen neuere Studien, die demonstriert haben, dass der zentrale 

Nukleus eine wichtige Rolle in der Prozessierung von Emotionen und Stress spielt, 

und weisen auf eine bedeutende Rolle in der Pathogenese von, mit Stress in 

Zusammenhang stehenden, psychiatrischen Erkrankungen hin. 
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8 Appendix 

Embedding medium 

11.24 g albumin (Fluka BioChemika, 05461)  

0.185 g glutaraldehyde (Sigma-Aldrich, G-5882) 

37.5 ml phosphat-buffered saline 

 

 

Cresyl violett staining 

0.5% cresyl echt violet (Fluka, 61123) mixed in 100 ml 0.2 molare acetate buffer (pH 

3.8 – 4.0) 

 

Cresyl violet stains were carried out according to the following protocol: 

70% ethanol 15 minutes 

99% ethanol 20 minutes 

90% ethanol 5 minutes  

70%iger ethanol 5 minutes 

Purified water 3 minutes 

Cresyl violet stain  7 - 15 minutes (visual control) 

Purified water 1 minute 

70% ethanol + 7 drops of ethanoic acid 1.5 minutes 

90% ethanol 3 minutes 

99% ethanol 2 minutes 

99% ethanol 5 minutes 

Histoclear  1 minute 

Histoclear  3 minutes 

Histoclear  3 minutes 

Slides were mounted with Canada balsam. 
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Myelin silver impregnation  

 

Impregnation solution: 

500 ml purified water 

0.475 g ammonium nitrate (Merck, 1187) 

0.5 g silver nitrate (Merck, 1512) 

2 ml 1 molare sodium hydroxide  

 

Developer working solution: 

300 ml stock solution A 

210 ml stock solution B 

90 ml stock solution C 

 

Stock solution A:  15 g sodium carbonate (Merck, 6392) 

  300 ml purified water  

Stock solution B:  300 ml purified water  

  0.6 g ammonium nitrate 

  0.6 g silver nitrate 

  0.3 g tungstosilicic acid  (Merck, 0659) 

Stock solution C: 90 ml of stock solution B 

  0.3 ml paraformaldehyde 

 

Myelin silver impregnations were carried out according to the following protocol: 

50% ethanol 1 – 2 hours (shaker) 

70% ethanol 1 – 2 hours (shaker) 

96% ethanol 1 – 2 hours (shaker) 

99% ethanol Over night 

Pyridin/ Essigsäureanhydrid 60 minutes (shaker) 

Purified water  3 x 10 minutes  

Impregnation solution 45 minutes at 22°C in the dar k 

0.5% ethanoic acid 2 x 5 minutes 
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Purified water 2 minutes 

Developer working solution 7 – 11 minutes (visual control) 

0.5% ethanoic acid 1 – 2 minutes 

Purified water 2 minutes 

2% potassium ferrocyanide 1.5 minutes 

Purified water 2 x 2 minutes 

2% sodium thiosulfate 1 minute 

Tap water  20 minutes (under flowing water) 

Purified water  2 minutes 

50% ethanol 2 minutes 

70% ethanol 2 minutes 

96% ethanol 2 minutes 

99% ethanol 5 minutes 

Histoclear  1 – 2 minutes 

Histoclear  2 minutes 

Histoclear  2 minutes 

 

Slides were mounted with Canada balsam. 
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