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Abstract 

 

Stress is a powerful modulator of emotional behavior and is implicated in the etiology of mood 

disorders like anxiety, depression and phobias. Mood disorders are particularly common and 

affect a large percentage of the world population with relevant implications to individual’s health 

and to the society.  Fear and anxiety represent specific aspects of emotional behavior that show 

behavioral resemblances but are triggered by events that activate distinct neuronal pathways: 

while the amygdala plays a key role in fear-conditioned to cue stimuli, the bed nucleus of the stria 

terminalis (BNST) is implicated in anxiety behavior and responses to contextual stimuli. In 

addition, the BNST is directly involved in the regulation of the hypothalamo-pituitary-adrenal 

(HPA) axis being an important relay station of limbic inputs. In the present work, we have 

thoroughly characterized how emotional behavior, namely fear and anxiety, is affected by chronic 

stress. In order to uncover structural correlates of behavioral findings stereological estimates of 

the BNST and amygdaloid complex were performed, followed by 3-dimensional morphometric 

dendritic analysis. To clarify the relative importance of hormonal (corticosteroids) and central 

mediators (CRF1R or CRF2R agonists) of the stress response, and their contribution to 

neuroanatomical changes induced by stress, two additional sets of experiments were designed. 

Finally, the functional relevance of the observed changes was determined by characterizing the 

expression of immediate-early genes in control and stressed animals in basal conditions and after 

anxiogenic stimulus. Results show that chronic stress induces anxiety behavior without 

influencing fear-conditioning and locomotory/exploratory activity. Stress-induced anxiety 

correlated with increased volumes of the BNST, but not of the amygdala. Dendritic remodeling 

was found to make a significant contribution to the stress-induced increase in BNST volume, 

primarily due to changes in the anteromedial area of the BNST, an area strongly implicated in 

emotional behavior and in the neuroendocrine control of the stress response. Most of the effects 

of stress were recapitulated by exogenous corticosterone, while CRF1R reproduced particular 

aspects of spinogenesis. At last, chronic stress was associated to altered expression of c-fos in 

the BNST in both basal conditions and after anxiogenic stimuli. In conclusion, this study shows 

that chronic stress impacts on BNST structure and function establishing a possible correlation 

between anxiety behavior and structural remodeling. Finally, the functional impairment of the 

BNST may reflect the loss of inhibitory tone over the HPA and contribute to the perpetuation of 

corticosteroid neuronal restructuring.  
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Resumo 

 

O Stress é um modulador potente do comportamento emocional e está implicado na etiologia 

das perturbações do humor como a ansiedade, a depressão e as fobias. As perturbações do 

humor são particularmente comuns e afectam uma percentagem grande da população mundial 

com implicações relevantes para a saúde do indivíduo e da sociedade. O medo e a ansiedade 

representam aspectos específicos do comportamento emocional que apresentam semelhanças 

comportamentais mas são despoletados por eventos que activam circuitos neuronais distinctos: 

enquanto que a amígdala tem um papel central no condicionamento ao medo a estímulos 

específicos, o núcleo da estria terminal (NET) está implicado na ansiedade e em repostas a 

estímulos contextualizados.  Adicionalmente, o NET está directamente envolvido na regulação do 

eixo hipotálamo-pituitária-surprarenal (HPA) sendo uma importante estação de passagem para a 

informação proveniente do sistema límbico.  No presente trabalho, caracterizamos como é que o 

comportamento emocional, nomeadamente medo e ansiedade, é afectado pelo stress crónico. 

Por forma a estabelecer correlações estruturais com os achados comportamentais realizámos 

estimativas esterológicas do NET e da amígdala, seguido da análise dendrítica morfométrica de 

reconstruções 3-D de neurónios. Para clarificar qual a importânica relativa dos mediadores 

hormonais (corticosteróides) e centrais (agonistas  CRF1R ou CRF2R) da resposta ao stress, e 

qual o seu contributo para as alterações neuroanatómicas observadas, realizámos duas 

experiências adicionais. Finalmente, a importância functional dos achados foi determinada 

caracterizando a expressão de genes de activação imediata em condições basais e após 

exposição a estímulos ansiogénicos. Os resultados mostraram que o stress crónico induz 

comportamento ansioso sem fectar o comportamento de medo ou actividade 

exploratória/locomotora. A ansiedade induzida pelo stress correlaciona-se com aumentos no 

volume do NET, mas não da amígdala. A remodelação dendrítica provou contribuir para o 

aumento significativo do NET, primariamente associado a alterações na área anteromedial do 

NET, uma área fortemente implicada no comportamento emocional e no controlo 

neuroendócrino da resposta ao stress. A maior parte dos efeitos observados pode ser replicado 

pela administração exógena de corticosteróides, enquanto que os agonistas dos CRF1R 

reproduziram aspectos particulares da formação de espinhas. Por fim, o stress crónico está 

associado a alterações na expressão de c-fos no NET quer em situações basais como após 

estímulos ansiogénicos. Concluindo, este estudo mostra que o stress crónico tem um impacto 
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significativo na estrutura e função do NET estabelecendo uma possível ligação entre o 

comportamento ansioso e a remodelação estrutural. Finalmente, a disfunção do NET pode 

reflectir uma perda do tonus inibitório sobre o HPA e contribuir para a perpetuação da 

reestruturação neuronal pelos corticosteróides. 
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1. INTRODUCTION 

 

1.1. Stress and emotional behavior 

Stress has been implicated in the etiology of emotional disorders, such as depression (McEwen, 

2004; Hammen, 2005), phobia (Risbrough & Stein, 2006) and anxiety (Charney et al., 1993). 

Stress-related disorders affect an important portion of the active working population and therefore 

exert an important burden on the individual’s health and on the society. The World Health 

Organization estimates that emotional/mood disorders are among the leading causes of disability 

worldwide and that by 2020 will be the second leading global burden of illness, only surpassed 

by cardiovascular disorders.  

 

1.1.1. Definition 

Stress is defined as a challenge to homeostatic equilibrium, by physical or psychological events 

(McEwen, 2003). Stress generates a cascade of hormonal and behavioral changes aimed to exert 

control over the threatening events. Adaptation in the face of potentially stressful challenges 

involves activation of neural, neuroendocrine and neuroimmune mechanisms. Effective coping 

implies that a stress response is effectively triggered when needed and terminated afterwards (de 

Kloet et al., 2005). However, if the stress response is inadequate or prolonged in time, a series 

of pathophysiological changes occur in the brain, the immune system and viscera (Musselman & 

Nemeroff, 2000; Sapolsky, 2000; Mayer & Fanselow, 2003; Sorrells & Sapolsky, 2007) that may 

ultimately lead to several disorders. 

 

1.1.2. The stress response 

The central component of the stress response is activation of the hypothalamus-pituitary-adrenal 

axis (HPA) (Sapolsky et al., 1986). Upon stimulation, neurosecretory neurons of the 

paraventricular nucleus of the hypothalamus (PVN) secrete several adrenocorticotrophic hormone 

(ACTH) secretagogues, the most important of which are corticotrophin-releasing factor (CRF) and 

arginine-vasopressin (AVP) (Keller-Wood & Dallman, 1984; Herman & Cullinan, 1997). Release of 
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ACTH will, in turn, lead to the secretion of corticosteroids by the adrenal glands (Figure 1). 

Therefore, by integrating the output of different stress-sensitive brain circuitries (Herman & 

Cullinan, 1997), the PVN plays a key role in regulating the HPA stress response (Whitnall, 1993). 

 

Figure 1. Schematic representation of the hypothalamus-pituitary-adrenal axis and its regulation. 

 

Indeed, stressful events can activate the PVN by distinct neuronal pathways (Herman & Cullinan, 

1997; Herman et al., 2003): stressors like hemorrhage, respiratory distress or systemic 

inflammation, represent an immediate threat to the homeostatic balance of the individual, are 

perceived by somatic, visceral or circunventricular sensory pathways (Chan et al., 1993; Cole & 

Sawchenko, 2002) and directly activate the PVN bypassing cortical and limbic areas. More 

precisely, the excitatory ascending pathways originating in brainstem nuclei that convey 

noradrenergic inputs from the nucleus of tractus solitarius (Gann et al., 1977; Abercrombie & 

Jacobs, 1987; Smith et al., 1991; Cullinan et al., 1995), the serotonergic inputs from the raphe 

nuclei (Sawchenko et al., 1983; Feldman et al., 1987) or from adjacent hypothalamic nuclei are 

in a privileged situation to receive visceral and autonomic inputs and to mount a rapid “reactive” 

neuroendocrine response. Other stressors activate the HPA in the absence of primary sensory 

stimuli signaling homeostatic disruption. These responses are centrally generated and represent 

an effort of the organism to mount a response that mobilizes energetic, metabolic and immune 
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resources, in anticipation to homeostatic disruption. The activation of these complex pathways 

seems to occur by contextual, conditioned (memory) or species-specific cues that predict 

adversity. Ultimately, there will be an activation of the HPA and autonomic systems to set up an 

adequate stress response (de Kloet et al., 2005). The mnemonic aspects of this response are 

important determinants of the magnitude of the HPA response as these stimuli become stressful 

only by comparison with previous experience. The limbic system plays a central role in the 

coordination of this “anticipatory” stress response (Herman et al., 2005). Stimuli that require 

assembly and integration of multiple sensorial modalities like restraint, stress or fear conditioning 

are processed by limbic centers related to emotional behavior (amygdala related to fear and 

anxiety) (LeDoux, 2000; Ledoux, 2007), memory and learning (hippocampus) and executive and 

cognitive functions (prefrontal cortex, PFC) (Maier et al., 2006). Acting in a coordinated way, the 

intricate neuronal circuitries that characterize these networks establish a temporal and contextual 

framework of stimuli interpretation that determines the aversive/rewarding value of a stimulus. 

Characteristically, the modulatory action that limbic structures exert on the HPA is not conveyed 

by direct excitatory pathways; it is rather through the modulatory action of other neurons located 

in the hypothalamus or in the bed nucleus of the stria terminalis (BNST) (Herman et al., 1994; 

Herman et al., 2003), that the net result of limbic inputs influences the activity of neurosecretory 

neurons of the PVN. More specifically, the GABAergic projection neurons from the BNST exert an 

inhibitory tone over the PVN, under the control of an excitatory glutamatergic input from the PFC 

and hippocampus (Cullinan et al., 1993), and an inhibitory GABAergic input from the central and 

medial amygdala nuclei (Prewitt & Herman, 1998; Herman et al., 2005). 

 

1.1.3. Hormonal mediators of stress 

Circulating corticosteroids yield a central role in the adaptative response to stress, changing 

energy metabolism and dampening the immune and inflammatory responses. An adequate 

stress response, implicates that they act in the short term to prevent overshooting of the innate 

response (Sapolsky et al., 2000; de Kloet et al., 2005). However, prolonged exposure to elevated 

levels of corticosteroids leads to immune dysfunction (Sapolsky et al., 2000; Sorrells & Sapolsky, 

2007), endocrine dysregulation (Sapolsky et al., 2000) and, ultimately, to neuropathology 

(Sapolsky, 1999).  
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Corticosteroids actions are mediated by two different subtypes of receptors which bind the same 

hormone (cortisol in humans, corticosterone in rodents) with distinct affinities. Mineralocorticoid 

(MR) and glucocorticoid (GR) receptors are ubiquitously distributed in the body, including the 

brain, especially in the limbic areas that are responsible for the modulation of the stress 

response (Reul & de Kloet, 1986). The MR has an higher affinity than the GR and it is therefore 

highly occupied even in basal conditions (Reul & de Kloet, 1985). While GR is activated mainly 

during elevation of circulating corticosteroids, MR has been implicated in the appraisal process 

and onset of the stress response, is responsible for the mobilization of energy substrates and 

most of the behavioral changes observed afterwards. The later include anxious-like behavior but 

also facilitated learning and memory (in particular consolidation of memories). However, the long-

term activation of GR has been associated with deleterious effects on several mnesic and 

cognitive functions (Sapolsky et al., 1986; Sousa et al., 2000; Cerqueira et al., 2005; McEwen, 

2005; Cerqueira et al., 2007a; Cerqueira et al., 2007b; Sousa et al., 2007). Interestingly, these 

effects have been correlated with neuroarchitectural changes in several regions of the central 

nervous system (CNS), including the hippocampal formation, prefrontal cortex and amygdala 

(McEwen, 2007). Of notice, the hippocampal formation and prefrontal cortex are themselves 

back-regulating the HPA axis, preventing the prolongation of stress response beyond adaptation 

(De Kloet & Reul, 1987). 

 

1.1.4. Stress beyond corticosteroids: the CRF family and its receptors 

The elevation of circulating corticosteroids is a central component of the stress response. This 

fact has even misled the field of neurobiology of stress, in as much as, some have erroneously 

assumed that high levels of corticosteroids can mimic stress. This is certainly not the case as 

many other processes are altered by stressors, including several transmitters such as CRF. CRF 

is a main hypothalamic neuropeptide involved in the control of synthesis and release of ACTH by 

the pituitary and plays a pivotal role in the regulation of the HPA axis and stress response (Lau et 

al., 1983). CRF and the related peptides Urocortin (Ucn), UcnII and UcnIII form a family of 

peptides that act through G-protein-coupled receptors, CRF1R and CRF2R. While CRF binds CRF1R 

selectively, Ucn binds both CRF1R and CRF2R. The more recently discovered UcnII and UcnIII bind 
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the CRF2R with high selectivity. Each receptor displays a different expression pattern and has 

distinct physiological functions (Chen et al., 1993; Chalmers et al., 1995; Lovenberg et al., 

1995; Dautzenberg & Hauger, 2002; Reul & Holsboer, 2002). In the brain, CRF is expressed in 

neurons of the PVN, cerebral cortex, cerebellum, amygdala and hippocampus; Ucn is limited to 

the Edinger-Westphal, lateral olivary and supraoptic nuclei; UcnII has a distinct subcortical 

expression in regions related to stress-response such as PVN, the locus coeruleus, the supraoptic 

and arcuate nuclei of the hypothalamus and several motor nuclei of the brainstem and spinal 

cord; and, UcnIII is expressed in the rostral perifornical area, posterior part of the BNST, medial 

nucleus of the amygdala and lateral septum. 

CRF1R is mainly expressed in the anterior pituitary, cerebral cortex, cerebellum, amygdala, 

hippocampus and olfactory bulbs (Dautzenberg & Hauger, 2002; Reul & Holsboer, 2002) and 

has been consistently implicated in the stress-related behavior (Liebsch et al., 1995; Heinrichs et 

al., 1997; Skutella et al., 1998; Liebsch et al., 1999; Heinrichs & Koob, 2004), revealing anxiety-

like responses in different animal paradigms like the elevated-plus maze (File et al., 1988), social 

interaction test (Dunn & File, 1987) and acoustic startle (Swerdlow et al., 1986); additionally it 

plays  a role in hormonal (Dunn & File, 1987) and autonomic activation (Nakamori et al., 1993) 

following stress. CRF1R seems to be crucial to the initiation of the stress response but not to the 

baseline drive of the HPA axis (Reul & Holsboer, 2002). CRF2R is mainly expressed in subcortical 

areas like the PVN, lateral septum, amygdala, hippocampus and BNST. The specific role of 

CRF2R is not yet clearly understood, as results are controversial: while some studies suggest that 

central activation of CRF2R triggers anxiogenis (Radulovic et al., 1999) others have observed an 

anxiolytic effect (Valdez et al., 2003; Zhao et al., 2007). Several confounds might explain such 

discrepancy, including specific regional activation or duration of administration. More consistent, 

appears to be the role of CRF2R in the extinction of HPA activation (Bale et al., 2000; Coste et al., 

2000). 

 

1.2. Chronic stress, anxiety, fear and the aging brain 

1.2.1. Anxiety 

Anxiety disorders are very common and affect a large percentage of the population (Kessler et al., 

2007; Merikangas & Kalaydjian, 2007; Moussavi et al., 2007). These range from phobias to 
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generalized anxiety disorders (American Psychiatric Association, 1994). Anxiety is characterized 

by a sensation of discomfort and apprehension in response to unconditioned diffuse cues (Koch, 

1999). It is commonly experienced by healthy individuals in response to unspecific frightening 

cues, although without clear threatening outcomes (e.g. loud noises, fast approaching objects, 

etc.). The biological advantage of anxiety status subsides on preparing the individual to eventual 

harmful encounters in a normal process that is called the 'flight or fight' phenomenon. The 

symptomatic response to anxiogenic stimuli is characterized by increased heart rate, tensed 

muscles, and eventually an acute sense of focus as the individual tries to determine the source of 

threat. This response outlasts the exposure of the anxiogenic stimulus, suggesting long-term 

activation of the neural substrates and processes that regulate anxiety (Lee et al., 1994; Lee & 

Davis, 1997a; b). Anxiety disorders develop when symptoms occur without any recognizable 

stimulus or when the stimulus does not warrant such a reaction.  

 

1.2.2. Fear 

Fear, in contrast, involves the conditional learning that a specific cue, or a more complex context, 

predicts an imminent adversity (Brown et al., 1951; Davis, 1986; 1992). It is present even in 

more primitive animal species (Davies et al., 2002; Eisenberg & Dudai, 2004; Portavella et al., 

2004) as it represents a clear advantage to the survival of the individual and continuity of 

species. By learning that a particular situation poses threat to the individual, future encounters 

are avoided by keeping away from specific objects or contexts. Fear response is characterized by 

a set of symptoms relayed by neuroendocrine and autonomic centers and that reflect the 

activation of common neuronal pathways to the anxiety response (Walker et al., 2003). However, 

these common pathways are activated in a particular set-up of conditions that reflect the 

activation of distinctive initial centers. Fear responses are elicited by explicit, adversity-predicting, 

short-lasting cues, in which the danger period has a clear offset. These responses are, in general, 

self-limited in time and magnitude, the symptoms resulting from its activation being abolished by 

the termination of stimuli. In summary, fear and anxiety behaviors are mediated by common 

pathways that are activated in distinctive conditions; that is: duration and conditioning (of stimuli), 

although the two variables are often intertwined. 
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1.2.3. The aging brain 

Anxiety disorders are particularly common in otherwise healthy old individuals (McEwen, 2003), 

both in humans and in animals (McEwen, 2003; Bessa et al., 2005; Mohlman & Price, 2006; 

Riedel-Heller et al., 2006; Weissman & Levine, 2007). Normal aging is associated with the 

gradual deterioration of biological systems including the brain. The burden exerted on the body 

through cumulative attempts to adapt to life's demands, in the context of a chronically challenged 

system, led to the conceptualization of cumulative load during aging, a concept termed allostatic 

load (AL) (McEwen & Stellar, 1993; McEwen, 1998; McEwen & Seeman, 1999). When the 

adaptive responses to challenge lie chronically outside the normal operating ranges, wear and 

tear on regulatory systems occurs and AL accumulates, ultimately leading to disease. The 

observation that the behavioral changes in normal aging resemble those of chronically stressed 

individuals has prompted researchers to propose bridging hypothesis that clarify the mechanisms 

underlying AL in the aged individual. Evidence has stemmed from different approaches: i) aging 

is associated with a progressive increase in basal cortisolemia (Sapolsky, 1999); ii) corticosteroid 

levels normalization takes longer in the aged HPA which reveals impaired shut-off mechanisms 

(Issa et al., 1990); iii) neuropathological changes, namely in the hippocampal formation, show 

structural degeneration resembling overexposure to glucocorticoids (GC) (Nichols et al., 2001); 

iv) impairment of hippocampal-dependent functions is correlated to the burden of GC exposure in 

humans (Lupien et al., 1994; Seeman et al., 2001); v) normalization of GC levels correlates with 

a decrease in the cognitive and electrophysiological abnormalities observed in aged animals 

(Landfield et al., 1981; Meaney et al., 1988; Talmi et al., 1996). 

This simplistic view that cognitive and behavioral aspects of the aging process result from the 

deterioration of stress-sensitive brain areas as the result of repetitive glucocorticoid insults is 

attractive, but, probably, it represents only part of the aging process. In spite of this, the 

“glucocorticoid cascade” theory of aging has found many similarities in the clinical settings. 

There is considerable evidence that normal aging impacts upon neuroendocrine stress 

responses, and studies of the molecular and cellular mechanisms underlying the pathophysiology 

of age-related disorders such as Alzheimer's disease and anxiety, are revealing novel insight into 

the involvement of perturbed neuroendocrine stress responses in these disorders (Pedersen et 

al., 2001). Memory disorders and hippocampal shrinkage in the elderly are associated with 

polymorphisms in serotonin transporters system that interact with cortisol levels (O'Hara et al., 
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2007) and are involved in the generation of anxiety behavior. In addition, the progressive 

elevation of GC and dysfunctional shut-down of HPA, seen in the normal senescent individual, 

increases the chances that sensitive brain systems are damaged by hormonal stress mediators. 

This hypothesis is corroborated by studies demonstrating that the genetic background and early 

life events, which lead to overactivation of the HPA, render the individual vulnerable to particular 

psychopathological entities as a consequence of the stress (Agid et al., 1999; Gispen-de Wied, 

2000).  

In summary, aging is a complex process that involves, but is not restricted to, the progressive 

dysregulation of the HPA axis and subsequently damage to stress-sensitive brain areas. As a 

consequence, cognitive and behavioral disorders subside, a processed that is influenced by early 

life events and biological burden of the individual. 

 

1.2.4. The role of stress 

Animal (File, 1996; Arborelius et al., 1999; Vyas et al., 2002; Anisman & Matheson, 2005) and 

clinical (Dranovsky & Hen, 2006; Chrousos & Kino, 2007; Greaves-Lord et al., 2007) studies 

have consistently correlated chronic stress with altered emotional behavior. Stress is considered 

a risk factor for disorders like depression and anxiety. Most importantly, a significant percentage 

of depressed patients displays signs of impaired function of the HPA axis (Shelton, 2007), as 

assessed by the levels of cortisol and by the response to dexamethasone suppression test 

(Gillespie & Nemeroff, 2005). Coherently, cognitive and antidepressant therapy, that result in 

improved clinical symptoms, correlate with normalization of the HPA function (Mason & Pariante, 

2006; Schule, 2007). Additionally, inappropriate adaptation to stress can result in a state of 

anxiety and facilitation of phobic behavior acquisition (Garakani et al., 2006). Most of these 

effects can be attributed to sustained increases in corticosteroid levels (Arborelius et al., 1999) 

which subsequently activate receptors in brain areas implicated in the regulation of emotional 

behavior. GC have been shown to enhance the excitability of amygdalar neurons and to influence 

the acquisition of fear behavior (Skorzewska et al., 2006; Duvarci & Pare, 2007; Yang et al., 

2007). Other studies, recurrently, demonstrated that stress induces anxiety-like behavior (Vyas et 

al., 2002; McEwen, 2003; 2004; Vyas & Chattarji, 2004) and that GR modulate anxiety-

associated behavior (Boyle et al., 2006). The amygdala and extended amygdala (including the 
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BNST), both of which display a rich population of corticosteroid receptors that are activated 

during stress (Cullinan et al., 1995; Figueiredo et al., 2003), have a putative role in the 

integration of polysensorial information that culminates in the expression of emotional behavior. 

As a result, the correlates (structural or neurochemical) of the altered emotional behavior 

associated with chronic stress should be searched in these brain structures (Please see Chapter 

2.1). 

 

1.3. The amygdala and the extended amygdala – implications in anxiety behavior 

The amygdala, a deep temporal structure with rich interconnections with the hippocampus and 

PFC, has long been known to be involved in emotional behavior (Weiskrantz, 1956; Robinson, 

1963; Goddard, 1964). Lesions in the amygdala (which included the BNST) induce disturbances 

in emotional and social behavior, attention disorders and deficits in memory 

consolidation/extinction (Bucy & Kluver, 1955; Weiskrantz, 1956). However, recently, more 

selective lesion studies, combined with pharmacological approaches have helped to clarify the 

differential role of the amygdala and BNST in emotional behavior (Davis, 1992; Lee & Davis, 

1997a; Davis, 1998; 2006).  

 

1.3.1. Amygdala: Structural and functional organization 

The early view that the amygdala is a relatively homogeneous structure has been challenged by 

embryological, anatomical and functional studies. To the initial description by Burdach (1819-

1822) of the amygdalar nucleus (Mandelkern or almond-shaped nucleus), which is now known to 

represent the basolateral complex, subsequent studies added the adjacent olfactory cortex and 

the medial and central nuclei, forming the currently designated amygdalar complex. The later 

claim by Meynert (Swanson & Petrovich, 1998), that Burdarch’s amygdala was a ventral 

temporal lobe extension of the claustrum (the deepest layer of cortex), set up a dispute that took 

several decades to solve until the extensive comparative work of the forebrain by Johnston 

(1923). The later study proposed that the amygdalar complex would form a collection of grey 

masses that develops around a primitive amygdalar fissure in the lateral olfactory area and 

subdivided it into a primitive group of nuclei associated to the olfactory system (central, medial 
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and cortical nuclei, and nucleus of the lateral olfactory tract), and a phylogenetically new group of 

nuclei (lateral and basal). However, more recent studies (Swanson & Petrovich, 1998; De Olmos 

et al., 2004), proposed a new subdivision (Figure 2). This takes into consideration more extensive 

information based on connectional, neurochemical and detailed anatomical works: i) the caudal 

olfactory system (nucleus of the lateral olfactory tract, cortical nucleus and postpiriform and 

piriform-amygdalar areas), ii) a ventral extension of the claustrum (lateral, basal and posterior 

nuclei) that forms a frontotemporal system, and iii) a specialized ventromedial expansion of the 

striatum (central [CeA) and medial [MeA] amygdaloid nuclei, and anterior amygdaloid area) 

(Swanson & Petrovich, 1998).  

 

Figure 2. Diagrammatic representation of the main divisions of the amygdala according to Swanson (1998; left) and Paxinos & Watson (2005; 
right). From top to bottom, drawings represent coronal sections of the rat brain at approximately 1.73 mm, 2.45 mm, 3.25 mm and 3.90 mm 
(left) and 2.04 mm, 2.92 mm, 3.48 mm and 3.96 mm (right) posterior to bregma.  
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The olfactory systems resemble less the nuclear arrangement of the remainder divisions of the 

amygdala but rather display the typical laminar arrangement of cortical areas. They form the 

caudal part of the piriform lobe, receiving projections originating in the main and accessory 

olfactory lobes (Alheid & Heimer, 1988). This sensorial modality represents one major modulator 

of animal behavior, in particular reproductive and social behavior (Newman, 1999; Moffatt, 

2003). The frontotemporal is the most extensively studied division of the amygdala. It forms part 

of the deepest cortical layers of temporal, endopiriform and frontal lobes (Swanson & Petrovich, 

1998), receives privileged information from several sensorial modalities (somato-sensorial, 

auditory, visual) (Ledoux, 2007) and is intricately connected to the hippocampus and to the 

prefrontal cortex (Canteras & Swanson, 1992; Petrovich et al., 2001; Akirav & Maroun, 2007). It 

is activated by specific cues that are associated to aversive situations, mounting a rapid response 

to eminent threats, through the activation of several autonomic (e.g. ventral tegmental area, 

periaqueductal grey) and neuroendocrine centers (hypothalamic areas), mainly through CeA. 

Typically this immediate response system is only transiently activated, playing a significant role in 

the individual’s survival. Importantly, its neurons show plastic proprieties (Samson et al., 2005; 

Fuchs et al., 2006; Kim et al., 2006; Sigurdsson et al., 2007) that have a putative role in the 

formation of fearful memories and conditioned behavior; therefore creating a system of value 

categorization in the interpretation of situations through comparison with past experiences. 

Additionally, the activity of the frontotemporal division is influenced by the outputs of executive 

(PFC) (Akirav & Maroun, 2007) and mnesic systems (hippocampus); these in turn are modulated 

by the emotional value of experiences through the reciprocal pathways that interconnect the 

amygdala and with those brain regions (Bishop, 2007; McEwen, 2007). The striatal amygdala 

system forms a caudoventral extension of the striatum (Swanson & Petrovich, 1998) as judged 

by its topographic, histochemical and structural resemblances with the supradjacent striatum 

(Cassell et al., 1986; Simerly et al., 1989; Esclapez et al., 1993; McDonald & Augustine, 1993; 

Sun & Cassell, 1993; Risold & Swanson, 1997). Its GABAergic projecting neurons form an 

inhibitory output that modulates basal activity of several brainstem and basal forebrain nuclei. 

The CeA nucleus is the main output of the amygdala relaying processed information from most 

amygdaloid nuclei. It projects massively to several brainstem autonomic nuclei and is responsible 

for several vegetative responses (tachycardia, hypertension, midriasis, startle, etc) that are 

triggered by emotionally charged stimuli. The MeA nucleus receives direct inputs from the 

accessory olfactory bulb, and is viewed as part of an accessory olfactory system (Swanson & 
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Petrovich, 1998) that modulates pherormonal information and projects to the BNST and 

hypothalamic areas. It displays some degree of sexual dimorphism and is involved in the 

neuroendocrine control of sexual and reproductive behavior. In summary, the amygdala cannot 

be seen as a structural or functional unit, but rather a complex network of systems (olfactory, 

autonomic and frontotemporal) that convey information relevant for survival.  

 

1.3.2. BNST: Structural and functional organization 

The anatomical organization of the BNST has been subject of constant revision and its definite 

parcellation is not, yet, consensual. Johnston (1923) initially described it as a ventral extension of 

pallidum, an area formerly considered part of the substantia inominata, and forms a continuum 

that extends from the olfactory tubercule and nucleus accumbens anteriorly until the amygdala 

posteriorly. It receives massive projections from adjacent areas including the amygdala through 

the bundle of fibres that forms the stria terminalis. In fact, its lateral and medial parts form two 

corridors of sublenticular neurons that are in continuity with the central and medial nuclei of the 

amygdala. They share common neurochemical and neuroarchitectural characteristics and have, 

therefore, lead to the designation of central and medial extended amygdala (Alheid, 2003). 

Nevertheless, extensive studies by Swanson and collaborators (Ju & Swanson, 1989; Ju et al., 

1989; Swanson, 1998), have proposed a more recent parcelation into major anterior and 

posterior divisions (relative to stria terminalis main fiber bundles); the former can be further 

parcelled into dorsal, lateral and ventral areas, relative to the anterior comissure fibers (Figure 3). 

However, in a subsequent revision of the anatomical, cytoarchitectural and projection studies, the 

cell groups of the anterior division were arranged into medial and lateral groups (Dong et al., 

2001). The medial division, which includes the anterodorsal and anteroventral areas (Dong & 

Swanson, 2006a; b; c), is characterized by dense projections to hypothalamic regions closely 

associated with neuroendocrine control; the lateral group of the anterior division (which includes 

the anterolateral area) is characterized by projections to hypothalamic areas concerned with 

autonomic and energy homeostasis and feeding behavior (Dong & Swanson, 2004). It is 

important to note that the BNST is continuous with the CeA and MeA and that these structures, 

together, function as a parallel pathway to that in the adjacent striatal area. Such anatomical and 

functional interrelationships support the inclusion of the BNST, as well as the substantia 

innominata, into the so-called “extended amygdala” (Alheid, 2003). In a global view, the 
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extended amygdala seems to be critical for mediating behavioral and autonomic (CeA), 

reproductive (MeA) and neuroendocrine (BNST) responses (Swanson & Petrovich, 1998).  

 

 

Figure 3. Diagrammatic representation of the main divisions of the BNST according to Swanson (1998; left) and Paxinos & Watson (2005; right). 

From top to bottom, drawings represent coronal sections of the rat brain at approximately 0.00 mm, 0.26 mm, 0.51 mm and 1.08 mm (left) 

and 0.00 mm, 0.24 mm, 0.48 mm and 1.08 mm (right) posterior to bregma. 
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The role of the BNST in the activation of the HPA axis (Herman et al., 2003; Choi et al., 2007) 

and its anatomical connections with the neuroendocrine hypothalamus (Dunn, 1987; Dong & 

Swanson, 2006a) as well as with other brain regions such as the brainstem and ventral 

striatopallidal, areas that regulate defensive, sexual, ingestive, and exploratory behaviors, have 

been previously established. Additionally, the BNST (Herman et al., 2003; Herman et al., 2005), 

along with the nucleus of tractus solitarius, preoptic area and dorsal hypothalamus, is one of the 

relay stations where inputs from stress-sensitive areas of the cortex and limbic systems are 

conveyed and integrated to mount an adequate activation of the HPA (Herman et al., 1994; 

Herman & Cullinan, 1997; Herman et al., 2003). See Figure 4. 

 

Figure 4. Schematic representation of the limbic inputs to the BNST and its regulatory influence over the HPA. 

 

The role of the BNST in emotional behavior has been extensively explored by Davis and 

collaborators (Davis, 1986; 1992; Davis et al., 1997; Lee & Davis, 1997a; Davis, 1998). 

Although there are resemblances in the phenotypic expression of BNST and amygdala activities, 
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there are also differences responsible for the distinct role of these structures on emotional 

behavior. An involvement of the BNST is evident in paradigms in which behavior is influenced by 

long-duration stimuli (e.g., CRF- or light-enhanced startle) and in paradigms that assess the 

persistent behavioral effects of even a brief unconditioned stressor (e.g., long-term shock-

dependent increases in baseline startle, conditioned defeat, the effects of inescapable shock in 

the learned helplessness model or on subsequent eyeblink conditioning). Despite behavioral 

outcomes that are often similar in form (i.e., increased startle), the BNST has not been shown to 

mediate behaviors elicited by specific short-lasting threats in which the danger period has a clear 

offset (i.e., fear-potentiated startle or freezing to a discrete conditioned fear stimulus) (Walker et 

al., 2003). These characteristics of BNST-dependent behavior suggest a special role in anxiety, 

as opposed to fear, insofar as anxiety, unlike fear, is typically viewed as a sustained state of 

apprehension unrelated to immediate environmental threats (Walker et al., 2003).  

 

In summary, whereas the amygdala is transiently activated in fear conditioning (an emotional 

state elicited by explicit neutral clues), anxiety (a similar emotional state thought to be elicited by 

diffuse contextual clues) seems to result from persistent activation of the BNST (Davis et al., 

1997).   

 

1.4. Aims of the study 

Stress is an important trigger of emotional behavior disarray both in young individuals and 

throughout life. Hormonal and central mediators play an important role in the initiation and 

termination of the stress response. These mediators are powerful modulators of the neuronal 

circuitries in stress-sensitive areas, including those underlying emotional behavior. However, a 

clear correlation between this behavioral change and the anatomical substrates of such behavior 

in the stressed individual is not, yet, established. 

Current knowledge has not, yet, established an explicit relationship between allostatic overload 

induced anxiety and remodeling of brain structures that underlie emotional behavior. Indeed, 

both the amygdala and BNST, which are putative targets of stress endorsed alterations, can 

mediate emotional aspects of behavior (anxiety and fear) that resemble each other. However, it is 
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unclear if the emotional changes observed in these models are functionally dependent on the 

isolated impairment of the amygdala, BNST or both. Furthermore, a clear correlation between 

functional impairment and structural changes in these brain areas is still to be ascertained in the 

context of prolonged biological burden. Lastly, although both central and peripheral components 

of the stress response have been implicated in the altered emotional behavior observed, the 

relative importance of such contributions to the reshaping of the brain areas implicated has not 

been determined or is still unknown. 

The present work aims at: 

- Thoroughly characterize how emotional behavior, namely fear and anxiety, is affected by 

chronic stress and with advanced age (Chapters 2.1 & 2.4). 

- Determine the neuroanatomical substrates upon which stress acts to induce anxiety and 

fear-conditioned behavior, namely the BNST and the amygdala, respectively (Chapter 

2.1). 

- Clarify the relative importance of hormonal (corticosteroids) and central mediators (CRF1R 

or CRF2R agonists) of the stress response, in their contribution to neuroanatomical 

changes induced by stress (Chapters 2.1 & 2.3). 

- Investigate whether there is functional impairment of these neuroanatomical areas in the 

chronically stressed individual (Chapter 2.2).  
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Abstract 

Chronic stress is a powerful modulator of emotional behavior. Previous studies have shown that 

distinct neuronal pathways modulate different emotional behaviors: while the amygdala plays a 

key role in fear-conditioned to cue stimuli, the bed nucleus of stria terminalis (BNST) is implicated 

in anxiety behavior and responses to contextual stimuli. In addition, the BNST is directly involved 

in the regulation of the hypothalamo-pituitary-adrenal (HPA) axis. In the present study, we 

assessed anxiety (measured in the elevated plus maze and acoustic startle apparatus) and fear-

conditioned responses to light stimuli in rats that had been exposed to either chronic 

unpredictable stress or corticosterone for 28 days after which stereological estimates of the 

BNST and amygdaloid complex were performed, followed by 3-dimensional morphometric 

dendritic analysis. Results show that chronic stress induces hyperanxiety without influencing fear-

conditioning and locomotory/exploratory activity. Stress-induced hyperanxiety correlated with 

increased volumes of the BNST, but not of the amygdala. Dendritic remodeling was found to 

make a significant contribution to the stress-induced increase in BNST volume, primarily due to 

changes in the anteromedial area of the BNST, an area strongly implicated in emotional behavior 

and in the neuroendocrine control of the stress response. Importantly, all of the effects of stress 

were recapitulated by exogenous corticosterone. In conclusion, this study shows that chronic 

stress impacts on BNST structure and function; its findings pertain to the modulation of 

emotional behavior and the maladaptive response to stress.  
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Introduction 

Chronic stress induces a hyperanxious state (File, 1996; Arborelius et al., 1999; Vyas et al., 

2002; Anisman & Matheson, 2005). Inappropriate adaptation to stress severely compromises 

the organism’s coping mechanisms, resulting in a state of hyperanxiety and the facilitation of 

phobic behavior acquisition (Garakani et al., 2006). Most of these effects can be attributed to 

sustained increases in corticosteroid levels (Arborelius et al., 1999) which subsequently activate 

receptors in brain areas implicated in the regulation of emotional behavior. The hippocampus 

and prefrontal cortex are important for coordinating the adaptative response to stress (Figueiredo 

et al., 2003b; Cerqueira et al., 2007); their functions are complemented by the amygdala and 

extended amygdala (including the bed nucleus of stria terminalis [BNST]), both of which display a 

rich population of corticosteroid receptors that are activated during stress (Cullinan et al., 1995; 

Figueiredo et al., 2003a). In addition, the BNST plays a direct role in the regulation of the 

hypothalamo-pituitary-adrenal (HPA) axis by modulating corticortropin-releasing-hormone (CRH) 

expressing neurons in the hypothalamic paraventricular nucleus (Dunn, 1987; Herman et al., 

1994).   

 

The amygdala has long been known to be involved in emotional behavior (Weiskrantz, 1956; 

Robinson, 1963; Goddard, 1964). Lesion studies in the amygdala (which included the BNST) 

described disturbances in emotional and social behavior, attention disorders and deficits in 

memory consolidation/extinction (Bucy & Kluver, 1955; Weiskrantz, 1956; Kluver & Bucy, 1997; 

Baron-Cohen et al., 2000). More recent lesion and pharmacological studies have helped 

differentiate between the relative importance of the amygdala and BNST in the control of fear and 

anxiety, respectively (Davis, 1992a; b; Lee & Davis, 1997a; Davis, 1998; 2006). Briefly, whereas 

the amygdala is transiently activated in fear conditioning (an emotional state elicited by explicit 

neutral clues), anxiety (a similar emotional state thought to be elicited by diffuse contextual clues) 

results from persistent activation of the BNST (Davis et al., 1997).   

 

Many previous studies in rats have attempted to correlate stress-induced hyperemotionality with 

alterations in the structure of the amygdala and BNST. One notable finding was that chronic 

restraint stress leads to dendritic remodelling of amygdala and BNST neurons (Vyas et al., 2002; 
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Vyas et al., 2003). However, that study did not examine how the volume and neuronal number of 

the amygdala and BNST are affected by stress; also, it did not discriminate between the effects of 

stress on the two components of emotional behavior, fear-conditioning and anxiety. The present 

study used the acoustic startle chamber and elevated-plus maze to discriminate between the two 

types of emotional behavior; additionally, it sought the morphological correlates of these 

behaviors by including a stereological analysis of the amygdala and BNST of rats that had been 

submitted to either a chronic unpredictable stress paradigm or chronic corticosteroid 

administration. 
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Materials and Methods 

 

 Animals and Treatments 

All experiments were conducted in accordance with local regulations (European Union Directive 

86/609/EEC) and NIH guidelines on animal care and experimentation. 

Adult male Wistar rats (Charles River Laboratories, Barcelona, Spain) were housed in groups of 

2/3 under standard laboratory conditions with an artificial light/dark cycle of 12/12 hours (lights 

on at 7 a.m), 22ºC room temperature, ad libitum access to food and water. Chronic stress 

protocols were initiated when animals were 8 weeks old and continued over a period of 4 weeks, 

after which behavioral tests were conducted (at 12 weeks of age). All drugs were purchased from 

Sigma (St. Louis, MO).   

Body weights were recorded weekly and post-mortem thymus weights were used as an index of 

treatment efficacy. Corticosterone levels were measured in blood serum, obtained between 9:00 

and 10:00 a.m. (12 h after the last exposure to stress), by radioimmunoassay (R & D Systems, 

Minneapolis, MN). 

 

To assess the influence of chronic stress on behavior and amygdala and BNST morphology, rats 

were exposed for 4 weeks to a chronic unpredictable stress (CUS) protocol, as described 

previously (Cerqueira et al., 2007). Rats were randomly assigned to control (Cont) or CUS groups 

(n=10 per group). Stressful stimuli were scheduled in a random order, with exposure to 30 min 

of a different stressor everyday. Control animals were handled on a daily basis over the 4 week 

treatment period. This particular CUS model was selected because previous studies (Cullinan et 

al., 1995; Herman et al., 1995; Sousa et al., 1998; Cullinan & Wolfe, 2000; Sousa et al., 2000) 

have shown that CUS results in a state of chronic hypercorticalism, characterized by increased 

adrenal weight and serum corticosterone levels, reduced thymus weight, and reduced body 

weight gain. Furthermore, the mixture of psychological and physical elements in the CUS 

paradigm not only reduces the chances of adaptation but also better mimics the variability of 

stressors encountered in daily life (Sousa et al., 1998; Joels et al., 2004).  

 
43



To assess the influence of the corticosteroid milieu on behavior and brain structure, rats were 

randomly assigned to two experimental groups (n=10 per group). Controls (Veh) received daily 

subcutaneous injections of vehicle (sesame oil, Sigma) while corticosterone-treated (CORT) 

animals received daily subcutaneous injections of corticosterone (25 mg/kg in sesame oil) over a 

period of 4 weeks.  

 

Behavioral analysis included the open field test for locomotion and exploratory activity, the 

elevated plus maze for anxiety-like behavior, and the acoustic startle paradigm to assess anxiety-

like (Pego et al., 2006) and fear behavior; testing was carried out during the daily light phase, 

between 9 a.m. and 4 p.m. 

Following the behavioral tests, animals were deeply anesthetized with pentobarbital and perfused 

transcardially with either 4% paraformaldehyde solution for glycolmethacrylate inclusion (n= 6 per 

group), or saline for Golgi-Cox staining (n=4 per group). Brains were dissected and post-fixed (4% 

paraformaldheyde) for at least 30 days, or kept in Golgi-Cox solution until processed for histology. 

  

Elevated plus maze 

Animals were tested over 5 min in a black polypropylene “plus”-shaped maze (ENV-560, 

MedAssociates Inc, St. Albans, VT 05478) at a height of 72 cm above the floor (EPM). The maze 

consisted of two facing open arms (50.8 x 10.2 cm) and two closed arms (50.8 x 10.2 x 40.6 

cm). Testing was performed under bright white light.The times spent in the open arms, junction 

area and closed arms, as well as the number of entrances and explorations in each section were 

recorded using a system of infrared photobeams, the crossings of which were monitored by 

computer. The times spent in each of the compartments of the EPM are presented as percentage 

of the total duration of the trial.   

 

Acoustic startle 

Startle reflex (ASR) was measured in startle response apparatuses (SR-LAB, San Diego 

Instruments, San Diego, CA, USA), each consisting of a non-restrictive Plexiglas cylinder (inner 

diameter 8.8 cm, length 22.2 cm), mounted on a Plexiglas platform and placed in a ventilated, 
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sound-attenuated chamber. Animals were habituated to the apparatus (5 min daily) for 2 days 

before actual testing. Cylinder movements were detected and measured by a piezoelectric 

element mounted under each cylinder. A dynamic calibration system (San Diego Instruments, 

San Diego, CA, USA) was used to ensure comparable startle magnitudes. Startle stimuli were 

presented through a high frequency speaker located 33 cm above the startle chambers. Startle 

magnitudes were sampled every millisecond (ms) over a period of 200 ms, beginning with the 

onset of the startle stimulus. A startle response is defined as the peak response during 200 ms 

recording period.  

 

Startle response as a function of stimulus intensity 

Background white noise, with an intensity of 63 dB, was used to minimize the impact of external 

acoustic stimuli. Rats were placed in the startle chamber and allowed to acclimatize to chamber 

for 5 min. They were then presented with 5 baseline startle stimuli (50 ms pulse of white noise at 

120 dB) at an inter-stimulus interval of 30 s so as to familiarize them with the startle stimulus, 

thus facilitating the accuracy of measurement of overall startle amplitudes. Following this 

baseline trial, animals were randomly presented with 60 startle stimuli (each lasting 50 ms, but 

varying in intensity from 70 to 120 dB, in 10-dB increments). Animals were then returned to their 

home cage. Tests on individual animals were conducted sequentially; between tests, chambers 

and the acrylic holders were thoroughly cleaned (70% ethanol and water) to eliminate residual 

olfactory cues. 

 

Fear-potentiated startle  

Rats were placed in the first test chamber, the floor of which consisted of a stainless steel grid 

through which a software-controlled electric current could be passed. Animals were rehabituated 

to the startle chamber for 5 min before being presented with 20 light-shock pairings, at 30 s 

intervals. The shock (0.6 mA) was presented during the last 500 ms of the 5 s light pulse. The 

light stimulus was delivered via a 3-watt incandescent light bulb fastened to the inside wall of the 

startle chamber. After completion of the conditioning trials, animals were returned to their home 

cages. The same testing procedure was applied on the following day, except that 20, rather than 
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5, baseline trials were administered before testing. Additionally, startle measurements were 

made in the same grid holder that was used to condition the animals. After delivery of the final 

baseline trial, animals were randomly presented 10 startle stimuli, each with an intensity of 120 

dB and duration of 50 ms. In half of the trials, the startle stimulus was presented concomitantly 

with the conditioned stimulus (CS; light). Startle stimuli paired with the CS were delivered during 

the last 50 ms of the 5 s light presentation.  

 

Prepulse inhibition  

Rats were transferred to the experimental room approximately 1 h before the test. The full test 

session lasted approximately 20 min, preceded by a 5 min acclimatization period (rat in testing 

tube). The chambers were supplied with white background noise (70 dB). Each session started 

and ended with 5 startle trials consisting of 120 dB bursts of white noise, lasting 40 ms each. 

These trials were used for assessing habituation over the test session and were not included in 

calculations of prepulse inhibition (PPI). Following the 5 introductory startle trials, a total of 35 

test trials were delivered according to the following schedule: (i) 10 startle trials of 120 dB; (ii) 5 

of each of four prepulse+startle trials (PP72, PP74, PP78, and PP86; prepulse intensities were 

respectively, 2, 4, 8, and 16 dB above background noise level, with a duration of 20 ms each; 

prepulses were presented 100 ms before the onset of the 120 dB startle pulse); and (iii) 5 trials 

with background noise but no stimulus. 

The trials were delivered in a pseudo-randomized order, avoiding 2 identical trials in succession. 

The inter-trial intervals were randomized between 10 and 20 s, with a mean interval of 15 s. The 

movement of the tube was registered for 100 ms after the onset of the startle stimulus (sampling 

frequency 1 kHz) and was amplified, and the peak startle amplitude and the average response 

over 100 ms were computed. The maximum startle amplitude (Vmax ) and the average response 

(AVG) over 100 ms were calculated as the mean of the 10 startle trials. The AVG for each 

prepulse intensity was averaged and used for the analysis of PPI. PPI was expressed as the 

percent reduction in AVG compared with the startle trials, according to the formula: 

% PPI = 100 - [(AVG at prepulse+startle trial)/(AVG at startle trial)]x100 
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Open field 

Animals were individually tested for 5 min each in an open field (OF) arena (43.2 x 43.2 cm) that 

had transparent acrylic walls and a white floor (model ENV-515, MedAssociates Inc, St. Albans, 

VT 05478). Each subject was initially placed in the centre of the arena and horizontal activity and 

instant position were registered, using a system of two 16-beam infrared arrays connected to a 

computer;. Total distances were used as indicators of locomotor activity. Times and distances in 

the pre-defined central and peripheral areas were recorded and used to calculate the ratio of time 

spent in the central area over total time of the trial, and distance travelled in the central as a 

function of total area. Number and duration of rearings were recorded. The test room was 

illuminated with bright white light. 

 

 Histological procedures 

Brains (n=6 per group) from the 4% paraformaldehyde-perfused animals (see above) were 

embedded in glycolmethacrylate (Tecnovit 7100, Heraeus Kulzer, Werheim, Germany) before 

sectioning on a microtome, as described previously (Cerqueira et al., 2005). Every other 30 μm-

thick coronal section was placed on a gelatinized slide, stained with Giemsa, mounted with 

Entellan (Merck, Darmstadt, Germany) and coverslipped. The shrinkage factor (SFv) was 

calculated according to Madeira et al (1990).  

Brains (n=4 per group) from animals that had been transcardially perfused with 0.9% saline (see 

above) were processed for Golgi-Cox staining according to a published protocol (Gibb and 

Kolb,(1998). Briefly, brains were removed and immersed in Golgi-Cox solution (a 1:1 solution of 

5% potassium dichromate and 5% mercuric chloride diluted 4:10 with 5% potassium chromate 

(Glaser & Van der Loos, 1981) for 14 days; brains were then transferred to a 30% sucrose 

solution (3 days), before being cut on a vibratome. Coronal sections (200 μm thick) were 

collected in 6% sucrose and blotted dry onto gelatin-coated microscope slides. They were 

subsequently alkalinized in 18.7% ammonia, developed in Dektol (Kodak, Linda-a-Velha, 

Portugal), fixed in Kodak Rapid Fix (prepared as manufacturer instructions), dehydrated through a 

graded series of ethanols, and cleared in xylene before being mounted and coverslipped.  

Slides were coded before morphometric analysis in both sets. 
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Regional boundaries 

Stereological parameters were analyzed on 6 regions of the amygdaloid complex, including the 

basolateral anterior (BLa), basolateral posterior (BLp), basomedial anterior (BMa), basomedial 

posterior (BMp), central (CeA) and lateral (La) nuclei/regions/areas, as outlined in Paxinos and 

Watson (2005) (Fig. 1). Both La and CeA nuclei were discernible, according to established 

definitions (De Olmos et al., 2004). Parcellation of the anterior and posterior divisions of the 

basolateral amygdaloid nucleus (BL) can be problematic in Giemsa-stain specimens examined at 

low magnifications; we therefore used higher magnifications and differentiated this nucleus form 

other areas on the basis of cell size and staining intensity (Krettek & Price, 1978; De Olmos et 

al., 2004). Definition of the anterior and posterior components of the  basolateral amygdaloid 

nucleus (BM) was based on the slightly larger and more darkly staining neurons in its posterior 

part, as compared to the anterior BM. To delineate the BMp from the surrounding neuronal 

groups, namely the cortical amygdaloid nuclei, the the following criteria were applied: loss of 

layered organization typical of cortical nuclei, presence of a mesh of scattered neurons and 

differences in cell size (De Olmos et al., 2004). Regional boundaries were drawn by the same 

observer for all animals so as to avoid observer bias and to allow comparison between groups. 

However, because of the above-mentioned potential difficulties in defining anterior and posterior 

divisions of BM and BL, we also calculated statistics for these nuclei as a whole, in order to 

exclude the introduction of differences due to possibly ill-defined anterior-posterior parcellation.  

The anatomical organization of the BNST has been thoroughly characterized by Swanson and 

collaborators  (Ju & Swanson, 1989; Ju et al., 1989; Swanson, 1998), being subdivided into 

major anterior and posterior divisions (relative to stria terminalis main fiber bundles); the former 

can be further parcelled into dorsal, lateral and ventral areas, relative to the anterior comissure 

fibers. However, in a subsequent revision of the anatomical, cytoarchitectural and projection 

studies, the cell groups of the anterior division were arranged into medial and lateral groups 

(Dong et al., 2001). The medial division is characterized by dense projections to hypothalamic 

regions that are closely associated with neuroendocrine control, and includes the anterodorsal 

and anteroventral areas (Dong & Swanson, 2006); in contrast, the lateral group of the anterior 

division (which includes the anterolateral area) is characterized by projections to hypothalamic 

areas concerned with autonomic and energy homeostasis and feeding behavior (Dong & 

Swanson, 2004). The above-mentioned regions were outlined according to anatomical references 
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and recognized on the basis of clear cytoarchitectural differences, namely the density of cells, 

size of the perikarya and relative position (Swanson, 1998) (Fig. 2).  

 

Stereological procedures 

Volume estimations were performed using StereoInvestigator® software (Microbrightfield, VT, 

USA) and a camera attached to a motorized microscope (Axioplan 2, Carl Zeiss, Hamburg, 

Germany). 

Cavalieri’s principle was used to assess the volume of each level. Briefly, every 4th section was 

used and the cross-sectional area of each region of interest was estimated by point counting 

(final magnification x112). We used a test-point system in which the inter-point distance, at tissue 

level, was 100 μm for the BMp and BLp, 250 μm for the BNST and 150 μm for the remaining 

nuclei.  The volume of the region of interest was determined from the number of points that fell 

within its boundaries and the distance between the systematically sampled sections. 

Average cell numbers were estimated using the optical fractionator method (West et al., 1991). 

Briefly, a grid of virtual, equally-spaced 3D-boxes (30 μm x 30 μm x 20 μm) (same grid spacing 

as for volume estimations) was superimposed on every 4th section of the lamina of interest and 

the number of neurons falling inside the boxes was counted, according to standardized 

stereological procedures (Gundersen et al., 1999; Coulin et al., 2001). The estimated total 

number of neurons in each region was then calculated on the basis of the number of counted 

neurons, grid spacing, volume of the box, and number of boxes counted. Neurons were 

differentiated from other cells on the basis of perikaryon size and shape (Peinado et al., 1997). 

Coefficients of error were computed according to the formulas of Gundersen et al. (1999) for cell 

numbers and Gundersen and Jensen (1987) for volume estimates. 

 

Dendritic trees analysis 

Three-D reconstructions of representative Golgi-impregnated neurons from the BLa and BNST 

were made. The criteria used to select neurons for reconstruction were as follows: (i) full 

impregnation of the neurons along the entire length of the dendritic tree; (ii) dendrites without 

truncated branches, except on the most superficial layer; (iii) relative isolation from neighboring 
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impregnated neurons to avoid interference with the analysis (iv) no morphological changes 

attributable to incomplete dendritic impregnation of Golgi–Cox stain. Golgi studies of specific 

divisions of the BNST are sparse (McDonald, 1983; Larriva-Sahd, 2004; 2006). The first study 

describing the distribution of different neuronal types in the BNST (McDonald, 1983) was based 

on the lateral/medial division of the nucleus. This parcellation has, however, been subsequently 

revised (Ju & Swanson, 1989). Accordingly, we chose neurons for dendritic analysis in the 

anteromedial area, using the following criteria: (i) presence of transverse anterior comissure; (ii) 

rostral location to the stria terminalis main bundle; (iii) selection of neurons adjacent to the 

anterior comissure. These landmarks correspond to the rostral portion of the medial division 

described by McDonald (1983) as being populated by cells with characteristic ovoid soma and 

polarized dendritic trees that branch sparingly. These cells are characteristically sparsely to 

moderate spiny, contrasting with the spine- and dendrite-rich cells of the lateral division. 

Golgi-impregnated pyramidal-like neurons (type I) of the basolateral amygdala were readily 

identified by their characteristic pyramidal or piriform soma, spine-sparse primary dendrites and 

spine-dense secondary dendrites (McDonald, 1982) (Fig. 3 for representative photomicrographs). 

For each selected neuron, all branches of the dendritic tree and the location of all dendritic 

spines were reconstructed at 600X magnification, using a motorized microscope (Carl Zeiss 

Axioplan 2, Hamburg, Germany, with oil-objectives), attached to a camera (DXC-390, Sony Co., 

Japan) and Neurolucida software (Microbrightfield, VT, USA). Three-D analysis of the 

reconstructed neurons was performed using NeuroExplorer software (Microbrightfield). In each 

brain, 10 BLa neurons (160 in total) and 10 BNSTam neurons (160 in total) were studied. 

Several aspects of dendritic morphology were examined. To assess overall changes, total 

dendritic length and number of dendrites were compared between groups. The total number of 

spines on dendrites and spine density (total spines divided by dendritic length) were also 

compared between groups. To assess differences in the arrangement of dendritic material, a 3-D 

version of a Sholl analysis (Sholl, 1956; Uylings & van Pelt, 2002) was performed; for this, the 

number of intersections of dendrites with concentric spheres positioned at radial intervals of 20 

μm were recorded.  
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Data analysis 

Except for coefficients of error, all results are expressed as group means ± standard error. A 

repeated measures test was used to evaluate data from the Sholl analysis, acoustic startle, 

prepulse inhibition and fear-potentiated data. Student’s t test was used to compare means 

between groups for the remaining variables.  

The coefficients of error (C.E.) of the individual stereological estimates were calculated according 

to Gundersen and Jensen (1987). Coefficients of variation (C.V.=standard deviation/mean) were 

determined for the stereological estimates. Statistical significance was accepted when the 

probability level was < 0.05. 
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Results 

 

Verification of efficacy of CUS and CORT treatment procedures 

The CUS protocol decreased body-weight gain (Cont, 96.1 ± 3.1 g; CUS, 79.3 ± 2.4 g; t = 4.26, 

P < 0.001) and reduced the thymus/body-weight ratio (Cont, 1.03 ± 0.09 x 10-3; CUS, 0.77 ± 

0.08 x 10-3; t = 2.10, P < 0.05). Exposure to chronic stress resulted in persistently raised plasma 

corticosterone levels, which were still significantly higher than those found in controls more than 

12 h after the last stress exposure (Cont, 31 ± 6.0 ng/ml; CUS, 117 ± 11 ng/ml; t = 6.80, P < 

0.001).  

CORT-treatment slowed body-weight gain (Veh, 88.4 ± 12.9 g; CORT, 24.0 ± 9.9 g; t = 3.32, P < 

0.01) and reduced the thymus/body-weight ratio (Veh, 1.03 ± 0.27 x 10-3; CORT, 0.68 ± 0.05 x 

10-3; t = 6.64, P < 0.001). Corticosterone levels were persistently raised in CORT-treated animals 

and were significantly higher than those found in Veh-treated (Veh, 41 ± 4 ng/ml; CORT, 203 ± 

11 ng/ml; t = 13.6, P < 0.001) 

 

Chronic stress triggers hyperanxiety but does not affect fear conditioning or 

locomotory /exploratory activity  

Chronic stress induced an anxiety-like phenotype insofar that, as compare to Cont animals, CUS 

rats spent significantly less time (t = 2.77, P < 0.009) and made fewer entries (t = 2.03, P < 

0.04) into the open arms of the EPM. Furthermore, the ratio of open/closed arm times (t = 2.40, 

P < 0.02) was significantly smaller in CUS animals. Nevertheless, the number of closed-arm 

entries did not significantly differ between the groups (t = -0.07, P = 0.94), indicating that 

exploratory/locomotory activity was preserved (Fig. 4A,B and Supplementary material Table 1).   

 

Responsiveness to acoustic stimuli was increased after CUS (F = 5.13, P < 0.05). There was a 

significant trend for the startle amplitudes of the CUS rats to increase faster compared to Cont 

animals. However, between-group comparisons failed to reveal significant differences on 

individual noise intensities (Table 1). 
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Response to inhibitory prepulse was not affected by chronic unpredictable stress, as shown by 

analysis of prepulse inhibition of acoustic startle response which did not vary as a function of 

treatment x prepulse intensity interaction (F = 0.150, P = 0.92). Comparison between groups 

revealed no differences on any prepulse intensity (Fig. 5). In addition, CUS did not affect 

responsiveness to fear in the acoustic startle test.  Analysis of the fear-potentiated startle data 

among rats tested in the shock chamber, revealed that startle amplitude did not vary as a 

function of the treatment x stimulus interaction (F = 0.107, P = 0.74). As shown in Table 2, the 

magnitude of the fear-potentiated startle was similar among the CUS rats to that observed in Cnt 

rats. 

 

Finally, locomotory activity was not different between control as assessed by using the OF (Outer 

distance, 503 ± 32; Center distance, 107 ± 18; Outer time, 273 ± 5; Center time, 27 ± 5) and 

CUS (Outer distance, 495 ± 31; Center distance, 97 ± 12; Outer time, 273 ± 4; Center time, 27 

± 4) animals. However, a significant decrease was found in the time (Cont, 68 ± 6; CUS, 49 ± 5; 

t = 2.40, P < 0.02) that animals exposed to the CUS spent in rearing activity, although there was 

no significant difference in the number of rearings (Cont, 37 ± 3; CUS, 33 ± 3; t = 1.15, P = 

0.22) (Supplementary material Table 1).  

 

Stress-induced hyperanxiety correlates with BNST but not amygdala hypertrophy 

The volumes of the amygdaloid nuclei (Fig. 6A) did not differ between Cont and CUS animals 

(BLa, t = -0.78, P = 0.45; BLp, t = -0.28, P = 0.78; BMa, t = -0.08, P =  0.93; BMp, t = 0.57, P = 

0.58; CeA, t  = -0.09, P = 0.92; La, t = -1.68, P = 0.12). The same was true when the basolateral 

and basomedial nuclei volumes were computed without regard to their anterior-posterior divisions 

(BL, t = -0.53, P = 0.60; BM, t = 0.23, P = 0.82). However, CUS animals presented a significant 

increase (23%) in volume of anteromedial division of BNST (t = -3.03, P < 0.02) compared to 

Cont animals (Fig. 6B). There were no significant differences in the volumes of the BNSTal (t = -

0.59, P < 0.58) and BNSTp divisions (t = -0.54, P < 0.60).  To clarify the impact of cell numbers 

in the volumetric changes in the BNST of CUS-treated animals, the total number of neurons was 
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estimated. Stereological estimates of total number of neurons failed to reveal significant 

differences between experimental groups in any of the BNST divisions or amygdaloid nuclei (Fig. 

7A,B). It is important to note that the low coefficients of error, which did not exceed the biological 

variance (Supplementary material Tables 2 & 3), attest to the validity of the stereological 

determinations (Coulin et al., 2001). 

 

To ascertain the role of plastic changes in the neuronal morphology in the volumetric changes, 

we undertook a 3D morphological analysis of dendritic arborizations in each region of interest. 

Data revealed that CUS produced a significant increase in the total length of dendrites of bipolar 

neurons in the BNST (t = 2.20, P < 0.04), and in the total number of spines (t = 3.15, P < 

0.006), although the spine density was not significantly changed (t = 0.97, P = 0.34) (Table 3). 

Sholl analysis of the number of intersections as a function of their distance from the soma (Fig. 

8A) did not reveal a significant effect of CUS on bipolar neurons dendrites (F = 2.03, P = 0.17) 

although increased proximal ramification and longer dendritic lengths were observed. 

 

3-D analysis of dendrites of pyramidal-like neurons in the amygdala showed that CUS did not 

influence total dendritic length (t = 0.29, P = 0.77), total number of spines (t = -1.07, P = 0.29) 

or spine density (t = -1.78, P = 0.08). Sholl analysis of the number of intersections as a function 

of their distance from the soma did not reveal (F = 2.50, P = 0.12) any effect of CUS (Fig. 8C). 

 

Corticosteroids mediate the behavioral and structural effects of stress in the BNST  

Corticosterone treatment replicated the behavioral phenotype of CUS group in the OF, EPM and 

acoustic startle (AS) (Fig. 4C,D, Table 4 and Supplementary material Table 1).  However, in the 

fear-potentiated startle (FPS) paradigm, the magnitude of the fear-potentiated startle was not 

significantly greater (F = 3.49, P < 0.79) in CORT-treated rats compared to Veh-treated rats 

(Table 2). 
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Stereological estimates on CORT-treated animals revealed a strong resemblance to the results 

obtained for CUS-treated rats. While the volumes of the amygdaloid nuclei did not differ between 

the Veh and CORT groups (BLa, t = -1.03, P = 0.32 ; BLp, t = -0.58, P =  0.57; BL, t = -2.66, P = 

0.024; BMa, t = -1.42, P = 0.18; BMp, t = 1.39, P = 0.19; BM, t = 0.16, P = 0.65; CeA, t = -

0.21, P = 0.84 ; La, t = -0.61, P = 0.95), there was a significant increase (20%) in the volume of 

the BNSTam in the CORT- vs. Veh-treated animals (t = 2.88, P < 0.02). There were no significant 

differences in the volumes of the BNSTal (t = -2.20, P = 0.06) and BNSTp divisions (t = 0.52, P = 

0.61) (Fig. 6C,D and Supplementary material Table 2). Stereological estimates of the total 

number of neurons (Fig. 7C,D) did not reveal any significant between-group differences in any of 

amygdaloid or BNST divisions (Supplementary material Table 3). 

 

Data derived from the 3D dendritic morphological analysis demonstrated that, CORT treatment 

induced similar changes to CUS in bipolar neurons of the BNST. Total dendritic lengths were 

significantly increased (t = 2.22, P < 0.03), but only non-significant increases were found in the 

total number of spines (t = 1.43, P = 0.16) and spine density (t = 0.52, P = 0.60). Sholl analysis 

did not reveal an effect of CORT on bipolar neurons dendrites (F = 0.006, P = 0.93) (Fig. 8B,D 

and Table 3). 

Similarly to what was found for CUS, CORT treatment did not affect the dendritic morphology of 

pyramidal-like neurons of the BL (t = -1.46, P = 0.14). However the total number of spines (t = -

3.81, P < 0.0004) and spine density (t = -4.13, P < 0.0001) were decreased when compared to 

Veh-injected animals (Fig. 8B,D and Table 3). Sholl analysis failed to reveal significant differences 

between groups (F = 2.01, P = 0.16). 
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Discussion 

 

The present study reveals that chronic stress triggers hyperanxiety, without affecting fear-

potentiated startle. These behavioral changes are associated with volumetric increases in the 

BNSTam division but not in the amygdala. The enlarged BNSTam in stressed animals resulted 

from a hypertrophy of dendrites in this region.  Additionally, the present results demonstrate that 

stress induces anxiety, along with structural re-arrangements in the BNST, through the  mediation 

of corticosteroids.  

 

A primary aim of this study was to determine the neuroanatomical substrates upon which stress 

acts to induce anxiety and fear-conditioned behavior. Anxiety is characterized by a generalized 

sensation of discomfort and apprehension in response to unconditioned diffuse cues (Koch, 

1999). This response outlasts the exposure of the anxiogenic stimulus, suggesting long-term 

activation of the neural substrates and processes that regulate anxiety (Lee et al., 1994; Lee & 

Davis, 1997b; a). In contrast, fear-conditioning involves learning that a specific cue, or a more 

complex context, predicts imminent adversity (Brown et al., 1951; Davis, 1986; 1992a). The 

neuronal pathways that mediate the acquisition and expression of anxiety versus fear-conditioning 

to cues are known: while the latter involves intra-amygdaloid connections, anxiety behavior 

predominantly activates the BNST (Davis et al., 1997).  

 

The EPM paradigm is based on the conflict between a rodent’s natural aversion to open spaces 

with its drive to explore a new environment (Dawson & Tricklebank, 1995; Fernandes & File, 

1996; Hogg, 1996). Despite being the most popular and reliable test for evaluating anxiety levels 

in animals (Hogg, 1996; Mechiel Korte & De Boer, 2003; Carobrez & Bertoglio, 2005; Sousa et 

al., 2006), the EPM is influenced by a number of environmental factors (Pereira et al., 2005; 

Lewejohann et al., 2006) and should thus be complemented by other behavioral tests. In the 

present study, the acoustic startle reflex (ASR) in response to loud acoustic stimuli was the 

complementary measure of anxiety-like behavior. This response is also enhanced in humans that 

suffer from anxiety disorders (Grillon et al., 1994; Grillon et al., 1996) and is considered a 
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diagnostic criterion for post-traumatic stress disorder (American Psychiatry Association, 1994). 

The ASR pathway includes several brainstem nuclei (auditory nerve, ventral cochlear nucleus, 

caudal pontine reticular nucleus) that receive projections from forebrain areas, including the 

central amygdaloid nucleus (Koch, 1999), which together modulate the startle response. In 

rodents, the ASR can be conditioned by anxiogenic (contextual) as well as fearful stimuli (cues). 

Interestingly, the neuronal pathways involved tend to differ according to the stimulus (Davis et al., 

1997). Previous studies have demonstrated that anxiogenic stimuli that enhance the ASR 

response depend on the activation of the BNST (Davis et al., 1997; Koch, 1999). In contrast, the 

fear-potentiated ASR response depends mainly on activation of amygdaloid nuclei, with the BNST 

playing a lesser role (Lee et al., 1996; Davis et al., 1997).  

 

The present results confirm that chronic stress exposure induces anxiety-like behavior (Shekhar 

et al., 2005; Bondi et al., 2007). They also show that, consistently with the findings in the EPM 

test, chronic stress exposure enhances responsiveness to acoustic stimuli, thus lowering the 

threshold of response to anxiogenic stimuli. Further, this work shows that corticosterone can 

mimick the effects of CUS in both test paradigms. In accord with previously-published work 

(Dagnino-Subiabre et al., 2005), the effects of stress on anxiety behavior were paralleled by 

neither changes in locomotory and exploratory behavior nor alterations in the fear-potentiated 

startle response. The study by Dagnino-Subiabre et al (2005) showed that, chronic stress 

differentially affects the acquisition of fear-like behavior in a manner that depends on the nature 

of the conditioned stimulus. The strikingly different impacts of CUS on anxiety vs. fear-conditioned 

behavior reported in the present work prompted our subsequent analysis of the underlying 

neuroanatomical substrates of these behaviors, namely, the amygdaloid complex and BNST. 

 

Consistent with the lack of CUS- and CORT-induced changes in the fear-potentiated startle 

response, we failed to observe significant differences in any of the amygdaloid nuclei of animals 

subjected to CUS and CORT treatment. In contrast, BNSTam volumes were significantly 

increased after both treatments, suggesting involvement of the BNST in the generation of a 

hyperanxious state. The role of the BNST in the activation of the HPA axis, its anatomical 

connections with the neuroendocrine hypothalamus (Dunn, 1987; Dong & Swanson, 2006) as 
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well as with other brain regions such as the brainstem and ventral striatopallidal, areas that 

regulate defensive, sexual, ingestive, and exploratory behaviors, have been previously established  

(Dong & Swanson, 2006). The BNST can be subdivided into several areas, each of which is likely 

to subserve specific functions on the basis of the following: i) BNSTam neurons lying closest to 

the anterior comissure appear to densely innervate the hypothalamic periventricular region (Dong 

& Swanson, 2006); ii) CRH-immunoreactive cells are found in the neuronal groups composing 

the anteromedial area (Ju et al., 1989) and have a putative role in regulating the hypothalamic 

function; and iii) electrical stimulation of the anteromedial aspects of the BNST is associated with 

increased corticosteroid secretion (Dunn, 1987). Thus, it is highly probable that chronic stress 

acts on the BNSTam to generate a hyperanxious phenotype and, at the same time, a 

hypercorticalismic state. 

 

The lack of differences in BNSTam neuronal numbers of CUS-treated rats led us to examine for 

morphological signs of neuroplasticity in this area. A 3D morphological analysis revealed that the 

increase in BNSTam volume in stressed animals was largely due to increased arborization of 

bipolar neurons dendrites in animals exposed to either stress or  exogenous corticosterone. 

Although the total lengths and dendritic branching patterns of spiny pyramidal-like neurons in the 

amygdaloid BLa did not change after either treatment we observed a significant reduction of 

spine number (as well as spine density) in the dendrites of BLa neurons; these results suggest 

that synaptic transmission in the amygdala is altered by both CUS and corticosterone.  

 

Our finding that neither stress nor corticosterone treatment lead to major structural changes in 

the amygdala (nuclear volumes, total number of neurons, dendritic lengths) seems be at odds 

with previous studies that implicate a role of specific amygdaloid nuclei in triggering the stress 

response and the expression of emotional behavior. For example, Vyas et al (2002) reported 

hypertrophy of BLa pyramidal-like neurons after chronic immobilization stress (CIS). On the other 

hand, that same study showed that exposure to a CUS protocol for a period similar to that used 

by us, did not result in any structural changes. Together, these findings highlight the stimulus-

dependent specificity of the neuronal circuitry responsible for generating anxiety (Gewirtz et al., 

1998; Rosen et al., 1998; Dagnino-Subiabre et al., 2005; Miracle et al., 2006). We suggest that 
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the inescapability associated with the CIS paradigm triggers an emotional phenotype that results 

in the expression of fear responses rather than anxiety; this interpretation would explain the CIS-

induced structural changes in the amygdala. 

 

The early view that the amygdala is a homogeneous structure (Johnston, 1923) has been 

challenged by embryological, anatomical and functional studies (Swanson & Petrovich, 1998). 

The newer work proposed its subdivision into: i) the caudal olfactory system (nucleus of the 

lateral olfactory tract, cortical nucleus and postpiriform and pirirform-amygdalar areas), ii) a 

ventral extension of the claustrum (lateral, basal and posterior nuclei) that forms a frontotemporal 

system, and iii) a specialized ventromedial expansion of the striatum (CeA and medial 

amygdaloid [MeA] nuclei, and anterior amygdaloid area) (Swanson & Petrovich, 1998). It is 

important to note that the BNST is continuous with the CeA and MeA and that these structures 

together function as a parallel pathway to that in the adjacent striatal area. Such anatomical and 

functional interrelationships support the inclusion of the BNST, as well as the substantia 

innominata, into the so-called “extended amygdala” (Alheid, 2003). While the frontotemporal and 

olfactory systems are important for the establishment of associations between events and 

emotional value, the extended amygdala seems to be critical for mediating behavioral and 

autonomic (CeA), survival (MeA) and neuroendocrine (BNST) responses (Swanson & Petrovich, 

1998). Against this structure-function background, the fact that stress-induced morphological 

changes are largely confined to a specific area of the extended amygdala, strongly implicated in 

neuroendocrine regulation, is striking.  

 

In summary, our results add new information, from a neuromorphological perspective, to the 

understanding of how chronic stress elicits anxiety behavior. 1) Our findings clearly demonstrate 

that stress-induced hyperanxiety is associated with structural and functional changes in the 

BNST, but not in the amygdala. 2) Most of the effects induced by CUS were reproducible by 

exogenous corticosterone administration, indicating  corticosteroid mediation of the effects of 

CUS. 3) Given the role of the BNST in the regulation of the HPA axis, the herein reported CUS-

induced hypertrophy of the BNST bears on our understanding of stress-induced hyperactivity of 

the HPA axis, providing an anatomical basis for dysregulated closure of this neuroendocrine loop 
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under conditions of chronic stress. 4) Our description of a structure-based framework that 

contributes to the dichotomous activation of the BNST and amygdala during chronic stress states 

is expected to increase our understanding of the neurobiological basis of resilience to stress. 

Another interesting finding that emerges from this work is that the amygdala, which is implicated 

in the acquisition and expression of fear behavior, appears to be relatively insensitive to stressful 

insults; nevertheless, our results show that CUS can impose more subtle damage to this region 

by impairing its synaptic plasticity. In contrast, the BNST reaction to CUS is more pronounced, 

expressed as overt reorganization of the BNSTam and resulting in hyperactivity of the HPA axis. 

By identifying the fine structural alterations (i.e. dendritic morphology and synaptic numbers) that 

result from exposure to chronic stress, our study suggests new targets through which the 

pathophysiological cycles that lead to behavioural dysfunction may be interrupted.  
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Abbreviations 

 

AS – acoustic startle 

ASR –acoustic startle reflex 

AVG – average startle response 

BL – basolateral amygdaloid nucleus 

BLa - basolateral anterior amygdaloid nucleus 

BLp - basolateral posterior amygdaloid nucleus 

BM – basomedial amygdaloid nucleus 

BMa - basomedial anterior amygdaloid nucleus 

BMp - basomedial posterior amygdaloid nucleus 

BNST - bed nucleus of stria terminalis 

BNSTam - anteromedial division of BNST  

BNSTal - anterolateral division of BNST 

BNSTp – posterior division of BNST 

CE – coefficient of error 

CeA - central amygdaloid nucleus 

CIS – chronic immobilization stress 

Cont - control rats  

CORT - corticosterone-treated animals 

CRH - corticotrophin-releasing-hormone 

CS – conditioned stimulus 
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CUS - chronic unpredictable stress animals 

CV – coefficient of variation 

EPM – elevated plus maze 

FPS – fear potentiated startle 

HPA – hypothalamus-pituitary-adrenal 

La – lateral amygdaloid nucleus 

OF – open field 

PPI – prepulse inhibition 

SD – standard Deviation 

Veh - vehicle-injected rats 

Vmax – maximum startle response 
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Table 1. Acoustic Startle data.  

Startle amplitude (arbitary units) 

Noise (dB) Cont  CUS  

70 dB 36.943 ± 7.76  26.150 ± 4.08  

80 dB 27.571 ± 2.24  22.700 ± 2.28  

90 dB 63.650 ± 15.15  41.586 ± 5.77  

100 dB 429.400 ± 111.32  806.733 ± 179.78  

110 dB 5029.543 ± 755.72  6573.575 ± 226.23  

120 dB 6446.753 ± 705.47   6752.409 ± 335.78  

 

Startle amplitude in response to acoustic stimulus. Cont, control rats; CUS, chronic unpredictable stress 

rats. Results are presented as mean ± SEM. 
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Table 2. Fear Potentiated Acoustic Startle data.  

Startle amplitude (arbitary units) 

  Cont   CUS  

Startle  2827.637 ± 314.51  3435.300 ± 238.77  

CS + Startle  4252.900 ± 645.48   4642.900 ± 531.211  

  Veh   CORT  

Startle  3732.575 ± 406.90  3074.925 ± 303.77  

CS + Startle  3653.850 ± 412.14   4010.050 ± 510.73  

 

Startle amplitude in response to an acoustic stimulus. CUS did not affect responsiveness to fear in the 

acoustic startle test. Startle amplitude in response to acoustic stimuli in the presence of conditioned 

stimulus startle was enhanced in CORT-treated rats compared to the Veh-treated animals; however, the 

two groups did not differ significantly. Cont, control rats; CORT, corticosterone-treated rats; CS – 

Conditioned stimulus; CUS, chronic unpredictable stress rats; Veh, vehicle-injected rats. Results are 

presented as mean ± SEM. 
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Table 3.  Morphometric analysis of dendrites of neurons of the amygdala and BNST.  

 

  Cont CUS t ; p 
BL

A 
(p

yr
am

id
al

) Total dendritic length (μm) 948 ± 59 981 ± 110 0.29 ; 0.77 

Total number of spines (n) 539 ± 39 472 ± 46 -1.07 ; 0.29 

Spine density (n/μm) 0.57 ± 0.03 0.49 ± 0.02 -1.78 ; 0.08 

BN
ST

 (b
ip

ol
ar

) Total dendritic length (μm) 450 ± 65 644 ± 58 2.20 ; 0.04 

Total number of spines (n) 190 ± 24 307 ± 28 3.15 ; 0.006 

Spine density (n/μm) 0.44 ± 0.03 0.48 ± 0.02 0.97 ; 0.34 

  Veh CORT t ; p 

BL
A 

(p
yr

am
id

al
) Total dendritic length (μm) 947 ± 61 824 ± 59 -1.46 ; 0.14 

Total number of spines (n) 535 ± 40 335 ± 35 -3.81 ; 0.0004 

Spine density (n/μm) 0.57 ± 0.03 0.40 ± 0.03 -4.13 ; 0.0001 

BN
ST

 (b
ip

ol
ar

) Total dendritic length (μm) 351 ± 20 431 ± 29 2.22 ; 0.03 

Total number of spines (n) 153 ± 10 183 ± 18 1.43 ; 0.16 

Spine density (n/μm) 0.42 ± 0.13 0.44 ± 0.12 0.52 ; 0.60 

 

 

BLA, Basolateral amygdaloid nucleus; BNST, Bed Nucleus of Stria Terminalis; Cont, control rats; CUS, 

chronic unpredictable stress rats. Data are presented as mean ±SEM.  
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Table 4. Acoustic Startle data.  

 

Startle amplitude (arbitary units) 

Noise (dB) Veh   CORT  

70 dB 21.57 ± 2.60  30.05 ± 3.47  

80 dB 45.22 ± 4.17  152.74 ± 44.56 * 

90 dB 192.56  ± 33.56  689.92 ± 182.60 * 

100 dB 954.67 ± 212.30  5020.34 ± 674.51 * 

110 dB 5918.38 ± 628.91  8010.44 ± 501.00 * 

120 dB 6477.20 ± 443.10   7588.14 ± 661.43  

 

Startle amplitude in response to an acoustic stimulus.  Results are presented as mean ± SEM. The startle 

response varied as a function of treatment x startle intensity interaction (F = 13.38; P < 0.003). There was 

a significant trend for the startle amplitudes of the CORT rats to increase more rapidly as a function of 

stimulus intensity. Comparison between groups revealed that as compared to Veh rats, the startle 

amplitude of CORT rats was significantly elevated at the 80, 90 dB, 100 and 110 dB. * P < 0.05. Veh, 

vehicle-injected animals; CORT, corticosterone-treated animals. 
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Figures  

 

Figure 1. Low power micrographs of a glycolmethacrylate-embedded coronal section of the temporal lobe 

of the rat stained with Giemsa (left panels); also shown are the corresponding Paxinos atlas schemes 

(middle panels) used for delineation (right panels) of different amygdaloid nuclei. A, Figure 49 (Bregma -

1.92). B, Figure 52 (Bregma -2.28). C, Figure 55 (Bregma -2.64). D, Figure 61 (Bregma -3.36). E, Figure 

66 (Bregma -3.96). BLa, Basolateral anterior; BLp, Basolateral posterior; BMa, Basomedial anterior; BMp, 

Basomedial posterior; CeA, Central; La, Lateral. Scale bar represents 200 μm. 
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Figure 2. Low power micrographs of a glycolmethacrylate-embedded coronal section of the BNST of the 

rat stained with Giemsa (left panels); also shown are the corresponding Swanson atlas schemes (middle 

panels) used for delineation (right panels) of different BNST divisions. A, Plate 16 (Bregma +0.10). B, 

Plate 19 (Bregma –0.26). C, Plate 20 (Bregma -0.46). D, Plate 21 (Bregma -0.51). E, Plate 22 (Bregma -

0.60). E, Plate 23 (Bregma -1.08). am, anteromedial division of BNST; al, anterolateral division of BNST; 

p, posterior division of BNST. Scale bar represents 200 μm. 
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Figure 3. High power micrographs of Golgi-Cox-stained neurons of the BNST and BLa sections A, B, 

Bipolar neurons of BNST (A-Cont; B-CUS). C, D, Pyramidal neurons of BLa (C-Cont; D-CUS). E, F, 3D 

reconstructions of BLa pyramidal and BNST bipolar neurons in the 3 spatial dimensions.  

 

 

 

Figure 4. Results from the Elevated Plus Maze test results. A, C, Time spent in the Open Arms given as 

percentage of total time. B, D, Number of entries in the Open and Closed Arms. Cont, control rats; CUS, 

chronic unpredictable stress rats; Veh, vehicle-injected rats; CORT, corticosterone-treated rats. Results are 

presented as mean ± SEM. * P < 0.05, # p < 0.001. 
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Figure 5. Results from the prepulse inhibition test results. Cont, control animals; CUS, chronic 

unpredictable stress animals. No significant differences were found between Cont and CUS-treated 

animals at any prepulse intensity. 

 

 

 

Figure 6. Stereological data on volumetry measuraments. A, C, Volumes of amygdaloid nuclei. B, D, 

Volumes of the bed nucleus of stria terminalis (BNST). BLa, Basolateral anterior; BLp, Basolateral 

posterior; BMa, Basomedial anterior; BMp, Basomedial posterior; BNSTam, anteromedial division of 

BNST; BNSTal, anterolateral division of BNST; BNSTp, posterior division of BNST; CeA, Central; Cont, 

control animals; CORT, corticosterone-treated animals; CUS, chronic unpredictable stress animals; La, 

Lateral; Veh, vehicle-injected animals.* P < 0.05. Results are presented as mean ± SEM. 
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Figure 7. Stereological estimation of total number of neurons. A, C, Total number of neurons of 

amygdaloid nuclei. B, D, Total number of neurons of the bed nucleus of stria terminalis (BNST). BLa, 

Basolateral anterior; BLp, Basolateral posterior; BMa, Basomedial anterior; BMp, Basomedial posterior; 

BNSTam, anteromedial division of BNST; BNSTal, anterolateral division of BNST; BNSTp, posterior 

division of BNST; CeA, Central; Cont, control animals; CORT, corticosterone-treated animals; CUS, chronic 

unpredictable stress animals; La, Lateral; Veh, vehicle-injected animals.* P < 0.05. Results are presented 

as mean ± SEM. 
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Figure 8. Sholl analysis data. A, B, BNST bipolar neurons dendritic tree. C, D, Amygdala BLa pyramidal 

neurons dendritic tree. Cont, control rats; CUS, chronic unpredictable stress rats; Veh, vehicle-injected 

rats; CORT, corticosterone-treated rats. Results are presented as mean ± SEM. 
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Supplementary material  

Table 1.  Statistical data on results of Elevated Plus Maze and Open-Field tests. 

 

  Cont vs CUS Veh vs CORT 

  t ; p t ; p 

El
ev

at
ed

 P
lu

s 
M

az
e 

Open Arm Time 2.77 ; 0.009 2.66 ; 0.01 

Open Arm Entries 2.03; 0.05 1.79 ; 0.08 

Closed Arm Time -2.34 ; 0.02 -3.72 ; 0.001 

Closed Arm Entries -0.07 ; 0.94 -3.62 ; 0.001 

Open/Closed Arm Time Ratio 2.40 ; 0.02 3.03 ; 0.006 

O
pe

n-
Fi

el
d 

Center Time 0.00 ; 0.99 0.04 ; 0.96 

Outer Time -0.09 ; 0.99 -0.04 ; 0.96 

Center Distances 0.45 ; 0.65 1.01 ; 0.33 

Outer Distances 0.19 ; 0.84 0.55 ; 0.58 

Time Ratio (center/outer) 0.15 ; 0.88 0.04 ; 0.96 

Distances Ratio (center/outer) 0.25 ; 0.79 0.34 ; 0.74 

Rearing Number 1.15 ; 0.22 0.62 ; 0.54 

Rearing Time 2.405 ; 0.02 0.80 ; 0.43 

 

Cont, control animals; CORT, corticosterone-treated animals; CUS, chronic unpredictable stress animals; 

Veh, vehicle-injected animals. 
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Table 2. Statistical data on volumetric measurements of individual nucleus of the amygdala and BNST.  

 

 Cont CUS Veh CORT 

  CE BV CE BV CE BV CE BV 

BLa 0.08 0.16 0.09 0.08 0.08 0.21 0.07 0.08 

BLp 0.03 0.13 0.04 0.19 0.09 0.23 0.10 0.09 

BL - 0.05 - 0.23 - 0.08 - 0.03 

BMa 0.06 0.25 0.07 0.09 0.07 0.21 0.05 0.15 

BMp 0.07 0.21 0.05 0.19 0.10 0.23 0.14 0.35 

BM - 0.09 - 0.29 - 0.20 - 0.13 

CeA 0.07 0.22 0.07 0.13 0.04 0.21 0.07 0.11 

La 0.04 0.18 0.04 0.14 0.05 0.12 0.03 0.11 

BNSTam 0.07 0.14 0.04 0.17 0.06 0.14 0.05 0.13 

BNSTal 0.09 0.17 0.10 0.14 0.09 0.10 0.06 0.14 

BNSTp 0.08 0.21 0.06 0.15 0.08 0.19 0.09 0.13 

 

   

Cont, control animals; CUS, chronic unpredictable stress animals; Veh, vehicle-injected animals; CORT, 

corticosterone-treated animals. Coefficient of error (CE) and biological variance (BV) are presented for 

volumes of individual nuclei. BL, basolateral; BLa, basolateral anterior; BLp, basolateral posterior; BMa, 

basomedial anterior; BMp, basomedial posterior; BNSTam, anteromedial division of BNST; BNSTal, 

anterolateral division of BNST; BNSTp, posterior division of BNST; CeA, central; La, lateral. The shrinkage 

factor was 1.00 for control and Veh groups, 1.05 for CUS and 1.04 for CORT animals. 
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Table 3. Statistical data on neuronal number estimates of individual nuclei of the amygdala and BNST.  

 

 Cont CUS  Veh CORT  

  CE BV CE BV t ;  p CE BV CE BV t ;  p 

BLa 0.10 0.13 0.11 0.17 -0.40 ; 0.70 0.09 0.12 0.09 0.24 -0.71 ; 0.50 

BLp 0.05 0.35 0.06 0.09 -1.01 ; 0.34 0.08 0.16 0.10 0.07 -0.67 ; 0.52 

BL - 0.23 - 0.05 -1.00 ; 0.34 - 0.09 - 0.12 -1.00 ; 0.35 

BMa 0.08 0.42 0.09 0.17 -1.55 ; 0.15 0.07 0.30 0.05 0.16 0.98 ; 0.35 

BMp 0.07 0.22 0.07 0.16 -0.92 ; 0.38 0.07 0.15 0.09 0.25 1.46 ; 0.19 

BM - 0.29 - 0.09 -1.56 ; 0.15 - 0.24 - 0.10 0.43 ; 0.68 

CeA 0.06 0.20 0.07 0.16 1.37 ; 0.20 0.08 0.17 0.07 0.09 1.01 ; 0.34 

La 0.07 0.15 0.07 0.18 -1.70 ; 0.12 0.06 0.17 0.06 0.15 0.82 ; 0.44 

BNSTam 0.15 0.32 0.13 0.25 0.77 ; 0.47 0.15 0.25 0.12 0.13 2.00 ; 0.08 

BNSTal 0.14 0.25 0.17 0.32 -1.56 ; 0.17 0.13 0.19 0.16 0.16 -1.76 ; 0.15 

BNSTp 0.12 0.24 0.14 0.17 1.17 ; 0.29 0.12 0.21 0.13 0.21 1.59 ; 0.12 

 

   

Cont, control animals; CUS, chronic unpredictable stress animals; Veh, vehicle-injected animals; CORT, 

corticosterone-treated animals. Coefficient of error (CE) and biological variance (BV) are presented for total 

number of neurons of individual nuclei. BL, basolateral; BLa, basolateral anterior; BLp, basolateral 

posterior; BMa, basomedial anterior; BMp, basomedial posterior; BNSTam, anteromedial division of 

BNST; BNSTal, anterolateral division of BNST; BNSTp, posterior division of BNST; CeA, central; La, lateral.  
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Rationale of this chapter and on-going work 

The work described in the previous chapter has established a correlation between stress-induced 

anxiety and structural remodeling of the BNST anteromedial division. The main question 

addressed in this study is to understand if the structural remodeling observed is associated with 

an altered activation of the BNST that would contribute to better understand the stress-induced 

changes in behavior and HPA axis regulation. To address this question we compared the 

expression of c-fos in control and chronically stressed rats on basal conditions. To determine if 

anxiogenic stimuli would induce a different pattern of activation we created a second set of 

animals that were exposed to anxiogenic acoustic stimuli. We observed specific patterns of 

activation in specific areas/nuclei of the BNST, on basal conditions and following anxiogenic 

stimuli. Importantly, these patterns were changed by chronic stress.  

This on-going work includes immunohistochemical characterization of activated neurons and 

determination of gene expression in specific BNST nuclei using laser microdissection techniques. 
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Abstract 

Chronic stress is an underlying cause of prevailing emotional disorders like anxiety. Stress 

induced anxiety is paralleled by structural remodeling of several brain areas, namely in the bed 

nucleus of the stria terminalis (BNST). The BNST is a complex structure composed by different 

divisions/nuclei that display distinct roles in anxiety behavior and in the control of the stress 

response. However, it is not known if the stress-induced structural and behavioral changes are 

associated with an altered pattern of activation in the BNST. To address this question we have 

compared the expression of c-fos, an immediate-early gene, in different divisions/nuclei of the 

BNST in rats submitted to chronic unpredictable stress (CUS) and in controls. A set of controls 

and CUS rats was evaluated on basal conditions and another set of animals was compared after 

acoustic anxiogenic stimuli. Data showed an altered activation of the BNST in stressed-animals 

under basal conditions (increased c-fos expression in the dorsomedial, ventral and fusiform 

nuclei, but decreased activation in the principal nucleus). Interestingly, the activation of the 

anteromedial (dorsomedial and ventral nuclei) and posterior divisions of the BNST triggered by 

anxiogenic stimuli in control animals was attenuated in stressed animals. These results confirm 

that the altered structure of the BNST following CUS is associated with functional impairments, 

which are likely to be of relevance for the stress-induced anxiety but also for the dysregulation of 

the HPA after prolonged stress. 

 

 
90



Introduction 

Stress has been implicated in the etiology of emotional disorders (Hammen, 2005; Risbrough & 

Stein, 2006), including anxiety (Charney et al., 1993). Importantly, a significant percentage of 

these patients display signs of impaired function of the hypothalamus-pituitary-adrenal axis (HPA) 

function (Shelton, 2007), as assessed by the levels of cortisol and by the response to 

dexamethasone suppression test (Gillespie & Nemeroff, 2005). The hyperactivation of the HPA 

axis will ultimately exacerbate the burden on neuronal centers that regulate its control, namely 

the hippocampus, prefrontal cortex (PFC), the amygdala and the bed nucleus of the stria 

terminalis (BNST) as a result of the sustained activation of corticosteroids receptors in these 

brain areas (Sousa, et al. 2000; Cerqueira et al., 2005; Pêgo et al. unpublished data, Chapter 

2.1). Interestingly, these same regions are implicated in emotional behavior (Davis et al., 1997; 

McEwen, 2005) and, thus, the interplay between stress, HPA dysfunction and emotional 

disorders perpetuates.  

The structure and function of the BNST is complex and heterogeneous (Ju & Swanson, 1989; Ju 

et al., 1989; Choi et al., 2007). Some authors recognize 3 main divisions (anteromedial, 

anterolateral, posterior) in the BNST, based on structural landmarks (Ju & Swanson, 1989; Dong 

et al., 2001a). However, when using such parcellation there is some degree of functional overlap. 

As an example, it was known the important GABAergic projection from the anteromedial division 

of the BNST (BNSTam) which exerts an inhibitory influence over the paraventricular nucleus of 

the hypothalamus (PVN) but, more recently, it was described an excitatory projection originating 

in the same division of the BNST that activates the HPA axis (Choi et al., 2007). Interestingly, 

both projections are under the control of an excitatory glutamatergic input from the PFC and 

hippocampus (Cullinan et al., 1993) and of an inhibitory GABAergic input from the central (CeA) 

and medial (MeA) nuclei of the amygdala (Prewitt & Herman, 1998; Herman et al., 2005). These 

apparent discrepancies can only be solved by using parcellations that subdivide these divisions in 

its subnuclei because this combines structural with stochastic and functional data. 

Previous studies have shown that the BNST is involved in the processing of anxiety, an emotional 

behavior thought to be elicited by diffuse contextual clues (Davis et al., 1997). Recently, we have 

shown that chronic unpredictable stress (CUS) induces a state of increased anxiety which is 

paralleled by increases in volumes of the BNSTam as a result of dendritic hypertrophy. Thus, we 

thought of interest to map the expression of the immediate early gene c-fos in different 
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divisions/nuclei of the BNST in controls and stressed rats to compare their activation both in 

basal conditions and after exposure to anxiogenic stimuli.  
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Materials and Methods 

Animals and treatments 

All experiments were conducted in accordance with local regulations (European Union Directive 

86/609/EEC) and NIH guidelines on animal care and experimentation. 

Adult male Wistar rats (Charles River Laboratories, Barcelona, Spain) were housed in groups of 2 

under standard laboratory conditions with an artificial light/dark cycle of 12/12 hours (lights on 

at 7 a.m.), 22ºC room temperature, ad libitum access to food and water. Body weights were 

recorded weekly and post-mortem thymus weights were used as an index of treatment efficacy.  

To assess the influence of chronic stress on BNST activation, 8 week-old rats were exposed for 4 

weeks to a CUS protocol, as described previously (Cerqueira et al., 2007). Briefly, rats were 

randomly assigned to control (Cont) or CUS groups (n= 8 per group). Stressful stimuli were 

scheduled in a random order, with exposure to 30 min. of a different stressor every day. Control 

animals were gently handled for 5 min on a daily basis over the 4 week treatment period. 

Treatments were performed during the daily light phase, between 9 a.m. and 4 p.m. following a 

random schedule. 

This particular CUS model was selected because previous studies (Cullinan et al., 1995; Herman 

et al., 1995; Sousa et al., 1998; Cullinan & Wolfe, 2000; Sousa et al., 2000) have shown that 

CUS results in a state of chronic hypercorticalism, characterized by increased adrenal weight and 

serum corticosterone levels, reduced thymus weight, and reduced body weight gain. 

Furthermore, the mixture of psychological and physical elements in the CUS paradigm not only 

reduces the chances of adaptation but also better mimics the variability of stressors encountered 

in daily life (Sousa et al., 1998; Joels et al., 2004).  

At the end of treatment protocols animals were randomly assigned to 2 sets of animals. In one 

set (n = 4 per group) animals were sacrificed 24 h after the last exposure to a stressful stimuli; in 

the other set (n = 4 per group) of animals, 24h after the last stressor exposure, rats were 

submitted to one session of anxiogenic stimuli in the acoustic startle apparatus and sacrificed 30 

min. later.  
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Acoustic startle as an anxiogenic stimulus 

The acoustic startle reflex was induced in a startle response apparatus (SR-LAB, San Diego 

Instruments, San Diego, CA, USA), consisting of a non-restrictive plexiglas cylinder (inner 

diameter 8.8 cm, length 22.2 cm), mounted on a plexiglas platform and placed in a ventilated, 

sound-attenuated chamber. To avoid the confounding effect of exposure to a novel environment, 

animals were habituated to the apparatus (5 min daily) for 2 days before actual trial. 

Background white noise, with an intensity of 63 dB, was used to minimize the impact of external 

acoustic stimuli. Rats were placed in the startle chamber and allowed to acclimatize to the 

chamber for 5 min. They were then presented with 20 anxiogenic startle stimuli (50 ms pulse of 

white noise at 120 dB) at a randomly assigned inter-stimulus interval ranging from 10 s to 20 s. 

Total duration of procedure lasted 15 min. Animals were then returned to a resting cage for 30 

min before being anesthetized and transferred to a different room where perfusion was carried 

when animals lost reaction to corneal reflex. Tests on individual animals were conducted 

sequentially; between tests, chambers and the acrylic holders were thoroughly cleaned (70% 

ethanol and water) to eliminate residual olfactory cues. 

 

Immunohistochemistry 

Animals were deeply anesthetized with pentobarbital and perfused transcardially with 250ml of 

saline followed by 750 ml of fixative solution containing 4% paraformaldehyde in 0.1M phosphate-

buffered solution (PBS). Brains were dissected and post-fixed (4% paraformaldehyde in PBS) for 

4h, followed by sucrose 8% in 0.1M PBS for 2 days, at 4ºC. Coronal sections (50 μm thick) 

containing the septal area, were serially collected in PBS. Every other section (from the 50 μm 

sections) was removed for processing. The first section to be collected was chosen randomly. 

Sections were immunostained for c-fos by incubation with a rabbit anti-c-fos polyclonal antibody 

(Calbiochem, Darmstadt, Germany) at 1:10.000 dilution, overnight, preceded by 2 h blocking in 

a PBS solution, containing 0.3% Triton X-100, 0.1M glycine and 10% normal swine serum to 

decrease background. Following washes in PBST, sections were incubated in biotinylated goat 

anti-rabbit antibody (Dako, Denmark) followed by an ABC solution (Vectorstain Elite, Vector, USA), 

both at 1:20 and ultimately reacted for DAB. Sections immunoreacted for c-fos were placed on a 
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gelatinized slide, coded and counterstained with haematoxylin to delimit regional boundaries. 

Slides were then mounted with Entellan (Merck, Darmstadt, Germany) and coverslipped. 

 

Morphological estimations 

The anatomical organization of the BNST has been thoroughly characterized by Swanson and 

collaborators (Ju & Swanson, 1989; Ju et al., 1989; Swanson, 1998), and recently revised (Dong 

et al., 2001a; Dong & Swanson, 2006a). It can be subdivided into major anterior and posterior 

divisions (relative to stria terminalis main fiber bundles); the former can be further parcelled into 

medial and lateral groups. The medial division is characterized by dense projections to 

hypothalamic regions that are closely associated with neuroendocrine control, and includes the 

anterodorsal and anteroventral areas; in contrast, the lateral group of the anterior division (which 

includes the anterolateral area) is characterized by projections to hypothalamic areas concerned 

with autonomic and energy homeostasis and feeding behavior (Dong & Swanson, 2004a). We 

have used the latter parcellation to establish a parallel to a previous work by Pêgo et al. (Chapter 

2.1). The above-mentioned regions were outlined according to anatomical references (Swanson, 

1998) and recognized on the basis of clear cytoarchitectural differences, namely the density of 

cells, size of the perikarya and relative position (Ju & Swanson, 1989; Dong et al., 2001a; Dong 

& Swanson, 2004a; b; 2006a).  

Morphometric estimations were performed using StereoInvestigator® software (Microbrightfield, 

VT, USA) and a camera attached to a motorized microscope (Axioplan 2, Carl Zeiss, Hamburg, 

Germany). Cavalieri’s principle was used to estimate volumes of each region of interest. Briefly, 

every other section was used and the cross-sectional area of each region of interest was 

estimated by point counting (final magnification x112). We used a test-point system in which the 

inter-point distance, at tissue level, was 250 μm. The area of the region of interest was 

determined from the number of points that fell within its boundaries and the distance between 

the systematically sampled sections. 

 

c-fos determinations 

c-fos-immunoreactive (Fos-IR) neurons were recognized by the dark brown DAB precipitate (Fig. 

1). The number of Fos-IR neurons was counted and the number per area was calculated, to 
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establish comparisons. Fos-IR neurons were mapped out into drawings (Swanson, 1998) in order 

to depict their relative distribution in the nuclei constituting the specific divisions. Relative density 

of Fos-IR was graded in qualitative terms (number of Fos-IR/nucleus) and averaged between 

animals in the same treatment group, according to the following scale: -, absent/rare (<2); + light 

(2-5); ++, moderate (5-10); +++, dense (10-20); ++++, very dense (>20).  

 

Data analysis 

All results are expressed as group means ± standard error. Student’s t- test was used to compare 

means between groups. Statistical significance was accepted when the probability level was 

<0.05. 
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Results 

Verification of the biological efficacy of CUS treatment 

The CUS protocol decreased body-weight gain (Cont, 96.1 ± 3.1 g; CUS, 79.3 ± 2.4 g; t1,15 = 

4.26, P < 0.001), reduced the thymus weight (Cont, 0.54 ± 0.02; CUS, 0.38 ± 0.02 x 10-3; t1,15 = 

5.03, P < 0.001) and induced a non-significant increase in adrenal weight (Cont, 0.88 ± 0.01; 

CUS, 0.94 ± 0.01; t1,15 = -0.86, P < 0.41). 

Stereological estimates of BNST areas data showed that the total area of the anteromedial 

division was increased in CUS animals by 28% when compared to Cont animals (Cont, 0.55 ± 

0.02 mm3; CUS, 0.70 ± 0.03 mm3; t1,15 = -3.74, P < 0.01). Both the anterolateral (BNSTal)(Cont, 

0.34 ± 0.02 mm3; CUS, 0.41 ± 0.02 mm3; t1,15 = -2.02, P = 0.13) and the posterior (BNSTp) 

(Cont, 0.41 ± 0.03 mm3; CUS, 0.49 ± 0.01 mm3; t1,15 = -2.06, P = 0.09) divisions showed a trend 

for volumetric increase in stressed animals but without reaching statistical significance. The 

observed changes are consistent with previous studies (Pêgo et al. unpublished data, Chapter 

2.1) that showed that CUS and exogenous corticosteroids were correlated with enlargement of 

the anteromedial division of the BNST. 

 

c-fos expression in the BNST in basal conditions and in response to anxiogenic 

stimuli 

Data revealed that, both in basal conditions as well as after anxiogenic stimuli, the BNSTam was 

predominantly activated in relation to the remainder divisions, as depicted by the ratio of Fos-IR 

in the BNSTam over the average of Fos-IR in the BNST (Cont basal, 1.87 ± 0.19; CUS basal 1.80 

± 0.15; Cont + startle, 1.93 ± 0.17; CUS + startle, 2.07 ± 0.13). Overall, these results 

demonstrate that the BNSTam is activated on both basal conditions and in reaction to stimuli 

(Fig.2 A).  

Comparative analysis of treatment groups on basal conditions and in response to anxiogenic 

stimuli was done in order to assess the influence of anxiogenic stimuli on c-fos expression 

patterns. Data revealed that anxiogenic stimuli triggered increased activation on the BNSTam (t1,7 

= 3.65, P < 0.05) and BNSTp (t1,7 = 2.96 P < 0.05), but not in the BNSTal (t1,7 = 1.4, P = 0.22) in 

control rats. CUS-treated animals, on the other hand, failed to significantly increase the activation 
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of c-fos after anxiogenic stimuli in the BNSTam (t1,7 = -0.55, P = 0.60), BNSTal (t1,7 = 2.13, P = 

0.09) and BNSTp (t1,7 = 0.15, P = 0.88) (Fig. 2 B). 

 

Chronic stress alters activation of specific BNST nuclei 

Comparison of the number of c-fos-positive cells between controls and stressed animals under 

basal conditions failed to reveal significant alterations in any of the main divisions of the BNST 

(BNSTam, P = 0.15; BNSTal, P = 0.33; BNSTp, P = 0.44) divisions. A similar comparison in 

animals exposed to anxiogenic stimulus showed a significant difference in the number of c-fos-

positive cells in the BNSTam (t1,7 = 2.66, P < 0.05) and BNSTp (t1,7 = 2.94, P < 0.05), with control 

rats displaying higher activation than stressed animals in both divisions (Fig. 2).  

Taken into account the complexity and heterogeneity of the BNST in stochastic and functional 

terms (Ju & Swanson, 1989; Ju et al., 1989), we extended our analysis to the individual nuclei of 

the BNST. Interestingly, this detailed assessment revealed a greater activation of the dorsomedial 

and ventral nuclei of the anteromedial division (BNSTdm and BNSTv, respectively) in stressed 

animals under basal conditions (Table 1). Additionally, two other nuclei of different divisions 

showed an altered activation pattern: while fusiform nucleus (BNSTfu) of the anterolateral division 

was highly activated in stressed rats, the principal nucleus (BNSTpr) of the posterior division 

displayed reduced c-fos staining in stressed animals (Table 1). Exposure to acoustic anxiogenic 

stimuli triggered remarkable c-fos activation in BNSTdm and BNSTv of control animals, but in 

stressed rats there was only a slight increase (“ceiling” effect). In response to anxiogenic stimuli, 

some nuclei (transverse and interfascicularis) of the posterior division of the BNST of control 

animals also revealed a significant increase in the number of c-fos positive cells; again, such 

anxiogenic-induced activation was blunted in stressed animals (Table 1, Fig. 3).  

These results suggest that CUS induces a tonic activation of specific nuclei in the BNST. Of 

relevance, these nuclei seem to be important to anxiety-like behavior as they were 

activated/inhibited by anxiogenic acoustic stimuli in control animals. The differential regulation of 

these nuclei is likely to be dependent of the specific inputs of each nucleus and also determines 

their distinct influence on the stress response (including HPA axis activity) and in emotional 

behavior. 
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Discussion 

The analysis of the expression of c-fos within the major divisions of the BNST revealed a 

heterogeneous activation pattern. In fact, while some groups of cells showed reduced activation 

in response to stress or anxiogenic stimuli, others revealed enhanced activation by the same 

factors. These variations disclose the complex relationships between the BNST and upstream 

regulatory inputs. Additionally, up- and down-activation of distinct cell groups inside the BNST 

attest to the particular specificities of each nucleus in their regulatory influence over behavior and 

HPA axis activity. Globally, these heterogeneities support a prior suggestion (Ju & Swanson, 

1989; Ju et al., 1989) that the BNST perhaps should more properly be referred to as the bed 

nuclei of the stria terminalis. 

The first goal of our study was to determine the basal pattern of activation of the BNST. The 

observation of a preferential activation of the BNSTam, independently of the treatment condition, 

is of relevance because several studies have proposed an excitatory role for the BNSTam in the 

activation of the PVN and, thus, of the stress response (Herman et al., 1994). In fact, i) BNSTam 

neurons lying closest to the anterior commissure appear to densely innervate the hypothalamic 

periventricular region (Dong & Swanson, 2006a); ii) corticotrophin-releasing facto (CRF) 

immunoreactive cells are found in the neuronal groups composing the anteromedial area (Ju et 

al., 1989) and have a putative role in regulating the hypothalamic function; and iii) electrical 

stimulation of the anteromedial aspects of the BNST is associated with increased corticosteroid 

secretion (Dunn, 1987).  

The analysis of the expression of c-fos on basal conditions has also revealed a distinctive pattern 

of activation in stressed animals. While there was not a significant difference in the overall 

activation of the BNSTam between controls and stressed rats, the latter showed greater activation 

of BNSTdm , BNSTv and BNSTfu nuclei of the anterior division in basal conditions. These data are in 

agreement with a previous report by Choi et al. (2007) that showed compartmentalized roles of 

specific BNST nuclei in HPA axis regulation; indeed, these authors report attenuated HPA axis 

activation following specific lesions of the BNSTdm and BNSTfu nuclei. These nuclei express CRF 

(Phelix & Paull, 1990) and send dense projections to the PVN (Dong et al., 2001b; Dong & 

Swanson, 2006b). In addition, they also express glutamate (Glu) that stimulates the HPA axis 

(Forray & Gysling, 2004). Therefore, it is hypothesized that the stimulatory influence of the 

BNSTdm/BNSTfu nuclei of the BNST may be mediated by an excitatory CRF/Glu signal to the PVN 
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(Paull & Gibbs, 1983; Silverman et al., 1989; Champagne et al., 1998). Interestingly, these 

nuclei are activated by CRF-expressing neurons in the CeA (Prewitt & Herman, 1998) or through 

a glutamatergic signal originated in the infralimbic PFC (Radley et al., 2006). In addition, because 

the BNSTdm and BNSTfu also project (Dong et al., 2001b; Dong & Swanson, 2006b) to several 

areas of the limbic system, namely the PFC, nucleus accumbens, lateral septal nucleus and CeA 

(Davis et al., 1997; Carvalho et al., 2005; Jaferi & Bhatnagar, 2007; Rempel-Clower, 2007) it is 

likely their implication in anxiety behavior. 

Our second aim was to analyze how anxiogenic stimuli activate the BNST. c-fos expression 

characteristically occurs in a short period of time (approximately 30 min). Hence, it is particularly 

helpful in revealing areas that are activated shortly after exposure to stimuli. When analyzing 

treatment groups separately we found that, when control animals were presented with anxiogenic 

stimuli, the number of Fos-IR neurons was increased in the anteromedial (particularly in the 

dorsomedial and ventral nuclei) and posterior (namely in the transverse and interfascicularis 

nuclei) divisions of the BNST. This activation pattern suggests that these division/nuclei are 

involved in the immediate response to anxiogenic situations, which fits with previous reports 

showing the rapid involvement of these nuclei in response to the anxiogenic stimuli (e.g. acoustic 

startle) (Dong & Swanson, 2004b; 2006a; b; c). Importantly, comparison of the activation in the 

BNST in controls and stressed animals also revealed that the recruitment of other neurons of the 

anterior division in response to anxiogenic stimuli was smaller in the BNSTdm, BNSTv and BNSTfu of 

stressed rats, as they were already more active in basal conditions.  

Besides the alterations found in the anterior division of the BNST, this study also highlights an 

altered c-fos activation in the posterior division of the BNST, particularly in the BNSTpr. The BNSTpr 

contains GABAergic neurons (Dong & Swanson, 2004b) that putatively exert an inhibitory control 

over the PVN. In fact, lesions of the BNSTpr induced elevations in the expression of c-fos as well 

as of CRF and AVP (arginine-vasopressine) mRNA in the PVN (Choi et al., 2007).  The BNSTpr 

receives projections from the MeA (Dong et al., 2001a) and from the hippocampus (Dong et al., 

2001a). The input from MeA is also GABAergic, which results in a trans-synaptic (GABA–GABA) 

disinhibition of the PVN (Bowers et al., 1998; Prewitt & Herman, 1998); in contrast, the 

glutamatergic hippocampal input inhibits the HPA axis by stimulating the BNSTpr (Zhu et al., 

2001; Herman et al., 2004). Thus, our finding that, under basal conditions, stressed animals 

display a decreased activation of the BNSTpr might reflect an attenuated hippocampal input that 
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results from stress-induced hippocampal damage (Sousa et al., 2000; Cerqueira et al., 2007). In 

addition, as the BNSTpr projects to lateral septal nucleus, CeA and subiculum, this altered pattern 

of activation might be of relevance in the stress-induced anxiety behavior.  

In conclusion, the present data clearly show that in basal and anxiogenic conditions the BNST 

activation pattern is altered by chronic stress exposure. Most importantly, the observed changes 

are coherent with the unconditioned and long-term modulation of neuronal pathways that 

underlie anxiety behavior. Furthermore, because the BNST is a relay nucleus that integrates 

multiple limbic inputs that regulate the activity of the PVN, the present observations also 

contribute to our understanding of the neural mechanisms/networks involved in the stress-

induced HPA dysfunction.  
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Abbreviations 

AVP – arginine-vasopressine 

BNST – bed nucleus of the stria terminalis 

BNSTam – anteromedial division of BNST  

BNSTal – anterolateral division of BNST 

BNSTdm – dorsomedial nucleus of the BNST 

BNSTfu – fusiform nucleus of the BNST 

BNSTp – posterior division of BNST 

BNSTpr – principal nucleus of the BNST 

BNSTv – ventral nucleus of the BNST 

CeA – central nucleus of the amygdala 

Cont – control rats  

CRF – corticotrophin-releasing-factor 

CUS – chronic unpredictable stress  

Fos-IR – c-fos immunoreactive 

GABA – gama-amino-butiric-acid 

Glu – glutamate 

HPA – hypothalamus-pituitary-adrenal 

MeA – medial nucleus of the amygdala 

PBS – phosphate-buffered solution  

PFC – prefrontal cortex 

PVN – paraventricular nucleus of the hypothalamus 

 
102



References 

Bowers, G., Cullinan, W.E. & Herman, J.P. (1998) Region-specific regulation of glutamic acid 

decarboxylase (GAD) mRNA expression in central stress circuits. J Neurosci, 18, 5938-

5947. 

Carvalho, M.C., Albrechet-Souza, L., Masson, S. & Brandao, M.L. (2005) Changes in the biogenic 

amine content of the prefrontal cortex, amygdala, dorsal hippocampus, and nucleus 

accumbens of rats submitted to single and repeated sessions of the elevated plus-maze 

test. Braz J Med Biol Res, 38, 1857-1866. 

Cerqueira, J.J., Mailliet, F., Almeida, O.F., Jay, T.M. & Sousa, N. (2007) The prefrontal cortex as 

a key target of the maladaptive response to stress. J Neurosci, 27, 2781-2787. 

Champagne, D., Beaulieu, J. & Drolet, G. (1998) CRFergic innervation of the paraventricular 

nucleus of the rat hypothalamus: a tract-tracing study. J Neuroendocrinol, 10, 119-131. 

Charney, D.S., Deutch, A.Y., Krystal, J.H., Southwick, S.M. & Davis, M. (1993) Psychobiologic 

mechanisms of posttraumatic stress disorder. Arch Gen Psychiatry, 50, 295-305. 

Choi, D.C., Furay, A.R., Evanson, N.K., Ostrander, M.M., Ulrich-Lai, Y.M. & Herman, J.P. (2007) 

Bed nucleus of the stria terminalis subregions differentially regulate hypothalamic-

pituitary-adrenal axis activity: implications for the integration of limbic inputs. J Neurosci, 

27, 2025-2034. 

Cullinan, W.E., Herman, J.P., Battaglia, D.F., Akil, H. & Watson, S.J. (1995) Pattern and time 

course of immediate early gene expression in rat brain following acute stress. 

Neuroscience, 64, 477-505. 

Cullinan, W.E., Herman, J.P. & Watson, S.J. (1993) Ventral subicular interaction with the 

hypothalamic paraventricular nucleus: evidence for a relay in the bed nucleus of the stria 

terminalis. J Comp Neurol, 332, 1-20. 

 
103



Cullinan, W.E. & Wolfe, T.J. (2000) Chronic stress regulates levels of mRNA transcripts encoding 

beta subunits of the GABA(A) receptor in the rat stress axis. Brain Res, 887, 118-124. 

Davis, M., Walker, D.L. & Lee, Y. (1997) Amygdala and bed nucleus of the stria terminalis: 

differential roles in fear and anxiety measured with the acoustic startle reflex. Philos 

Trans R Soc Lond B Biol Sci, 352, 1675-1687. 

Dong, H.W., Petrovich, G.D. & Swanson, L.W. (2001a) Topography of projections from amygdala 

to bed nuclei of the stria terminalis. Brain Res Brain Res Rev, 38, 192-246. 

Dong, H.W., Petrovich, G.D., Watts, A.G. & Swanson, L.W. (2001b) Basic organization of 

projections from the oval and fusiform nuclei of the bed nuclei of the stria terminalis in 

adult rat brain. J Comp Neurol, 436, 430-455. 

Dong, H.W. & Swanson, L.W. (2004a) Organization of axonal projections from the anterolateral 

area of the bed nuclei of the stria terminalis. J Comp Neurol, 468, 277-298. 

Dong, H.W. & Swanson, L.W. (2004b) Projections from bed nuclei of the stria terminalis, 

posterior division: implications for cerebral hemisphere regulation of defensive and 

reproductive behaviors. J Comp Neurol, 471, 396-433. 

Dong, H.W. & Swanson, L.W. (2006a) Projections from bed nuclei of the stria terminalis, 

anteromedial area: cerebral hemisphere integration of neuroendocrine, autonomic, and 

behavioral aspects of energy balance. J Comp Neurol, 494, 142-178. 

Dong, H.W. & Swanson, L.W. (2006b) Projections from bed nuclei of the stria terminalis, 

dorsomedial nucleus: implications for cerebral hemisphere integration of 

neuroendocrine, autonomic, and drinking responses. J Comp Neurol, 494, 75-107. 

Dong, H.W. & Swanson, L.W. (2006c) Projections from bed nuclei of the stria terminalis, 

magnocellular nucleus: implications for cerebral hemisphere regulation of micturition, 

defecation, and penile erection. J Comp Neurol, 494, 108-141. 

 
104



Dunn, J.D. (1987) Plasma corticosterone responses to electrical stimulation of the bed nucleus 

of the stria terminalis. Brain Res, 407, 327-331. 

Forray, M.I. & Gysling, K. (2004) Role of noradrenergic projections to the bed nucleus of the stria 

terminalis in the regulation of the hypothalamic-pituitary-adrenal axis. Brain Res Brain 

Res Rev, 47, 145-160. 

Gillespie, C.F. & Nemeroff, C.B. (2005) Hypercortisolemia and depression. Psychosom Med, 67 

Suppl 1, S26-28. 

Hammen, C. (2005) Stress and depression. Annu Rev Clin Psychol, 1, 293-319. 

Herman, J.P., Adams, D. & Prewitt, C. (1995) Regulatory changes in neuroendocrine stress-

integrative circuitry produced by a variable stress paradigm. Neuroendocrinology, 61, 

180-190. 

Herman, J.P., Cullinan, W.E. & Watson, S.J. (1994) Involvement of the bed nucleus of the stria 

terminalis in tonic regulation of paraventricular hypothalamic CRH and AVP mRNA 

expression. J Neuroendocrinol, 6, 433-442. 

Herman, J.P., Mueller, N.K. & Figueiredo, H. (2004) Role of GABA and glutamate circuitry in 

hypothalamo-pituitary-adrenocortical stress integration. Ann N Y Acad Sci, 1018, 35-45. 

Herman, J.P., Ostrander, M.M., Mueller, N.K. & Figueiredo, H. (2005) Limbic system 

mechanisms of stress regulation: hypothalamo-pituitary-adrenocortical axis. Prog 

Neuropsychopharmacol Biol Psychiatry, 29, 1201-1213. 

Jaferi, A. & Bhatnagar, S. (2007) Corticotropin-releasing hormone receptors in the medial 

prefrontal cortex regulate hypothalamic-pituitary-adrenal activity and anxiety-related 

behavior regardless of prior stress experience. Brain Res. 

 
105



Joels, M., Karst, H., Alfarez, D., Heine, V.M., Qin, Y., van Riel, E., Verkuyl, M., Lucassen, P.J. & 

Krugers, H.J. (2004) Effects of chronic stress on structure and cell function in rat 

hippocampus and hypothalamus. Stress, 7, 221-231. 

Ju, G. & Swanson, L.W. (1989) Studies on the cellular architecture of the bed nuclei of the stria 

terminalis in the rat: I. Cytoarchitecture. J Comp Neurol, 280, 587-602. 

Ju, G., Swanson, L.W. & Simerly, R.B. (1989) Studies on the cellular architecture of the bed 

nuclei of the stria terminalis in the rat: II. Chemoarchitecture. J Comp Neurol, 280, 603-

621. 

McEwen, B.S. (2005) Glucocorticoids, depression, and mood disorders: structural remodeling in 

the brain. Metabolism, 54, 20-23. 

Paull, W.K. & Gibbs, F.P. (1983) The corticotropin releasing factor (CRF) neurosecretory system 

in intact, adrenalectomized, and adrenalectomized-dexamethasone treated rats. An 

immunocytochemical analysis. Histochemistry, 78, 303-316. 

Phelix, C.F. & Paull, W.K. (1990) Demonstration of distinct corticotropin releasing factor--

containing neuron populations in the bed nucleus of the stria terminalis. A light and 

electron microscopic immunocytochemical study in the rat. Histochemistry, 94, 345-

364. 

Prewitt, C.M. & Herman, J.P. (1998) Anatomical interactions between the central amygdaloid 

nucleus and the hypothalamic paraventricular nucleus of the rat: a dual tract-tracing 

analysis. J Chem Neuroanat, 15, 173-185. 

Radley, J.J., Arias, C.M. & Sawchenko, P.E. (2006) Regional differentiation of the medial 

prefrontal cortex in regulating adaptive responses to acute emotional stress. J Neurosci, 

26, 12967-12976. 

 
106



 

Rempel-Clower, N.L. (2007) Orbitofrontal cortex connections supporting a role in emotion. Ann N 

Y Acad Sci. 

Risbrough, V.B. & Stein, M.B. (2006) Role of corticotropin releasing factor in anxiety disorders: a 

translational research perspective. Horm Behav, 50, 550-561. 

Shelton, R.C. (2007) The molecular neurobiology of depression. Psychiatr Clin North Am, 30, 1-

11. 

Silverman, A.J., Hou-Yu, A. & Chen, W.P. (1989) Corticotropin-releasing factor synapses within 

the paraventricular nucleus of the hypothalamus. Neuroendocrinology, 49, 291-299. 

Sousa, N., Lukoyanov, N.V., Madeira, M.D., Almeida, O.F. & Paula-Barbosa, M.M. (2000) 

Reorganization of the morphology of hippocampal neurites and synapses after stress-

induced damage correlates with behavioral improvement. Neuroscience, 97, 253-266. 

Sousa, N., Madeira, M.D. & Paula-Barbosa, M.M. (1998) Effects of corticosterone treatment and 

rehabilitation on the hippocampal formation of neonatal and adult rats. An unbiased 

stereological study. Brain Res, 794, 199-210. 

Swanson, L.W. (1998) Brain Maps: Structure of the rat brain. Elsevier, Amsterdam. 

Zhu, W., Umegaki, H., Suzuki, Y., Miura, H. & Iguchi, A. (2001) Involvement of the bed nucleus 

of the stria terminalis in hippocampal cholinergic system-mediated activation of the 

hypothalamo--pituitary--adrenocortical axis in rats. Brain Res, 916, 101-106. 

 

 

107



Table 1. Distribution of c-fos-positive cells in the main divisions/nuclei of the bed nucleus of 

stria terminalis of rats under basal conditions and after anxiogenic stimuli. Crosses indicate 

relative densities of Fos-IR neurons in qualitative terms: -, absent/rare (<2); + light (2-5); ++, 

moderate (5-10); +++, dense (10-20); ++++, very dense (>20).  

ad, anterodorsal; al, anterolateral; av, anteroventral; cont, control animals; CUS, chronic 

unpredictable stress animals; d, dorsal; dl; dorsolateral; dm, dorsomedial; fu, fusiform; if, 

interfascicular; ju, juxtacapsular; mg, magnocellular; ov, oval; pr, principal; rh, rhomboid; tr, 

transverse; v, ventral.  

 

Condition 

 

Division / Nucleus 

Basal Anxiogenic stimuli 

Cont CUS Cont CUS 

An
te

ro
m

ed
ia

l 

ad +++ ++ +++ ++ 

av ++/+++ ++ +++ +++ 

dm + +++ +++ +++ 

mg +++ ++ +++ +++ 

dl ++ ++ ++ ++ 

v + ++ ++++ +++ 

An
te

ro
la

te
ra

l 

al -/+ + ++ + 

ju + + + + 

ov + + +/++ + 

fu - ++ + +++ 

rh + + + + 

Po
st

er
io

r 

tr - + ++ + 

if + ++ +++ ++ 

pr +++ + +++ + 

d - - - - 
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Figures 

 

 

Figure 1. Representative micrographs of immunostained sections of the bed nucleus of stria terminalis for c-fos 

and delineation of its subnuclei. A, detail of Fos-IR neurons (arrowheads); B, overview of the BNST showing 

distribution of Fos-IR neurons (arrows); C, atlas drawing corresponding to the section (Swanson, 1998, Bregma -

0.51mm) shown in B; D, overlay of atlas drawing on the section. aco, anterior comissure; al, anterolateral nucleus; 

BAC, bed nucleus of anterior comissure ; dl, dorsolateral nucleus; Fos-IR, c-fos immunoreactive neuron; fx, fornix; 

int; internal capsule; mg, magnocellular nucleus; pr, principal nucleus; rh, rhomboid nucleus; SI, substantia 

innominata; st, stria terminalis; v, ventral nucleus. 
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Figure 2. Distribution of Fos-IR in the main divisions of the bed nucleus of stria terminalis, in 

basal conditions and after anxiogenic stimuli. BNST, bed nucleus of stria terminalis; BNSTal, 

anterolateral division of the BNST; BNSTam, anteromedial division of the BNST; BNSTp, posterior 

division of the BNST; Control, control rats; CUS, chronic unpredictable stress treated rats; Fos-IR, 

c-fos immunoreactive neurons; NA, number per area.  * P < 0.05. 
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Figure 3. Schematic representation of the relative density of Fos-IR neurons in the bed nucleus of 

stria terminalis of the rat in control and CUS animals, on basal conditions and after exposure to 

anxiogenic stimuli. Left panels, schematic representation of the sections according to the atlas of 

Swanson (1998). From top to bottom, drawings represent coronal sections of the rat brain 

relative to bregma +0.10 mm, +0.00 mm, -0.11 mm, -0.26 mm, -0.46 mm, -0.51 mm, -0.60 

mm, -1.08 mm.  Middle panels, basal conditions. Right panels, after anxiogenic stimuli. Crosses 

indicate relative densities of Fos-IR neurons in qualitative terms: -, absent/rare (<2); + light (2-5); 

++, moderate (5-10); +++, dense (10-20); ++++, very dense (>20). 

aco, anterior comissure; ad, anterodorsal; al, anterolateral; av, anteroventral; BNST, bed nucleus 

stria terminalis; control, control animals; CUS, chronic unpredictable stress animals; d, dorsal; dl; 

dorsolateral; dm, dorsomedial; Fos-IR, c-fos positive cells; fu, fusiform; fx, fornix; if, 

interfascicular; ju, juxtacapsular; mg, magnocellular; ov, oval; pr, principal; rh, rhomboid; sc, 

subcomissural zone; sm, stria medularis; st, stria terminalis; tr, transverse; v, ventral.  
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Rationale of this chapter and on-going work 

The findings of structural remodeling and differential activation of the BNST following CUS, highlights 

the importance of this structure in stress-induced anxiety behavior. The fact that exogenous 

administration of corticosterone recapitulated structural changes, except spinal sprouting, led us to 

desing a new study to address the role of central mediators in this process. Adrenalectomized rats 

were chronically treated with intracerebroventricular administration of vehicle, CRF1R or CRF2R 

ligands, and it was found that CRF1R ligands induced anxiety behavior that was correlated to spinal 

sprouting in BNST bipolar neurons without the accompanying dendritic hypertrophy observed in 

CUS. We hypothesize that the elevation of CRF is a complementary mediator of the stress-induced 

structural changes in the BNST 

This on-going work will be carried on by assessing the expression of synaptic proteins in specific 

divisions/nuclei of the BNST and also by performing confocal and ultrastructural characterization of 

these synaptic changes.  
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Abstract  

Chronic stress is causally implicated in disorders of emotional behavior. Previous studies have 

indicated a role for the amygdala and bed nucleus of the stria terminalis (BNST) in the neuronal 

circuitries underlying fear and anxiety, respectively. We recently showed that chronic stress 

influences BNST structure and function by inducing dendritic remodeling. Exogenous corticosterone 

(CORT) was found to reproduce most of those changes except for the stress-induced reduction of 

dendritic spines in BNST neurons, arguing for the involvement of other central mediators of the 

latter. The BNST is a target of corticotrophin-releasing factor (CRF) and is endowed with both types 

of CRF receptors (CRF1R and CRF2R); moreover, this nucleus is directly involved in the regulation of 

the hypothalamo-pituitary-adrenal (HPA) axis and, thus, in the neuroendocrine response to stress. In 

the present study rats, adrenalectomized and supplemented with low doses of CORT, were given 

intracerebroventricular (icv) infusions of CRF (a ligand of CRF1R), urocortin (a mixed ligand of CRFRs) 

and urocortin III (a specific ligand of CRF2R) over 14 days. Animals were then tested for anxiety in 

the elevated plus maze (EPM) and for locomotor/exploratory behavior in the open field test. At 

sacrifice, BNST and amygdala volumes and cell numbers were estimated by stereology and a 3-

dimensional analysis of dendritic morphology was performed. Results showed that treatment with 

CRF1R, but not CRF2R, agonists induces hyperanxiety without influencing locomotory/exploratory 

activity. CRF-mediated anxiety was not correlated with stereological changes in either the BNST or 

amygdala, but there was a strong correlation between behavior and synaptic remodeling, in the 

anteromedial area of the BNST. Thus, it is likely that CRF1R agonists induce hyperanxiety by 

remodeling synapses in the BNST.  
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Introduction 

Chronic stress is implicated in the genesis of several psychiatric conditions especially mood and 

affect disorders such as anxiety and depression (Arborelius et al., 1999). Clinical studies have 

correlated emotional disorders with dysfunction of the hypothalamo-pituitary-adrenal (HPA) axis 

(Aihara et al., 2007; Shelton, 2007), including hypercortisolemia (Gillespie & Nemeroff, 2005) and 

elevated levels of corticotrophin-releasing factor (CRF) in the cerebrospinal fluid (Strohle & Holsboer, 

2003). Increased anxious-like behavior is observed in animals undergoing chronic stress and in 

animals experiencing pharmacologically-induced hypercorticalism (File, 1996; Vyas et al., 2002; 

Anisman & Matheson, 2005; Pêgo et al, unpublished data, Chapter 2.1). Both experimental 

paradigms were also previously reported to trigger changes in the structure of neurons in areas 

directly related to emotional behavior and the regulation of the HPA axis, such as the bed nucleus of 

stria terminalis (BNST) (Vyas et al., 2002; Vyas et al., 2003), the prefrontal cortex (PFC) (Wellman, 

2001; Cook & Wellman, 2004; Cerqueira et al., 2005b; Cerqueira et al., 2007) and hippocampus 

(Sousa et al., 1998). 

 

Emotional behavior has been consistently linked to the activity of the amygdala, a deep temporal 

structure which is richly interconnected with the hippocampus and PFC. Several studies have 

suggested the importance of this region in the acquisition and expression of fear (Davis et al., 1997; 

Walker et al., 2003). On the other hand, anxiety is thought to be regulated by the BNST (Davis et al., 

1997; Walker et al., 2003). Thus, stress or icv administration of CRF or directly into the BNST 

induces anxiety-like behavior, whereas intra-amygdaloid injections of CRF do not elicit a hyperanxious 

state (Lee & Davis, 1997a; b). Interestingly, both chronic stress and exogenous corticosteroids are 

anxiogenic and produce morphological alterations in the BNST but not the amygdala (Vyas et al., 

2002; Pêgo et al., unpublished data, Chapter 2.1). However, the specific role of other central 

mediators of stress in the manifestation of the behavioral and structural effects is not known.  

 

The 41-amino acid neuropeptide CRF is an important secretagogue of pituitary adrenocorticotrophin 

(ACTH), and thus plays a pivotal role in the regulation of the endocrine response to stress (Vale et 

al., 1981). CRF and the related peptides Urocortin (Ucn), UcnII and UcnIII, form a family of peptides. 

They act through G-protein-coupled receptors, CRF1R and CRF2R, which have distinct distribution 
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patterns and physiological functions (Chen et al., 1993; Chalmers et al., 1995; Lovenberg et al., 

1995; Dautzenberg & Hauger, 2002; Reul & Holsboer, 2002; Hauger et al., 2003). While CRF 

shows selectivity for CRF1R, Ucn binds to both CRF1R and CRF2R (Vale et al., 1981; Dautzenberg & 

Hauger, 2002). However, the more recently discovered UcnII and UcnIII show high affinity for CRF2R 

(Lewis et al., 2001; Reyes et al., 2001). In the brain, CRF is expressed in neurons of the 

paraventricular nucleus of the hypothalamus (PVN), the cerebral cortex, cerebellum, amygdala and 

hippocampus; Ucn expression is confined to the Edinger-Westphal, lateral olivary and supraoptic 

nuclei (Reul & Holsboer, 2002); UcnII is exclusively expressed in subcortical regions related to stress 

such as PVN, the locus coeruleus, the hypothalamic supraoptic and arcuate nuclei, and several 

motor nuclei of the brainstem and spinal cord (Reyes et al., 2001; Reul & Holsboer, 2002); finally, 

UcnIII is expressed in the median preoptic area, rostral perifornical area, BNST, medial nucleus of 

the amygdala and lateral septum (Lewis et al., 2001; Reul & Holsboer, 2002). 

 

The CRF1R, strongly implicated in stress-related behaviours and autonomic activation (Liebsch et al., 

1995; Heinrichs et al., 1997; Skutella et al., 1998; Liebsch et al., 1999), is robustly expressed in 

the anterior pituitary, cerebral cortex, cerebellum, amygdala, hippocampus and olfactory bulbs 

(Dautzenberg & Hauger, 2002; Reul & Holsboer, 2002); this receptor appears to be crucial for the 

initiation of the pituitary-adrenocortical response to stress although it does not seem to be important 

for maintaining HPA axis activity under baseline conditions (Reul & Holsboer, 2002). The CRF2R is 

predominantly expressed in subcortical areas such as the PVN, lateral septum, amygdala, 

hippocampus and BNST. The role of CRF2R is still poorly defined although there are convincing data 

that suggest that its activation is important for curtailing the adrenocortical response to stress (Bale 

et al., 2000; Coste et al., 2000). With respect to its role in behavior, some authors have described 

the anxiogenic effects of activation of central CRF2R (Radulovic et al., 1999), while others have 

ascribed an anxiolytic function to the CRF2R (Valdez et al., 2003; Zhao et al., 2007). 

 

The aim of the present study was to clarify the contribution of receptor-selective CRF-related peptides 

to chronic stress-induced hyperanxiety. Our approach was to administer CRF receptor agonists 

chonically via the icv route to adrenalectomized (ADX) rats that were clamped with physiological 

doses of corticosterone; this paradigm was designed to allow analysis of the role of the CRF-related 
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petides without interference from fluctuations in endogenous corticosterone secretion. The animals 

were assessed in anxiety- and exploratory/locomotor-tests, and these behaviors were subsequently 

correlated with morphometric data derived from analysis of the amygdala and BNST. 

121



Materials and Methods  

 

 Animals and treatments 

All experiments were conducted in accordance with local regulations (European Union Directive 

86/609/EEC) and NIH guidelines on animal care and experimentation. 

Adult male Wistar rats (Charles River Laboratories, Barcelona, Spain) were housed in groups of 2/3 

under standard laboratory conditions with an artificial light/dark cycle of 12/12 hours (lights on at 8 

a.m), 22ºC room temperature and provided with food and water ad libitum. Treatment protocols 

were initiated when the animals were 10 weeks of age and were continued over a period of 2 weeks. 

Behavioural tests were performed between days 8 and 14.  

Weekly body weight recordings and post-mortem thymus weights provided an index of treatment 

efficacy. Corticosterone levels were measured in blood serum, obtained between 9:00 and 10:00 

a.m., by radioimmunoassay (R & D Systems, Minneapolis, MN). 

 

Male Wistar rats (n = 10 per experimental group) were submitted to stereotaxic surgery for the 

implantation of brain infusion cannulae (Alzet® Brain Infusion Kit, Alza Corp., Palo Alto, CA) in the 

lateral ventricle. Rats were anesthetized with ketamine/metomidine (Imalgene®, Agroviseu, Viseu, 

Portugal, 75mg/Kg;  Dormitor®, Agroviseu, 0.5 mg/Kg) and secured in a stereotaxic instrument 

(Stoelting Co, Ilinois, USA). The skin and connective tissues were removed from the skull, a hole was 

drilled, and a 28-gauge cannula (Alzet Brain® Infusion Kit) was inserted into the unilateral 

ventricular space, using stereotaxic coordinates: 0.92 mm posterior to bregma, 1.2 mm lateral, and 

5.0 mm below the skull surface at the point of entry. 

Chronic treatment was achieved with mini-osmotic pumps (Alzet 2200, Alza Corp.) connected to the 

cannulae using artificial CSF (aCSF) as vehicle. To blunt the peripheral activation of the HPA axis, 

animals from all treatment groups were ADX but supplemented with physiological doses of 

corticosterone (Sousa et al., 1999) before stereotaxic surgery. Rats were randomly assigned to sham 

(Sham, aCSF, non-ADX), ADX (ADX, aCSF), ADX+human/rat CRF (CRF 1.8 μg/day), ADX+rat 

urocortin (Ucn, 7 μg/day) or ADX+human urocortin III (UcnIII, 3.5 μg/day) groups (n=10 per 

group). These ligands were selected due to their binding properties and relative potency; Ucn III was 
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preferred to UcnII, in light of previous data reporting its expression in the BNST (Lewis et al., 2001; 

Reul & Holsboer, 2002). All drugs were acquired from Sigma (Sintra, Portugal). 

 

Behavioral analysis included the open field test for locomotion and exploratory activity and the 

elevated plus maze for anxiety-like behavior; testing was carried out during the daily light phase, 

between 9 a.m. and 4 p.m. 

Following the behavioral tests, animals were deeply anesthetized with pentobarbital (Eutasil®, Ceva, 

Algés, Portugal) and perfused transcardially with either 4% paraformaldehyde solution for 

glycolmethacrylate inclusion (n = 5 per group), or saline for Golgi-Cox staining (n = 5 per group). 

Brains were dissected and post-fixed (4% paraformaldheyde) for at least 30 days, or kept in Golgi-

Cox solution until processed for histology. 

 

Elevated plus maze 

Animals were tested over 5 min in a black polypropylene “plus”-shaped maze (MedAssociates Inc, 

St. Albans, USA) at a height of 72 cm above the floor. The maze consisted of two facing open arms 

(50.8 x 10.2 cm) and two closed arms (50.8 x 10.2 x 40.6 cm). Testing was performed under bright 

white light.The times spent in the open arms, junction area and closed arms, as well as the number 

of entrances and explorations in each section were recorded using a system of infrared photobeams, 

the crossings of which were monitored by computer. The times spent in each of the compartments 

of the EPM are presented as percentage of the total duration of the trial.   

 

Open field 

Animals were individually tested for 5 min each in an OF arena (43.2 x 43.2 cm) that had 

transparent acrylic walls and a white floor (MedAssociates Inc, St. Albans, USA). Each subject was 

initially placed in the centre of the arena and horizontal activity and instant position were registered, 

using a system of two 16-beam infrared arrays connected to a computer. Total distances were used 

as indicators of locomotor activity. Times and distances in the pre-defined central and peripheral 

areas were recorded and used to calculate the ratio of time spent in the central area over total time 
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of the trial, and distance travelled in the central as a function of total area. Number and duration of 

rearings were recorded. The test room was illuminated with bright white light. 

 

Histological procedures 

Brains (n = 5 per group) from the 4% paraformaldehyde-perfused animals (see above) were 

embedded in glycolmethacrylate (Tecnovit 7100, Heraeus Kulzer, Werheim, Germany) before 

sectioning on a microtome, as described previously (Cerqueira et al., 2005a). Every other 30 μm-

thick coronal section was placed on a gelatinized slide, stained with Giemsa, mounted with Entellan 

(Merck, Darmstadt, Germany) and coverslipped. The shrinkage factor was calculated according to 

Madeira et al (1990).  

Brains (n = 5 per group) from animals that had been transcardially perfused with 0.9% saline (see 

above) were processed for Golgi-Cox staining according to a published protocol (Gibb & Kolb, 1998). 

Briefly, brains were removed and immersed in Golgi-Cox solution (a 1:1 solution of 5% potassium 

dichromate and 5% mercuric chloride diluted 4:10 with 5% potassium chromate (Glaser & Van der 

Loos, 1981) for 14 days; brains were then transferred to a 30% sucrose solution (3 days), before 

being cut on a vibratome. Coronal sections (200 μm thick) were collected in 6% sucrose and blotted 

dry onto gelatin-coated microscope slides. They were subsequently alkalinized in 18.7% ammonia, 

developed in Dektol (Kodak, Portugal), fixed in Kodak Rapid Fix (prepared as manufacturer 

instructions), dehydrated through a graded series of ethanols, and cleared in xylene before being 

mounted and coverslipped.  

Slides were coded before morphometric analysis in both sets. 

 

Regional boundaries 

Stereological parameters were analyzed on 6 regions of the amygdaloid complex, including the 

basolateral anterior (BLa), basolateral posterior (BLp), basomedial anterior (BMa), basomedial 

posterior (BMp), central (CeA) and lateral (La) nuclei/regions/areas, as outlined in Swanson (1998). 

Individual nuclei were discernible according to established criteria and parcellations were recognized 

as detailed before (Pêgo et al, unpublished data, Chapter 2.1, Fig. 1). 
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The anatomical organization of the BNST has been thoroughly characterized by Swanson and 

collaborators  (Ju & Swanson, 1989; Ju et al., 1989; Swanson, 1998), being subdivided into major 

anterior and posterior (BNSTp) divisions (relative to stria terminalis main fiber bundles); the former 

can be further parcelled into dorsal, lateral and ventral areas, relative to the anterior comissure 

fibers. However, in a subsequent revision of the anatomical, cytoarchitectural and projection studies, 

the cell groups of the anterior division were arranged into medial (BNSTam) and lateral (BNSTal) 

groups (Dong et al., 2001). The medial division is characterized by dense projections to 

hypothalamic regions that are closely associated with neuroendocrine control, and includes the 

anterodorsal and anteroventral areas (Dong & Swanson, 2006); in contrast, the lateral group of the 

anterior division (which includes the anterolateral area) is characterized by projections to 

hypothalamic areas concerned with autonomic control, energy homeostasis and feeding behavior 

(Dong & Swanson, 2004). The above-mentioned regions were outlined according to anatomical 

references and recognized on the basis of clear cytoarchitectural differences, namely the density of 

cells, size of the perikarya and relative position (Swanson, 1998) (Pêgo et al, unpublished data, 

Chapter 2.1, Fig. 2). 

 

Stereological procedures 

Volume estimations were performed using StereoInvestigator® software (Microbrightfield, VT, USA) 

and a camera attached to a motorized microscope (Axioplan 2, Carl Zeiss, Hamburg, Germany). 

Cavalieri’s principle was used to assess the volume of each level. Briefly, every 4th section was used 

and the cross-sectional area of each region of interest was estimated by point counting (final 

magnification x112). We used a test-point system in which the inter-point distance, at tissue level, 

was 100 μm for the BMp and BLp, 250 μm for the BNST and 150 μm for the remaining nuclei.  

The volume of the region of interest was determined from the number of points that fell within its 

boundaries and the distance between the systematically sampled sections. 

Average cell numbers were estimated using the optical fractionator method (West et al., 1991). 

Briefly, a grid of virtual, equally-spaced 3D-boxes (30 μm x 30 μm x 20 μm) (same grid spacing as 

for volume estimations) was superimposed on every 4th section of the lamina of interest and the 

number of neurons falling inside the boxes was counted, according to standardized stereological 

procedures (Gundersen et al., 1999; Coulin et al., 2001). The estimated total number of neurons in 
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each region was then calculated on the basis of the number of counted neurons, grid spacing, 

volume of the box, and number of boxes counted. Neurons were differentiated from other cells on 

the basis of perikaryon size and shape (Peinado et al., 1997). 

 

Dendritic trees analysis 

Three-D reconstructions of representative Golgi-impregnated neurons from the BNST were made. 

The criteria used to select neurons for reconstruction were as follows: (i) full impregnation of the 

neurons along the entire length of the dendritic tree; (ii) dendrites without truncated branches, 

except on the most superficial layer; (iii) relative isolation from neighboring impregnated neurons to 

avoid interference with the analysis; (iv) no morphological changes attributable to incomplete 

dendritic impregnation of Golgi–Cox stain. We chose neurons for dendritic analysis in the 

anteromedial area, using the criteria followed by Pêgo et al (unpublished data, Chapter 2.1, Fig. 3): 

(i) presence of transverse anterior comissure; (ii) rostral location to the stria terminalis main bundle; 

(iii) selection of neurons adjacent to the anterior comissure. These landmarks correspond to the 

rostral portion of the medial division described by McDonald (1983) as being populated by cells with 

characteristic ovoid soma and polarized dendritic trees that branch sparingly. These cells are 

characteristically sparsely to moderate spiny, contrasting with the spine- and dendrite-rich cells of 

the lateral division  

For each selected neuron, all branches of the dendritic tree and the location of all dendritic spines 

were reconstructed at 600X magnification, using a motorized microscope (Carl Zeiss Axioplan 2, 

with oil-objectives), attached to a camera (DXC-390, Sony Co., Japan) and Neurolucida software 

(Microbrightfield). Three-D analysis of the reconstructed neurons was performed using 

NeuroExplorer software (Microbrightfield). In each brain, 10 neurons of the BNSTam were studied. 

Several aspects of dendritic morphology were examined. To assess overall changes, total dendritic 

length and number of dendrites were compared between groups. The total number of spines on 

dendrites and spine density (total spines divided by dendritic length) were also compared between 

groups. To assess differences in the arrangement of dendritic material, a 3-D version of a Sholl 

analysis (Sholl, 1956; Uylings & van Pelt, 2002) was performed; for this, the number of intersections 

of dendrites with concentric spheres positioned at radial intervals of 20 μm were recorded.  
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Data analysis 

Except for coefficients of error, all results are expressed as group means ± standard error. A 

repeated measures test was used for evaluating data from the Sholl analysis. ANOVA test was used 

to compare means between groups for the remainder variables. Post-hoc analysis was perfomed 

using Tukey test. Statistical significance was accepted for a probability level below 0.05. 

Coefficients of error were computed according to the formulas of Gundersen et al. (1999) for cell 

numbers and Gundersen and Jensen (1987) for volume estimates. Coefficients of variation (CV = 

standard deviation/mean) were determined for the stereological estimates. It is important to note 

that the low coefficients of error, which did not exceed the biological variance (Supplementary 

material Table 1 & 2), attest to the validity of the stereological determinations (Coulin et al., 2001). 
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Results 

 

Plasmatic levels of corticosterone 

There were no significant differences in the plasmatic levels of corticosterone among experimental 

groups (Sham, 45 ± 3 ng/ml; ADX, 50 ± 10 ng/ml; ADX+CRF, 66 ± 6 ng/ml; ADX+Ucn 55 ± 5 

ng/ml; ADX+UcnIII 64 ± 8 ng/ml), which demonstrates that the supplement of corticosterone given 

to adrenalectomized rats was able to restore the basal levels of this hormone.  

 

CRF1R mediates stress-induced hyperanxiety  

Data obtained in the EPM revealed an overall effect of treatment on the percentage of time spent in 

the open arms (F4,35 = 2.68, p < 0.04). Post-hoc analysis showed that chronic CRF (a CRF1R ligand) 

and Ucn (a mixed ligand of CRF receptors) administration induced an anxiety-like phenotype, with 

both treatments resulting in significantly reduced times spent in the open arms of the EPM (CRF vs 

Sham,  p < 0.035; vs ADX,  p < 0.043; vs Ucn,  p < 0.48; vs UcnIII,  p < 0.47; and Ucn (Ucn vs 

Sham, p < 0.007; vs ADX, p < 0.02; vs CRF, p < 0.48; vs UcnIII, p < 0.20) (Fig. 1). Interestingly, 

treatment with UcnIII, a CRF2R ligand, did not alter anxiety-behavior in the EPM.  

Importantly, the number of closed arm (F4,35 = 0.40, p = 0.80) entries did not significantly differ 

between the groups, indicating that exploratory/locomotory activity was preserved in all experimental 

groups. Measurements in the OF paradigm confirmed that none of the treatments induced 

significant alterations in locomotor activity or exploratory (rearing) behavior (see Table 1 for details).  

 

Morphological correlates of anxiety-like behavior in the BNST 

Volumetric analysis failed to reveal an effect of treatment on individual amygdaloid nuclei (BLa, F4,20 = 

1.52, p = 0.22; BLp, F4,20 = 1.88, p = 0.14; BMa, F4,20 = 0.48, p = 0.74; BMp, F4,20 = 2.44, p = 0.07; 

CeA, F4,20 = 1.83, p = 0.15; La, F4,20 = 2.40, p = 0.77)  or BL (F4,20 = 2.02, p = 0.12) and BM (F4,20 = 

1.22, p = 0.32) (Fig. 2, A). Additionally, none of the treatments produced any changes in the 

estimates of total neuron numbers (BLa, F4,20 = 2.62, p = 0.06; BLp, F4,20 = 1.91, p = 0.14; BMa, F4,20 

 
128



= 0.93, p = 0.46; BMp, F4,20 = 1.96, p = 0.13; CeA, F4,20 = 0.37, p = 0.82; La, F4,20 = 2.14, p = 0.10; 

BL, F4,20 = 2.06, p = 0.12; BMp, F4,20 = 1.91, p = 0.15) (Fig. 2, C). 

 

Whereas ANOVA failed to reveal treatment effects on BNST volumes (BNSTam, F4,20 = 1.31, p = 

0.31; BNSTal, F4,20 = 0.80, p = 0.54; BNSTp, F4,20 = 0.80, p = 0.98) (Fig. 2, C) and stereological 

estimates of total neuron numbers in the various sub-divisions of the BNST (BNSTam F4,20 = 2.38, p 

= 0.11; BNSTal F4,20 = 0.64, p = 0.64; BNSTp F4,20 = 0.21, p = 0.92) (Fig. 2, D), a subsequent 3D 

morphological analysis of dendritic arborizations in the anteromedial division of the BNST revealed 

treatment effects on the total number of dendritic spines (F4,20 = 3.07, p < 0.02; Fig. 3, A) and 

average spine density (F4,20 = 3.43, p < 0.01; Fig. 3, C), but not on total dendritic length (F4,20 = 0.37, 

p = 0.83; Fig. 3, B).  Changes in spine number and density were conspicuously greater in BNST 

bipolar neurons of CRF-treated rats than in Sham (number of spines 52% increase, p < 0.03; spine 

density 73% increase, p < 0.04) or in ADX animals (number of spines 33% increase, p < 0.05; spine 

density 41% increase, p < 0.05), but did not differ significantly from other treatment groups (Fig. 3). 

Interestingly, activation of CRF2R (UcnIII) did not trigger significant changes in number and density of 

spines in BNST bipolar neurons.  

Sholl analysis of the number of dendritic intersections of BNST bipolar neurons as a function of their 

distance from the soma (Fig. 4) also failed to show an effect of treatment (F = 1.20, p = 0.32).  
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Discussion 

Anxiety is defined as excessive worry about events or activities that are difficult for the subject to 

control (DSM IV of Mental Disorders, American Psychiatric Association). The condition is 

characterized by a generalized sensation of discomfort and apprehension in response to 

unconditioned diffuse cues (Koch, 1999). Anxiety triggers behavioral reactions that are slowly 

activated and sustained over time (Davis et al., 1997; Walker et al., 2003). Importantly, these 

responses outlast the triggering stimulus, suggesting long-term activation of the neuroanatomical 

substrate responsible for regulating anxiety (Lee et al., 1994; Lee & Davis, 1997; b). Present 

evidence indicates that activation of the BNST, rather than that of the amygdala, underlies anxiety 

(Davis et al., 1997).  

 

Several studies have shown that central administration of CRF1R ligands elicit anxiety-like responses 

(Britton et al., 1986; Swerdlow et al., 1986; Dunn & File, 1987; File et al., 1988; Shekhar et al., 

2005). Studies based on pharmacological and genetic models have suggested an opposite role of 

CRF2R in anxiety (Bale et al., 2000; Valdez et al., 2002; Valdez et al., 2003), although there are also 

reports to the contrary (Radulovic et al., 1999); in the latter work, activation of CRF2R in the lateral 

septal area was found to inhibit the expression of anxiety-like behavior. Consistently, with most 

published reports, our present observations show that activation of CRF1R, but not CRF2R, results in 

the expression of an anxious phenotype. Interestingly, the CRF1R agonists proved to be inherently 

anxiogenic since they produced signs of anxiety in ADX animals receiving a basal dose of exogenous 

corticosterone, i.e. in animals that could not increase their endogenous corticosterone levels in 

response to the CRF peptide treatments. However, in contrast to our previous observations in 

stressed or corticosterone-treated animals (Pêgo et al, unpublished data, Chapter 2.1), the display of 

CRF1R-mediated anxiety-like behavior was not paralleled by volumetric changes or alterations in the 

total number of neurons in either the amygdala or BNST.   

 

In accordance with the lack of volumetric changes, subsequent 3D morphological analysis of 

dendritic trees in the BNST also failed to reveal signs of neuronal hypertrophy/atrophy. However, 

neurons in the BNSTam responded to CRF1R activation with a significant increase in number and 

density of spines, reflecting an increase in their synaptic contacts. Interestingly, these results 
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complement our previous observations on discriminating the different mediators of stress-induced 

structural changes in the BNST. Indeed, while chronic stress was accompanied by a hypertrophy 

and an increased number of dendritic spines of bipolar BNST neurons (Pêgo et al, unpublished data, 

Chapter 2.1), corticosterone treatment reproduced the former, but without affecting spine density or 

numbers in BNST bipolar neurons. Taken together, these findings highlight a clear distinction 

between the neuroanatomical manifestations of corticosteroids and CRF1R agonists, even thought all 

these experimental procedures triggered anxiety behavior. It is important to mention, however, that 

sustained activation of CRF2R failed to alter the behavior phenotype and also the structure of the 

BNST; as these receptors are known to be present in this region of the brain (Lewis et al., 2001; 

Reul & Holsboer, 2002), these findings suggest that their role must be related to other function of 

the BNST. 

 

In summary, our results demonstrate the inherent anxiogenic properties of agonists of the CRF1R 

agonists and show that they exert their actions by inducing synaptic rearrangements in the BNSTam. 

Importantly, together with the results reported previously (Pêgo et al., unpublished data, Chapter 

2.1), we show that the actions of corticosteroids and CRF1R agonists are complementary in 

determining the behavioral and morphological phenotypes elicited by chronic stress. Our results 

confirm further that the BNST, rather than the amygdala, represents the neural substrate that 

regulates stress- and CRF-induced anxiety.  

 

 

 

 
131



Abbreviations 

ACTH - adrenocorticotrophin 

ADX – adrenalectomized 

aCSF – artificial cerebrospinal fluid 

BLa – basolateral anterior amygdaloid nucleus 

BLp – basolateral posterior amygdaloid nucleus 

BMa – basomedial anterior amygdaloid nucleus 

BMp – basomedial posterior amygdaloid nucleus 

BNST – bed nucleus of the stria terminalis 

BNSTam – anteromedial division of BNST  

BNSTal – anterolateral division of BNST 

BNSTp – posterior division of BNST 

CE – coefficient of error 

CeA – Central amygdaloid nucleus 

CV – coefficient of variation 

CORT – corticosterone 

CRF – corticotrophin-releasing-factor 

CRFR – CRF receptor 

CV – coefficient of variation 

EPM – elevated plus maze 

HPA – hypothalamus-pituitary-adrenal 

icv – intracerebroventricular 
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La – lateral amygdaloid nucleus 

OF – open field 

PFC – prefrontal cortex 

PVN – paraventricular nucleus of the hypothalamus 

SEM – standard error of the mean 

Sham – sham operated rats 

Ucn - urocortin 
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Table 1.  Results of open field tests in sham-operated controls and ADX rats, and ADX rats receiving CRF (a 

CRF1R ligand), Ucn (a mixed ligand of CRF receptors) and UcnIII (a specific ligand of CRF2R). Note that all ADX 

animals were supplemented with exogenous corticosterone (20 μ/ml in drinking water). Means + SEM are 

shown.   

 

Sham ADX  CRF Ucn UcnIII  F ; p 

Rear Number (n) 25 ± 4.3 17 ± 3.9 19 ± 2.2 19 ± 3.1 26 ± 7.0  1.07 ; 0.39 

Rear Time (s) 51 ± 10.5 27 ± 7.8 35 ± 5.9 35 ± 8.0 53 ± 16.0  1.40 ; 0.25 

Center Distance 

(cm) 
53 ± 11.3 63 ± 13.5 60 ± 8.2 45 ± 8.5 54 ± 12.1  0.38 ; 0.82 

Outer Distance (cm) 470 ± 104 334 ± 67 439 ± 59 393 ± 61 451 ± 42  0.73 ; 0.57 

Center/Outer Time 

Ratio 
0.039 ± 0.008 0.056 ± 0.01 0.042 ± 0.007 0.039 ± 0.007 0.043 ± 0.006  2.32 ; 0.07 

 

ADX, adrenalectomized rats; CRF, ADX + CRF treated rats; Sham, sham rats; Ucn, ADX + Ucn treated rats; 

UcnIII, ADX + UcnIII treated rats.  
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Figure 1 – Anxiety-like behavior, measured in the Elevated Plus Maze test. A, Time spent in the open arms 

given as percentage of total time. B, Number of entries in the open arms. ADX, adrenalectomized rats; CRF, 

CRF treated rats; Sham, sham rats; Ucn, Ucn treated rats; UcnIII, UcnIII treated rats. Results are presented 

as mean ± SEM. * P < 0.05, ** P < 0.001. 
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Figure 2 - Volumetric and total number of neuron estimates, obatined by stereological analysis. A, C, Volumes 

of amygdaloid nuclei and of the bed nucleus of stria terminalis (BNST). B, D, Total number of neurons of 

amygdaloid nuclei and BNST. ADX, adrenalectomized rats; CRF, ADX + CRF treated rats; Sham, sham rats; 

Ucn, ADX + Ucn treated rats; UcnIII, ADX + UcnIII treated rats. All ADX animals were supplemented with low 

levels of exogenous corticosterone (20 μ/ml in drinking water). BLa, Basolateral anterior; BLp, Basolateral 

posterior; BMa, Basomedial anterior; BMp, Basomedial posterior; BNSTam, anteromedial division of BNST; 

BNSTal, anterolateral division of BNST; BNSTp, posterior division of BNST; CeA, Central; La, Lateral. Results 

are presented as mean ± SEM.  
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Figure 3 – Morphometric analysis of 3D reconstructions of bipolar neurons of the bed nucleus of stria 

terminalis (BNST). A, Total number of spines. B, Total dendritic length. C, Spinal densities. ADX, 

adrenalectomized rats; ADX + CRF, CRF treated rats; Sham, sham rats; ADX + Ucn, Ucn treated rats; ADX + 

UcnIII, UcnIII treated rats. Results are presented as mean ± SEM. * P < 0.05. 

 

 

Figure 4 - Sholl analysis data of the dendritic trees of bipolar neurons in the bed nucleus of stria terminalis 

(BNST). ADX, adrenalectomized rats; CRF, ADX + CRF treated rats; Sham, sham rats; Ucn, ADX + Ucn 

treated rats; UcnIII, ADX + UcnIII treated rats. All ADX animals were supplemented with low levels of 

exogenous corticosterone (20 μ/ml in drinking water). Results are presented as mean ± SEM. 
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Supplementary material  

Table 1. Coeffients of error and biological variance of volumetric estimates of individual amygdaloid 

nuclei and of the bed nucleus of stria terminalis (BNST).  

Sham ADX  CRF Ucn UcnIII 

  CE BV CE BV CE BV CE BV CE BV 

BLa 0.08 0.12 0.06 0.15 0.04 0.31 0.1 0.17 0.06 0.21 

BLp 0.03 0.21 0.05 0.10 0.03 0.14 0.04 0.16 0.04 0.15 

BL - 0.10 - 0.09 - 0.14 - 0.07 - 0.07 

BMa 0.06 0.23 0.07 0.17 0.04 0.36 0.06 0.20 0.06 0.10 

BMp 0.07 0.23 0.06 0.25 0.06 0.29 0.05 0.20 0.06 0.06 

BM - 0.20 - 0.14 - 0.14 - 0.13 - 0.06 

CeA 0.07 0.12 0.08 0.18 0.05 0.19 0.05 0.22 0.06 0.09 

La 0.04 0.12 0.06 0.28 0.04 0.11 0.03 0.10 0.05 0.28 

BNSTam 0.06 0.07 0.06 0.20 0.08 0.31 0.05 0.27 0.04 0.14 

BNSTal 0.09 0.09 0.07 0.15 0.04 0.17 0.08 0.47 0.07 0.16 

BNSTp 0.08 0.18 0.08 0.10 0.08 0.09 0.11 0.23 0.06 0.06 

 

ADX, adrenalectomized rats; CRF, ADX + CRF treated rats; Sham, sham rats; Ucn, ADX + Ucn treated 

rats; UcnIII, ADX + UcnIII treated rats. All ADX animals were supplemented with low levels of exogenous 

corticosterone (20 μ/ml in drinking water). Coefficient of error (CE) and biological variance (BV) are 

presented for volumes of individual nuclei. BL, basolateral; BLa, basolateral anterior; BLp, basolateral 

posterior; BMa, basomedial anterior; BMp, basomedial posterior; BNSTam, anteromedial division of 

BNST; BNSTal, anterolateral division of BNST; BNSTp, posterior division of BNST; CeA, central; La, lateral.  
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Table 2. Coefficients of error and biological variance of volumetric estimates of individual amygdaloid 

nuclei and of the bed nucleus of stria terminalis (BNST).  

 

 Sham ADX CRF Ucn UcnIII 

  CE BV CE BV CE BV CE BV CE BV 

BLa 0.10 0.13 0.12 0.11 0.08 0.20 0.14 0.14 0.11 0.12 

BLp 0.05 0.15 0.07 0.16 0.06 0.21 0.06 0.32 0.06 0.16 

BL - 0.04  0.11 - 0.12 - 0.17  0.14 

BMa 0.08 0.32 0.12 0.28 0.10 0.29 0.09 0.21 0.11 0.14 

BMp 0.07 0.05 0.08 0.17 0.08 0.30 0.08 0.28 0.08 0.10 

BM - 0.16  0.13 - 0.10 - 0.17  0.08 

CeA 0.06 0.16 0.10 0.22 0.09 0.09 0.07 0.15 0.09 0.09 

La 0.07 0.18 0.09 0.29 0.09 0.25 0.09 0.18 0.09 0.16 

BNSTam 0.13 0.18 0.12 0.10 0.12 0.16 0.11 0.12 0.11 0.12 

BNSTal 0.15 0.28 0.12 0.29 0.12 0.23 0.14 0.22 0.13 0.24 

BNSTp 0.12 0.15 0.14 0.25 0.13 0.30 0.12 0.10 0.12 0.13 

   

ADX, adrenalectomized rats; CRF, ADX + CRF treated rats; Sham, sham rats; Ucn, ADX + Ucn treated 

rats; UcnIII, ADX + UcnIII treated rats. All ADX animals were supplemented with low levels of exogenous 

corticosterone (20 μ/ml in drinking water). Coefficient of error (CE) and biological variance (BV) are 

presented for total number of neurons of individual nuclei. BL, basolateral; BLa, basolateral anterior; BLp, 

basolateral posterior; BMa, basomedial anterior; BMp, basomedial posterior; BNSTam, anteromedial 

division of BNST; BNSTal, anterolateral division of BNST; BNSTp, posterior division of BNST; CeA, central; 

La, lateral. 
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bstract

Aging is associated with behavioral changes, including increased anxiety. In this study we confirmed a hyperanxious status in aged animals,

easured in the elevated-plus maze and in the acoustic startle. Subsequently, we searched for age-related changes in the volume and cell numbers

n the amygdala or in the bed nucleus of the stria terminalis, but failed to detect gross structural changes in these two brain areas, both implicated
n emotionality.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Normal aging in humans and animals may be accompanied
y certain behavioral abatements, the neurobiological bases
f which remain unknown. Changes in emotional behaviour,
ncluding a heightened level of anxiety, are prominent in appar-
ntly healthy aged humans and animals [3,17,19,21,22]. Impor-
antly, there is evidence that increased anxiety is correlated with
mygdala hypertrophy [16,19].

A number of brain areas have been implicated in the genesis of
ear and anxiety. While earlier studies suggested activation of the
mygdala to be the primary trigger for these behaviors [15], more
ecent work has shown the involvement of the bed nucleus of
he stria terminalis (BNST) in the generation of these emotional
tates [7]. In fact, the BNST is considered to be part of the

o-called ‘extended amygdala’; it closely resembles the central
ucleus of the amygdala in terms of neurotransmitter content
nd cell morphology [1]. In addition, both areas receive highly

Abbreviations: BNST, bed nucleus of stria terminalis; AAA, anterior amyg-
aloid area; BLa, basolateral anterior; BLp, basolateral posterior; BMa, basome-
ial anterior; BMp, basomedial posterior; CeA, central; CO, cortical; La, lateral;
Ea, medial anterior; MEp, medial posterior; PA, posterior
∗ Corresponding author. Tel.: +351 253604806; fax: +351 253604809.

E-mail address: jmpego@ecsaude.uminho.pt (J.M. Pêgo).
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rocessed sensory information from the basolateral nucleus of
he amygdala, and send efferents to various hypothalamic and
rainstem target areas that are involved in specific signs and
ymptoms of fear and anxiety [7]. On the other hand, it is now
pparent that the BNST and amygdala may play differential roles
n the regulation of fear and anxiety: whereas the BNST responds
o signals that trigger anxiety, the central nucleus of the amygdala
s responsible for generating a state of fear [7].

In this study, we hypothesized that age-related changes in
he morphology of the amygdala and BNST might underlie
ncreased anxiousness in older subjects. Having confirmed that
4-month old rats show more anxiety-like behavior than 4-
onth old animals, we sought a correlation between emotional

tate and various morphometric parameters in the anterior amyg-
aloid area, basolateral, basomedial, cortical, medial, lateral,
osterior and central amygdaloid nuclei and BNST, using an
nbiased stereological approach.

. Materials and methods
.1. Animals

Experiments were conducted in accordance with local regulations (European
nion Directive 86/609/EEC) and NIH guidelines on animal care and experi-
entation. Two groups of male Wistar rats, aged 4 and 24 months (Charles
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iver Laboratories, Barcelona, Spain; n = 8 per group) were housed under stan-
ard laboratory conditions.

.2. Behavioral procedures

.2.1. Elevated-plus maze
Animals were tested during 5 min in a black polypropylene “plus” shaped

aze (ENV-560, MedAssociates Inc.) elevated 72.4 cm above the floor. The
aze consisted of two opposite open arms (50.8 cm × 10.2 cm) and two enclosed

rms (50.8 cm × 10.2 cm × 40.6 cm). Time spent in open arms, junction area and
losed arms and the number of entrances and explorations were recorded using
n infrared photobeams system connected to a computer. This data was used
o calculate the ratio of time spent in open arms over closed arms time and the
ercentage of open arm entries. White light was used in the testing room.

.2.2. Acoustic startle
Startle reflexes were measured in two identical startle response systems

SR-LAB, San Diego Instruments, San Diego, CA, USA), each consisting of
non-restrictive Plexiglas cylinder (i.d. 8.8 cm, length 22.2 cm), mounted on a
lexiglas platform and placed in a ventilated, sound-attenuated chamber. Cylin-
er movements were detected and measured by a piezoelectric element mounted
nder each cylinder. A dynamic calibration system (San Diego Instruments) was
sed to ensure comparable startle magnitudes across the two devices. Startle
timuli were presented through a high frequency speaker located 33 cm above
he startle chambers. Startle magnitudes were sampled each millisecond (ms)
uring a period of 200 ms beginning at the onset of the startle stimulus. A startle
esponse is defined as the peak response during this 200-ms period. Animals
ere habituated to the apparatus 5 min daily 2 days before the testing period.

.2.3. Startle response as a function of stimulus intensity
Rats were taken from their home cage and placed in the test chamber. The

hamber was then sealed and each animal allowed to acclimatize to the startle
hamber for a period of 5 min. Additionally, background white noise, with an
ntensity of 63 dB, was maintained to minimize the impact of acoustic stimuli
utside of the chamber environment. Once the habituation period had elapsed,
ach animal was presented five baseline startle stimuli (50-ms pulse of white
oise at 120 dB) at an interstimulus interval of 30 s. The purpose of these baseline
rials was to familiarize the animal with the startle stimulus in order to facilitate

ore accurate measurement of the animal’s overall startle amplitude. After the
nal baseline trial had been delivered, each animal was then randomly presented
0 startle stimuli, each of which was 50 ms in duration, but varied in intensity
rom 70 to 120 dB, in 10-dB increments. Once the 70 randomized startle trials
ad terminated, each animal was removed from the startle chamber and returned
o its home cage. Following this, the acrylic holder, as well as all components
ithin the startle chamber, was wiped down with alcohol (70%) to minimize

esidual olfactory cues.

.3. Histological procedures

After the last testing session, rats were perfused transcardially with fixative
4% paraformaldehyde), under deep pentobarbital anesthesia. After approxi-
ately 4 weeks in fixative, brains were split into two hemispheres by a mid-

agittal section, before being processed. Each hemisphere was then included in
lycolmethacrylate (Tecnovit 7100, Heraeus Kulzer, Werheim, Germany) and
ectioned on a microtome as described in detail elsewhere [14]. Every other
0 �m thick coronal section was collected on a gelatinized slide, stained with
iemsa, mounted with Entellan-New (Merck) and coverslipped. The shrinkage

actor (SFv) was calculated has previously described [5]. Stereological proce-
ures were performed “blind” to the observer.

.3.1. Regions and layer boundaries
We analysed stereological parameters on 11 regions of the amygdaloid com-
lex including anterior amygdaloid area (AAA), basolateral anterior (BLa),
asolateral posterior (BLp), basomedial anterior (BMa), basomedial posterior
BMp), central (CeA), cortical (CO), lateral (La), medial anterior (MEa), medial
osterior (MEp) and posterior (PA) and of the bed nucleus of stria terminalis
BNST) has a whole (Fig. 1). The above-mentioned regions were outlined
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according to the atlas of Swanson [20] and based on noticeable citoarchitec-
tural differences, namely density of cells and size of the perikarya.

2.4. Stereological procedures

Volume and neuronal number estimations were performed using
StereoInvestigator® software (Microbrightfield, VT, USA) and a camera
attached to a motorized microscope (Axioplan 2, Carl Zeiss, Germany).

The Cavalieri’s principle was used to assess the volume of each level. Briefly,
every 4th section was used and the cross-sectional area was estimated by point
counting (final magnification 112×). We used a test point system in which
the interpoint distance, at the tissue level, was 350 �m for BNST, 300 �m for
CeA and La and 150 �m for the remainder nuclei. The volume of the region
of interest was then calculated from the number of points that fell within its
boundaries and the distance between the systematically sampled sections. The
volume of each brain hemisphere was calculated by delineation of the ipsilateral
total supratentorial parenchyma.

Average cell numbers were estimated using the optical fractionator method
[23]. In summary, a grid of virtual 3D-boxes (30 �m × 30 �m × 20 �m) equally
spaced (using the same grid spacing as for the volume estimations) was superim-
posed on every 4th section of the lamina of interest and we counted the number
of neurons falling inside them, according to well defined “stereological” rules.
The estimated total number of neurons on that region was then calculated from
the number of counted neurons, the grid spacing, the volume of the box and the
number of boxes counted. Neurons were differentiated from other cells on the
basis of the size and shape of their perikarya.

Coefficients of error (CE) were automatically computed by the software
according to the formulas of Gundersen et al. [12] for cell numbers and Gun-
dersen and Jensen [11] for volume estimations.

2.4.1. Data analysis
Results are expressed as group means ± standard error. Biological variance

(BV = S.D./mean) was determined for the stereological estimates. Data were
analyzed using t-test for EPM parameters, volumes and stereological estimates
of individual nuclei. The behavioural data in the acoustic startle was analysed by
repeated measures with stimulus intensity as within-group variables. Correlation
between behavioural and morphological variables was tested using Pearson’s
correlation coefficient. Differences were considered to be significant if p < 0.05.

3. Results

3.1. Behavioral data

3.1.1. Elevated-plus maze
Increased signs of anxiety (measured by open arm time and

entries) were found in aged animals. Aged animals spent sig-
nificantly less time (p < 0.014) and had less entries (p < 0.001)
in the open arms of the EPM than younger rats (Fig. 2). No
changes were detected in locomotor behavior between ages as
no significant differences were found in the number of closed
arm entries between the age groups.

3.1.2. Acoustic startle
The startle response varied as a function of the age of

rat × startle intensity interaction (F = 7.566, p < 0.002). There
was a significant trend for the startle amplitudes of the aged
rats to increase more quickly as a function of stimulus intensity.

Comparison between groups revealed that in comparison to
young rats, the startle amplitude of aged rats was elevated at the
80, 90 and 100 dB and decreased at 110 and 120 dB intensities
(see Table 1).
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Fig. 1. Low magnification micrographs of glycolmethacrylate-embedded coronal section of temporal lobe of the rat stained with Giemsa and the corresponding
atlas schemes used for delineation of different amygdaloid nuclei and BNST: (A) section of the anterior region of the amygdala; (B) section of the posterior region
of the amygdala; (C) section of the BNST. Anterior amygdaloid area (AAA), basolateral anterior (BLa), basolateral posterior (BLp), basomedial anterior (BMa),
basomedial posterior (BMp), central (CeA), cortical (CO), lateral (La), medial anterior (MEa), medial posterior (MEp) and posterior (PA), bed nucleus of stria
terminalis (BNST).

Fig. 2. Elevated-plus maze results: (A) time spent in the open arms; (B) number of entries in the open arms. Results are presented as mean ± S.E.M. *p = 0.014,
**p < 0.001.
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Table 1
Acoustic startle data

Startle amplitude (arbitrary units)

Noise (dB) Young Aged

70 21.57 ± 2.60 33.17 ± 6.17
80 45.23 ± 4.17 98.83 ± 26.36*

90 192.56 ± 33.56 671.80 ± 108.28*

100 954.67 ± 212.30 1911.97 ± 111.21*

110 6223.07 ± 473.25 4219.80 ± 664.88*

120 6477.19 ± 443.10 4613.79 ± 363.66*

Startle amplitude in response to acoustic stimulus. Results are presented as
m
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* p < 0.05.
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tatistical data on volumetry measurements

Young Aged

CE BV CE

AA 0.07 0.285 0.11
La 0.04 0.223 0.05
Lp 0.03 0.092 0.03
Ma 0.05 0.230 0.05
Mp 0.03 0.115 0.03
eA 0.03 0.150 0.02
O 0.03 0.077 0.03
a 0.02 0.145 0.02
Ea 0.07 0.125 0.06
Ep 0.04 0.129 0.06

A 0.03 0.173 0.03
NST 0.05 0.107 0.05

oefficient of error (CE) and biological variance (BV) are presented for absolute volu
olume of each individual nuclei vs. total hemispheric volume. Anterior amygdaloid a
nterior (BMa), basomedial posterior (BMp), central (CeA), cortical (CO), lateral (
ucleus of stria terminalis (BNST).

ig. 3. Stereological data: (A) volumes of amygdaloid nuclei; (B) volumes of the bed
mygdaloid nuclei; (D) total number of neurons in the bed nucleus of stria terminal
AAA), basolateral anterior (BLa), basolateral posterior (BLp), basomedial anterior (
edial anterior (MEa), medial posterior (MEp) and posterior (PA), Bed nucleus of st
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.2. Stereological data

The shrinkage factor calculated was 1.07 for young group
nd 1.09 for aged animals. The absolute volumes of the anterior
mygdaloid area (AAA), basolateral (BL; anterior and poste-
ior), basomedial (BM; anterior and posterior), cortical (CO),
edial (ME; anterior and posterior), lateral (La), posterior (PA)

nd central (CeA) amygdaloid nuclei and BNST did not differ
etween the younger and older groups of animals (Fig. 2 and
able 2). Likewise, neuronal numbers in the different amyg-
aloid nuclei and BNST did not differ significantly between

he two groups (Fig. 3 and Table 3). There was no correla-
ion between these morphometric parameters and the age-related
hanges in emotional status (Table 4).

Absolute volume, p Relative volume, p

BV

0.331 0.775 0.886
0.265 0.789 0.882
0.127 0.208 0.406
0.165 0.114 0.165
0.061 0.213 0.109
0.108 0.181 0.381
0.134 0.216 0.366
0.155 0.727 0.992
0.237 0.162 0.274
0.182 0.237 0.060
0.147 0.966 0.750
0.162 0.503 0.213

mes of individual nuclei. Relative volume represents the ratio between absolute
rea (AAA), basolateral anterior (BLa), basolateral posterior (BLp), basomedial
La), medial anterior (MEa), medial posterior (MEp) and posterior (PA), bed

nucleus of stria terminalis (BNST); (C) total number of neurons in the different
is (BNST). Results are presented as mean ± S.E.M. Anterior amygdaloid area
BMa), basomedial posterior (BMp), central (CeA), cortical (CO), lateral (La),
ria terminalis (BNST).
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Table 3
Statistical data on stereological estimates of total number of neurons in individual
nucleus of the amygdala

Young Aged Neuronal pop

CE BV CE BV p

AAA 0.09 0.16 0.11 0.20 0.390
BLa 0.07 0.18 0.09 0.29 0.629
BLp 0.06 0.23 0.07 0.07 0.296
BMa 0.07 0.38 0.08 0.16 0.694
BMp 0.06 0.24 0.06 0.07 0.600
CeA 0.05 0.06 0.05 0.06 0.785
CO 0.07 0.27 0.12 0.17 0.468
La 0.11 0.20 0.12 0.14 0.131
MEa 0.08 0.13 0.09 0.36 0.488
MEp 0.05 0.05 0.07 0.38 0.481
PA 0.07 0.35 0.09 0.22 0.806
BNST 0.10 0.21 0.10 0.17 0.645

Coefficient of error (CE) and biological variance (BV) are presented for total
number of neurons in each individual nuclei. Anterior amygdaloid area (AAA),
basolateral anterior (BLa), basolateral posterior (BLp), basomedial anterior
(
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BMa), basomedial posterior (BMp), central (CeA), cortical (CO), lateral (La),
edial anterior (MEa), medial posterior (MEp) and posterior (PA), bed nucleus

f stria terminalis (BNST).

Total hemispheric volume was not significantly different
etween young and aged animals (p = 0.389).

The ratio between absolute volumes of BNST and each amyg-
aloid nucleus versus total hemispheric volume was then calcu-
ated (Table 2); no significant difference was found between
ifferent ages.

In order to assess stereological validity, biological variance
as calculated and compared to coefficients of error; data is
resented in Tables 2 and 3, for volumes and neuronal numbers,
espectively.

. Discussion
The present study shows that age-associated increases in anx-
ety in the rat [2,4] cannot be accounted for by changes in the
olume of, or number of neurons in, the amygdala and BNST.

d
T
r
l

able 4
tatistical correlation (r; p) of behavioural variables (open arm time [OA] and acoust

Total number of neurons

OA time (r; p) Vmax, 80 dB (r; p)

AA −0.138; 0.653 0.129; 0.675
La 0.182; 0.552 −0.115; 0.708
Lp 0.222; 0.466 −0.043; 0.890
Ma −0.216; 0.478 0.198; 0.516
Mp −0.067; 0.827 0.178; 0.561
eA −0.140; 0.648 0.176; 0.566
O 0.007; 0982 0.102; 0.739
a 0.282; 0.350 −0.126; 0.682
Ea −0.111; 0.719 −0.179; 0.558
Ep 0. 019; 0.952 0.334; 0.265

A −0.066; 0.829 0.218; 0.475
NST −0.441; 0.131 0.146; 0.633

nterior amygdaloid area (AAA), basolateral anterior (BLa), basolateral posterior (B
ortical (CO), lateral (La), medial anterior (MEa), medial posterior (MEp) and poster
Research 173 (2006) 320–325

o the best of our knowledge, this work represents the first deter-
ination of total volumes and neuronal numbers in ‘extended

mygdala’ in which subject age has been considered as a vari-
ble. It is important to note that stereological tools used were
nbiased and reliable, as indicated by the low coefficients of
rror which did not exceed the biological variance [6].

Our results are particularly remarkable in light of clear age-
elated increases in anxiousness and the strong implication of
he amygdala and BNST in the genesis of anxiety. Indeed, the
ehavioral data clearly establishes a state of increased anx-
ousness in aged subjects both when assessing anxiety in the
levated-plus maze and in the acoustic startle. Importantly, data
athered in the elevated-plus maze, the “gold standard test” for
easuring anxiety behavior in rats [8–10,13,18] confirms that

ged animals spent less time in the open arms of the maze,
espite preserving a normal locomotion pattern; interestingly,
ge-associated declines in open arm entries, another marker of
nxiety, were even more obvious. In the acoustic startle, we also
ound an increased startle response in the aged group, demon-
trating increased reactivity to anxiogenic acoustic stimuli [2,7].
his effect was more pronounced with increasing levels of noise,
xception made for those in the higher extreme of rage, which
ould be explained by a plateau effect in the aged animals for
earing function. Taken together, the present data shows a gen-
ral hyperanxious in elderly animals that cannot rely merely on
ortical functions as the acoustic startle is mediated by a reflex
euronal circuitry.

The present results, together with previous observations that
ippocampal neuronal numbers do not correlate with age-related
mpairments in learning and memory, raise an important ques-
ion: do age-related alterations in emotional or cognitive behav-
or have a structural basis? The answer is clearly ‘no’ if one
imply relies on measurements based on the limited resolu-
ion afforded by volumes and neuronal numbers, even though
here is a trend towards an increased volume in both the amyg-

ala (as a whole) and the BNST (4.4% and 6.9%, respectively).
his becomes particularly relevant when considering previous

eports, both in animal models and in humans, suggesting a
ink between increased emotionality and amygdala hypertro-

ic startle at 80 dB [Vmax]) with stereological parameters

Absolute volume

OA time (r; p) Vmax, 80 dB (r; p)

−0.385; 0.141 0.125; 0.645
−0.357; 0.432 −0.126; 0.641
0.271; 0.557 −0.152; 0.574
0.178; 0.510 0.182; 0.499
−0.221; 0.411 0.393; 0.132
0.072; 0.790 −0.467; 0.069
−0.195; 0.468 0.354; 0.179
0.312; 0.240 0.278; 0.297
0.129; 0.635 −0.456; 0.76
−0.065; 0.811 0.323; 0.223
−0.044; 0.870 0.116; 0.669
−0.221; 0.411 −0.297; 0.264

Lp), basomedial anterior (BMa), basomedial posterior (BMp), central (CeA),
ior (PA), bed nucleus of stria terminalis (BNST).
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hy [17,19,21,22]. Interestingly, although present results fail to
emonstrate significant changes in volumes and neuronal num-
er in the amygdala and BNST, there was a trend for an increased
umber of cells in the lateral nucleus of the amygdala in aged
nimals, which fits data previously reported by Salm et al. [19]
n a rat model of anxiety. At this stage, however, it is important
ot to exclude fine structural changes (e.g. in dendritic morphol-
gy and synaptic numbers) and the neurochemical adaptations
e.g. transmitter and receptor content) that may go hand-in-hand
ith the morphological changes, as potential underlying causes
f the altered behavioral states.
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3. DISCUSSION 

 

The present work, by discerning specific aspects of anxiety and fear, has characterized how 

stress and age influence emotional behavior. The neuroanatomical substrates of stress-induced 

anxiety (but not fear behavior) have also been focused on these studies. Subsequently, the 

specific contribution of corticosteroids (by administration of exogenous corticosteroids) and CRF 

(by icv administration) to the stress-induced hyperanxious phenotype have been assessed. 

Finally, a first approach to correlate anxiety behavior with activation of the BNST, in particular 

with its anteromedial division, was attempted using immediate early-gene expression. In 

summary, the results add new information on the contribution of stress to anxiety disorders.  

 

3.1. Animal models and experimental considerations 

The primary aim of the present work was to thoroughly characterize emotional behavior in the 

context of increased allostatic load using a variety of paradigms that ranged from physiological 

and pharmacological stress models to aging (as a factor of increased burden to homeostasis). 

Particular care was given to the several experimental factors, in order to develop an animal 

model that best represented the conditions observed in the clinical settings. The first factor to 

emphasize relates to the duration of the experimental protocol, an aspect central to the 

expression of a fully developed phenotype. Importantly, most of the previous studies addressing 

the topic of the impact of stress/corticosteroids/CRF in anxiety behavior were performed in 

acute/subacute conditions. This represents a major pitfall since most deleterious effects of stress 

exposure occur in a chronic setting. In fact, the inadequate response to stressful challenges that 

characterizes chronic stress is the end-result of the exhaustion of several imediate stress-

responsive systems and is time-dependent (Cerqueira et al., 2007a; McLaughlin et al., 2007). 

Our experimental observations have shown that most biological markers associated with chronic 

stress (e.g., fur degradation, gastric ulcers, weight gain impairment, etc) do not overtly develop 

before 2/3 weeks of exposure; the same happens with the typical stress-induced anxious 

phenotype. Indeed, although using stress paradigms similar to ours, others researchers have 

failed to find typical behavioral traits when using shorter experimental procedures (Vyas et al., 
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2002). Importantly, a similar temporal window of installation of anxiety disorders is observed in 

the wards; In fact, some clinical conditions present a late onset after the triggering episode (e.g. 

post-traumatic stress disorder [PTSD], specific phobias) and others require a prolonged period of 

sensitization (e.g. generalized anxiety disorder). Therefore, we have chosen to use prolonged 

periods of exposure to stress in our experimental work. 

The (un)predictable nature of stressful insults acts as a factor of amplification, reinforcing the 

disruption of coping mechanisms. Animals that are given the possibility to choose between 

predictable or unpredictable aversive stimuli prefer the predictable event, even when that event is 

unavoidable and inescapable (Gliner, 1972). Additionally, biological markers of stress response 

(e.g. gastric ulcers) seem to be attenuated if the event is predictable, providing evidence that the 

magnitude of stress response is partially related to the feeling of control over the course of 

events. On the other hand, the presentation of random and unpredictable stimuli induces a state 

of permanent alertness, required for mounting a prompt response, which can only be supported 

by the continuous activation of the HPA axis. This in turn, will induce most of the deleterious 

effects observed after exposure to chronic stress. Again, one can establish parallels with the 

clinical settings, where anxiety prevails as an underlying condition. For instance, patients 

suffering from PTSD or obsessive-compulsive disorders report feelings of anxiety in response to 

daily life events (that would otherwise not trigger anxiety in a healthy individual). This illustrates a 

diminished threshold of alertness that these patients try to dampen by avoiding the triggering 

events or by creating mechanisms of controlled environment (e.g. rituals). Coherently, the 

anxiogenic nature of a particular situation (e.g. high-speed driving) can be weakened by training 

(e.g. professional race driver) or motivational values (e.g. monetary prizes, emergency car staff). 

This points out that, at least partially, anxiety behavior is modulated by learning/motivation.  

Interindividual variability was observed in all experimental models used in these studies revealing 

that different subjects have different resilience to allostatic load. It is especially striking that 

particular animals behaved differently in response to stressors; some subjects would consistently 

be more relentless to counteract in aversive conditions. Several factors like social dominance 

(Razzoli et al., 2006), housing conditions (e.g. number of animals per cage; relative position to 

light) (Izidio et al., 2005; Reiss et al., 2007), prenatal stress (Weinstock et al., 1998; Oliveira et 

al., 2006), maternal care (McPherson et al., 2007; Renard et al., 2007) can influence how a 

particular individual reacts to challenging events. This reflects the importance of past experiences 
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in shaping the coping mechanisms acquired throughout life (Earls, 1998; Heim & Nemeroff, 

1999; Heim et al., 2002; Anda et al., 2006) and may explain why individuals show different 

susceptibilities to the development of anxious behavior with age (C. Heim et al., 2002). Such 

findings are consonant with the hypothesis that aging results from the accumulation of factors 

leading to increased or decreased HPA reactivity (Landfield & Eldridge, 1994b; McEwen, 2002; 

Landfield et al., 2007). This hypothesis postulates that once the emotionality and the reactivity of 

the adrenocortical system are established by early life events, the subsequent activation of the 

stress response (including the HPA axis) during life will likely contribute to the rate and “quality” 

of aging of the brain and the body. In fact, rats with increased HPA reactivity show early decline 

of cognitive functions but also an emotional shift towards anxiety (Dellu et al., 1996; Vallee et al., 

1997; Bessa et al., 2005). In contrast, rats that were submitted to neonatal handling show lower 

HPA reactivity to stressors during lifetime, with subsequent slower cognitive deterioration and 

less anxiety behavior (Vallee et al., 1997; Vallee et al., 1999).  

The view of cumulative load (allostasis) to the organism can be subdivided in four basic states: i) 

exposure to repeated challenges; ii) failure to habituate with repeated challenges; iii) failure to 

shut off the response after the challenge disappears; iv) failure to mount an adequate response. 

Two of these (states i and iii) have been recognized, in the hippocampus and PFC, and act 

through mechanisms that involve the release of excitatory neurotransmitters. Under stressful 

conditions, rats show increased extracellular levels of glutamate in the hippocampus and PFC 

(Levine et al., 1967; Moghaddam et al., 1994; Moghaddam, 2002) and this increase will lead to 

dendritic remodeling in these brain regions (Cerqueira et al., 2007a). Excessive glutamate will 

result in increased calcium mobilization, via activation of NMDA (N-methyl-D-aspartic acid) and 

AMPA (α-Amino-3-hydroxy-5-methylisoxazole-4-propionic acid) receptors and second messengers 

overactivation, leading to a series of events that are believed to impair information storage 

mechanisms, such as long-term potentiation (LTP) (Bliss & Collingridge, 1993; Bennett, 2000; 

Goosens & Maren, 2002; 2004) and long-term depression (LTD) (Diamond et al., 2005). As the 

reuptake and rebuffering of calcium ions is an active process (Choi, 1988; Keller & Mattson, 

1998), whenever these processes are not rapid and efficient, free-radicals, formed as by-products 

of lipid peroxidation, will accumulate and produce allostatic load upon neuronal structures 

(Mattson, 1996; Keller & Mattson, 1998). Stress increases the production of free radicals in the 

brain (Liu et al., 1996), apparently through a direct effect of corticosteroids. Indeed, GCs appear 

159



to potentiate the increase in extracellular levels of excitatory amino acids under stress 

(Moghaddam et al., 1994; Bagley & Moghaddam, 1997). 

Animal models demonstrate that calcium homeostasis undergoes progressive changes with age. 

L-type calcium channels activity increases with age which results in increased after-

hyperpolarization (AHP) and decreased neuronal survival (Landfield & Eldridge, 1994a; Porter et 

al., 1997; Brewer et al., 2007). In rodent hippocampal pyramidal neurons, repetitive discharges 

are followed by a slow AHP as a result of activation of a Ca2+-dependent K+ current. Modulations 

of the AHP have been shown to be closely associated with synaptic plasticity, learning, and aging 

processes (Disterhoft et al., 1993). Interestingly, increased AHP phenomena are associated with 

altered LTP and LTD in hippocampal neurons (Norris et al., 1998). These changes have a 

putative role in cognitive impairment observed in the aged rat. Additionally, GCs enhance calcium 

channels activity and AHP (Landfield & Eldridge, 1994b; McEwen, 2002). In young rats, 

glucocorticoid actions are decreased by down-regulation of GR following repeated-stress, while 

with increasing age this protective mechanism is impaired or lost (Kerr et al., 1991). Therefore, 

aged rats seem more vulnerable to increased levels of GCs and the consequent dysregulation of 

calcium channels and free radicals formation, which will ultimately damage brain cells (Sapolsky 

et al., 1986).  

Pharmacological modulation, by dissecting the different components of the stress response, has 

helped clarify how stress modulates emotional behavior. The mechanisms that regulate the 

activation of the HPA axis are intricately regulated in a series of negative feedback loops. 

Activation of stress-sensitive areas will lead to increased release of CRF by neurosecretory 

neurons in the PVN. The subsequent release of the ACTH by the pituitary gland and its action on 

adrenal glands results in the release of corticosteroids. These, in turn, are the mediators of the 

response to stress both peripherally and centrally. Along this cascade of events, different 

mechanisms have evolved to self-regulate and limit the magnitude of the stress response. Such 

mechanisms allow mounting an adequate energetic response while avoiding the deleterious 

actions of corticosteroids when chronically elevated. One of the main shut-off mechanisms is the 

downstream regulation exerted by corticosteroids, which readily cross the blood-brain barrier and 

put forward an inhibitory influence on the hypothalamus (Makino et al., 2002). Additionally, 

corticosteroids act upon stress-sensitive areas that influence the tonic release of CRF by the PVN, 

namely the hippocampus and PFC. In fact, structural remodeling of these brain areas has been 
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correlated to HPA overactivation and is thought to be the end result of corticosteroid-dependent 

insults to the neuronal structure. The structural remodeling, in turn, has a putative role in the 

perpetuation of the vicious cycle of HPA activation. 

Animal models of physiological stress closely resemble the settings found in clinical conditions. 

Overactivation of the HPA axis has been demonstrated by altered expression of CRF in the brain 

and elevated levels of circulating corticosteroids, both biological hallmarks that characterize 

chronic stress (Lightman & Harbuz, 1993; Cullinan et al., 1995; Herman et al., 1995; Cullinan & 

Wolfe, 2000; Cerqueira et al., 2005). By introducing different pharmacological treatment 

paradigms we were able to discern how central and peripheral mediators act to shape the 

structure of the amygdala and the BNST. Exogenous administration of corticosterone was 

particularly helpful in demonstrating the hormone-dependent effects of stress. Most of the 

systemic effects, like weight gain impairment, gastric ulcers, thymic atrophy and immunological 

impairment, muscle mass loss, etc., can be ascribed to increased levels of circulating 

corticosteroids (Sapolsky et al., 1986; Dallman et al., 1987; Sapolsky et al., 2000). On the other 

hand, most of the structural remodeling found in the brain of stressed rats (Sousa et al., 1998b; 

1999; Sousa et al., 2000; Cerqueira et al., 2005; Cerqueira et al., 2007b; Sousa et al., 2007) 

was replicated by the administration of exogenous corticosteroids. This provides a robust model 

that reproduces most of the physiological markers found in chronic stress. However, the major 

pitfall of this model is the inhibitory influence of exogenous corticosteroids over the HPA axis 

which leads to decreased secretion of CRF. By using a sustained administration of CRF receptors 

agonists, we further elucidated the specific role of these factors in the stress-associated behavior. 

Because CRF receptors have distinct expression patterns and biological actions, the use of 

specific agonists discriminates between the roles of different receptors in the structural 

remodeling associated with chronic stress. However, it is crucial that the peripheral response that 

follows HPA activation is blunted; otherwise it would be impossible to dissociate the influence of 

central mediators from the hormonal response that follows. In order to achieve that goal, 

adrenalectomy was performed in animals treated with CRF ligands. Importantly, these animals 

were supplemented with the administration of basal levels of corticosterone, as the absence of 

corticosteroids has a deleterious effect on the brain in itself. 

Therefore, the present work addresses the central questions of this thesis using rodent models of 

chronic stress paradigms and advanced age. The experimental work was designed in order to 
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reproduce physiological stress and decompose the stress response in its central and peripheral 

components. Specifically, the experimental work aimed to: 

1. Analyze the influence of stress on emotional behavior using the CUS paradigm and in the 

senescent rodent (Chapters 2.1 and 2.4). 

2. Correlate the behavioral changes observed with structural parameters in the amygdala and 

the BNST (Chapters 2.1 and 2.4). 

3. Discriminate the relative contribution of corticosteroids and CRF agonists to the behavioral and 

structural changes using pharmacological models. Exogenous administration of corticosterone 

and intracerebroventricular administration of CRFR agonists were used, respectively.  (Chapters 

2.1 & 2.3). 

4. Assess the functional activation/inactivation of the BNST after CUS using 

immunohistochemical analysis of the expression of c-fos (Chapter 2.2). 

 

3.2. Behavioral measurements of anxiety 

In these studies, it is shown that the increased allostatic load of aging or stress paradigms 

triggers a hyperanxious phenotype as measured in the elevated-plus maze (EPM). The EPM test 

is based on the natural conflict of rodents to explore a novel environment and their innate 

aversion to open, elevated and brightly lit spaces. This paradigm is considered to be the most 

reliable and coherent test of anxiety behavior in rodents (Pellow et al., 1985; Lister, 1987; 

Rodgers & Dalvi, 1997; File, 2001). Validation of a behavioral test in animal models requires 

fulfillment of several conditions, which has been the case for EPM (Ohl, 2005). First, the 

behavioral response of an animal model to a threatening stimulus should be comparable to the 

response known for humans (face validity). Such findings have been consistently demonstrated in 

the EPM by several studies (Papp et al., 1993; Peskind et al., 1998; Adamec et al., 2004; 

Chotiwat & Harris, 2006; Imanaka et al., 2006). Second, it should display reduced anxiety when 

treated with drugs known to trigger anxiolysis (predictive validity). Indeed, drugs that have 

anxiolytic effects in humans have shown a therapeutic effect in rodents  tested in the EPM 

(Pellow et al., 1985; Pellow & File, 1986; Lister, 1987; Dawson & Tricklebank, 1995), by 

increasing the relative time that animals spend in the open arms, confirming that the maze tests 
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anxiety rather than exploratory behavior. And third, the mechanisms underlying anxiety as well as 

the psychological causes should be identical (construct validity). This has been demonstrated in 

several paradigms that resemble the putative mechanisms underlying human anxiety disorders 

like stress and aging (Vyas et al., 2002; Bessa et al., 2005). The validity of the test has been so 

consistent that it is now vital for a new anxiolytic drug to be screened in the elevated test maze to 

be considered for clinical trials in humans. 

The nature of the EPM implicates that multisensorial inputs are processed and then compiled in 

a locomotory response that is not reflexive but rather is modulated by complex aspects of 

behavior (Dawson & Tricklebank, 1995; File, 2001). In fact, in all experimental protocols tested 

in these studies, stressed animals behaved in a very cautious and hyperreactive manner 

reflecting a diminished threshold to anxiogenic situations. The fact that the innate aversive 

conditions of the maze (File, 1993; Hogg, 1996) are unconditioned and not triggered by specific 

cues suggests that the underlying neuronal pathways are activated by diffuse (like the BNST) and 

not by specific cues (like the amygdala). To confirm this hypothesis we have used, whenever 

possible (this test could not be reliably applied to animals previously submitted to stereotaxic 

procedures), the acoustic startle paradigm (Koch, 1999). In the acoustic startle the animal is 

presented to loud noises and its reflex changes are recorded in one or more measures of 

autonomic (heart rate, blood pressure, pupilary diameter, etc) and motor responses (muscle 

tension, movement, etc). Additionally, the reflexive nature of the acoustic startle is a valuable 

assertion that autonomic and motor responses are the outputs of involuntarily activated 

circuitries and not the result of complex processing. Hence, the influence of environmental 

variables (the experimenter handling the animal; the position of the home cage; behavioral state 

of the animal immediately before the test [arousal or rest]; overcrowding) (Izidio et al., 2005; 

Reiss et al., 2007) that may interfere with the anxiogenic status assessed with the EPM are 

greatly abolished. As a result, the changes observed are likely to reflect the functional impairment 

of specific (and simple) neuronal circuitries and not the conjugated response of polissensorial 

processed inputs. Importantly, because the nature of the triggering stimuli (conditioned vs 

unconditioned) is what confers a distinctive characteristic activation pattern of brain structures 

(Davis, 1998; 2006), the phenotypic expression of unconditioned emotional behavior in the 

acoustic startle is also a consequence of the activation of either BNST or the amygdala (through 

the CeA) (Walker et al., 2003). However, while the BNST is activated by long-lasting and 

unconditioned stimuli typical of anxiogenic situations, the amygdala is triggered by discrete short-

163



lasting stimuli with a clear offset which characterize fear. By introducing different protocols of 

stimulation in the acoustic startle paradigm, it was possible for us to discriminate the behavioral 

correlates of stress and to clearly demonstrate that stress/age affects anxiety but not fear 

behavior.  

In contrast to the influence that stress produces on anxious behavior, fear-conditioning was 

unaltered throughout the experiments. Fear behavior is closely related to anxiety, as it shares 

behavioral and neural pathways. Fear is characterized by a behavioral pattern that resembles 

anxiety behavior. Autonomic and neuroendocrine activation are set in motion by common neural 

pathways; however, the nature of the triggering events and the persistence of symptoms define 

most of the dissimilarities of these two aspects of emotional behavior. Fear is triggered by stimuli 

that are specific but brief, and present an imminent threat to the individual. The bodily activation 

that follows is aimed at providing a rapid response to the threat and is terminated as soon as the 

threat disappears. On the contrary, anxiety is triggered by more diffuse and prolonged cues, and 

induces a state of hyperesponsiveness that outlasts the presentation of triggering events. The 

arousal that succeeds provides the individual with readily available resources that allow a prompt 

response to eventual threats while searching for its source. The neuroanatomical framework of 

such dichotomy has been thoroughly studied by Davis and collaborators (Davis et al., 1997; 

Davis, 1998; Walker et al., 2003). The BNST and CeA present similar projections to brainstem 

neuroendocrine and autonomic nuclei that are activated in anxiety and fear responses, 

respectively. It is the distinct set of inputs that reach these nuclei and how their activity is 

modulated that distinguishes the relative importance to different aspects of emotional behavior. 

The observation that fear behavior was unaffected by stress discloses that the neural pathways 

that underpin fear (amygdala and related areas) were unaffected, at least from the functional 

point of view. It further reinforces that stress-induced anxiety is correlated to dysfunction of extra-

amygdalar areas like the BNST.  

 

3.3. Anxiety correlates with structural changes in the BNST but not in the amygdala 

One of the most surprising observations in the structural studies herein presented is the relative 

preservation of the morphology of the amygdala after prolonged exposure to stress. These results 

may appear paradoxical, in light of current knowledge that attribute a putative role of the 
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amygdala in the integration, processing, and modulation of emotional behavior both in animals 

and in humans (LeDoux, 2000; Garakani et al., 2006; Lang & Davis, 2006; Dolan, 2007; 

Ledoux, 2007). The amygdala is involved in the recognition of emotional value of context, 

conditional learning, and modulation of the function of other mnesic (e.g. hippocampus), 

rewarding (e.g. nucleus accumbens) and processing (e.g. prefrontal cortex) systems. Therefore, it 

would be reasonable to believe that emotional disorders that accompany stress would translate 

into structural changes of this area. Moreover, recent research has focused on the role of the 

amygdala in processing of other emotionally driven functions like reward, maternal, sexual, 

aggressive and ingestive behaviors (Ledoux, 2007); however, the role of the amygdala in the 

setting of these emotional behaviors is not so straightforward. In addition to its role in emotion, 

the amygdala is also involved in the regulation of cognitive functions, such as attention, 

perception and explicit memory. It is generally accepted that these functions are modulated by 

the processed output of polissensorial information arriving at the amygdala and that attribute an 

emotional significance to context. Such modulation can be exerted through direct connections to 

cognitive centers or the influence (mediated by the BNST) over the HPA axis.  

The absence of structural changes in the amygdala after chronic stress is in good accordance 

with our observation that chronic stress did not induce changes in fear-acquisition. The meaning 

of such findings must be taken into consideration together with the relevance of the activity of the 

amygdala for the individual’s survival. In fact, by playing a key role in the learning and long-term 

storage of fearful memories, the amygdala is essential to establish strong associations between 

overtly threatening cues (or context) and an aversive condition that must be avoided. This 

process represents a specific form of learning that provides biological advantage, in as much as it 

diminishes the probability of harmful/threatening encounters. However, if this process was 

triggered by unspecific, daily life stressors, which characterize allostatic load, survival would be 

jeopardized by an overactive “all-or-nothing” system. Subsequently, the resilience shown by the 

amygdala in stress paradigms becomes logical from an evolutionist perspective. 

The amygdala is composed by masses of neurons organized in subareas or nuclei. There is still 

some debate about how the amygdala should be parcelled according to anatomical, 

histochemical, embryological and functional characteristics of the different nuclei (Swanson & 

Petrovich, 1998; Ledoux, 2007). Regardless of such questions, it is consensual that the 

amygdala consists of an evolutionary primitive division related to the olfactory system (cortico-
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medial regions) and an evolutionary newer division related to the neocortex (basolateral region). 

The cortico-medial region comprises the cortical, medial and central nuclei and receives inputs 

from the olfactory and accessory olfactory bulb; it processes olfactory, pheromonal and viscero-

sensorial stimuli and is involved in the expression of social, reproductive, ingestive behavior and 

modulates neuroendocrine control. The basolateral region is the most thoroughly investigated 

area and is involved in the acquisition and storage of fearful memories. It receives polyssensorial 

inputs from auditory, visual, somatossensorial, olfactory and taste information that are processed 

in order to establish associations between events and aversive conditions. The intricate network 

of connections that links most amygdalar nuclei converge processed information to the central 

nucleus. Therefore, the main output pathways is relayed by the central nucleus that projects to 

several brainstem and neuroendocrine nuclei controlling emotional reactions, like freezing in the 

presence of a predator. 

The BNST, on the other hand, is known to be involved in specific aspects of anxiety behavior 

(Walker et al., 2003). Consequently, the structural changes that we observed in the BNST in the 

context of aging and chronic stress are likely to correlate with the behavioral changes observed. 

Anxiety is characterized by a feeling of apprehension and restlessness that recapitulates much of 

the systemic effects of autonomic activation. Its biological significance is related to the 

anticipatory activation of response systems in the presence of unfamiliar aversive contexts. Such 

behavioral changes can prove helpful in acute situations by prompting the individual to a state of 

readiness. In fact, anxiogenic situations trigger autonomic activation (File et al., 1988) and 

acutely activate the HPA, which results in an elevation of circulating corticosteroids. This arousal 

of the organism to face new situations is an advantage if self-limited. However, if there is a 

sustained activation of these systems, including the prolonged activation of the HPA, the risk for 

deleterious effects in the structure of stress-responsive systems is increased and may, ultimately, 

disrupt the normal shut-down of these anxiogenic systems. 

The anatomical organization of the BNST has been revised by several authors and is still under 

debate. The division into medial/lateral divisions proposed by Krettek and Price (1978) based on 

pure cytarchitectural characteristics has been classically accepted and revised by several authors 

(Moga et al., 1989; De Olmos et al., 2004). Subsequently, a posterior/anterior division was 

identified on developmental grounds (Bayer, 1987), and this view was elaborated into a 

comprehensive anatomical organization based on cyto- and chemoarchitectonic and 
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developmental evidence by Swanson and collaborators (Ju & Swanson, 1989; Ju et al., 1989; 

Swanson, 1998). In this parcellation, the anterior division of the BNST was separated into 

anterodorsal, anterolateral, and anteroventral areas with somewhat ill defined borders and, 

embedded within these areas several cell nuclei were identified. Specifically, juxtacapsular, oval, 

rhomboid, and fusiform nuclei are found in the anterolateral area, along with a subcommissural 

zone; and dorsomedial, dorsolateral, magnocellular, and ventral nuclei are found in the 

anteroventral area. However, a new organization has been proposed, based on recent data from 

connectional and projection studies; the cell groups of the anterior division have been rearranged 

into medial and lateral groups (Dong et al., 2000; Dong et al., 2001a; Dong et al., 2001b; Dong 

& Swanson, 2003; 2004b; a; 2006a; b; c). The medial group of the anterior division is 

characterized by inputs from the MeA and basomedial anterior amygdalar nuclei and projects 

densely to regions of the hypothalamus closely associated with the neuroendocrine system; it 

includes the anterodorsal and anteroventral areas. In contrast, the lateral group of the anterior 

division is characterized by inputs from the CeA and by projections to autonomic-related parts of 

the hypothalamus and lower brainstem, and includes the anterolateral area and its four clear 

differentiations (the juxtacapsular, oval, rhomboid, and fusiform nuclei). The posterior BNST 

division has at least five distinguishable regions: the dorsal, principal, interfascicular, and 

transverse nuclei, and the cell-sparse zone. This division is characterized by inputs from the 

medial nucleus of the amygdala and projections to the medial nuclei of the hypothalamus. 

The putative role of the BNST in modulating the activity of the HPA through its inhibitory influence 

on PVN is of paramount importance for the explanation of the structural findings of the present 

work. Stress-induced hypertrophic alterations were largely confined to the anteromedial aspects 

of the BNST (BNSTam), an area that has a pivotal role in neuroendocrine and autonomic control 

(Dong & Swanson, 2006a; b; c), which strongly implicates the BNST in the genesis of stress-

induced anxiety. Such evidence stems from several aspects: i) BNSTam projects directly to 

specific brainstem and hypothalamic nuclei, integrating cerebral hemisphere neuroendocrine, 

autonomic and behavioral aspects of energy balance (Dong & Swanson, 2006a); ii) neurons lying 

closest to the anterior comissure appear to densely innervate the hypothalamic periventricular 

region (Dong & Swanson, 2006a); iii) CRF-immunoreactive cells are found in the neuronal groups 

composing the anteromedial area (Ju et al., 1989) and have a putative role in regulating the 

hypothalamic function; and iv) electrical stimulation of the anteromedial aspects of the BNST is 

associated with increased corticosteroid secretion (Dunn, 1987). These facts support the 
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hypothesis that allostatic load, triggered by aging or by sustained exposure to stress, acts upon 

the structure and function of the BNST. In parallel, the structural remodeling of the BNSTam may 

have another major implication: trigger a hypercorticalismic state by disturbing the inhibitory tone 

over the PVN. 

The stereological evaluation of the BNST reveals that hypertrophic changes are not due to cell 

proliferation. This finding excludes major structural alterations in terms of cell fate. However, 

volumetric changes raise questions about the nature of the expansion in that area. It is important 

to note that, contrary to what is usually observed in the brain after exposure to neuronal insults, 

we are facing an accretion to the tissue, rather than its destruction/loss. The subsequent 

analysis of the BNST neuronal dendrites revealed a remarkable reshaping of neurons with 

enlarged dendrites and increased number of spines. Such findings indicate that the processes 

underlying stress-induced anxiety are related to disturbance of normal synaptic activity, which 

have implications in the functional connectivity of this structure.  

Remodeling of neuronal networks by stress (Sousa et al., 2000; Fuchs et al., 2006; Cerqueira et 

al., 2007b) is a well described process. It is now consensual that this phenomenon is the basis 

of most behavioral impairments and not the cell fate processes as was initially postulated 

(Sapolsky et al., 1986). Indeed, most post-mortem studies in humans have failed to show 

significant differences in total number of cells or neurodegenerative processes (in stress-sensitive 

areas like the hippocampus), in depressed patients (known to have associated hypercortisolemia) 

or in those submitted to prolonged corticotherapy (Muller et al., 2001). In fact, the rationale for 

the functional recovery that is observed in both experimental animal studies (Sousa et al., 2000) 

and after effective treatment in clinical settings (Starkman et al., 1992; Starkman et al., 2003), is 

based on the hypothesis that neuroadaptation comprehends reversible plasticity events rather 

than fatal losses. Neural plasticity is absolutely necessary for adequate functioning of an 

individual in the continuously changing environment. However, as demonstrated by the altered 

structure and functions in the brains of patients with mood disorders, it becomes clear that 

neural plastic changes are not always beneficial. Additionally, in animal models, the effects of 

increased allostatic load have been demonstrated in limbic areas that modulate cognitive, mnesic 

and emotional behavior and that are involved in HPA regulation. Remodeling of dendritic trees 

has been demonstrated in the hippocampal formation (Sousa et al., 2000; Vyas et al., 2002), 

prefrontal cortex (Wellman, 2001; Cerqueira et al., 2007b)  and amygdala (Vyas et al., 2002; 
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Vyas et al., 2003; Rubinow et al., 2007), in the senescent rodent or following chronic stress 

paradigms and corticosteroid treatment. These effects on dendrite structure were, however, 

different in the various studied brain regions. While the hippocampal (Sousa et al., 2000; Vyas et 

al., 2002) and prefrontal cortex neurons (Wellman, 2001; Cerqueira et al., 2007b) showed, in 

general, atrophy of dendritic trees, pyramidal neurons (putatively excitatory) in the amygdala have 

shown hypertrophic responses to repetitive immobilization stress (Vyas et al., 2002; Vyas et al., 

2003) and with aging (Rubinow et al., 2007).   

The underlying mechanisms that explain these phenomena are not, yet, fully understood. 

Shrinkage of excitatory glutamatergic neurons in the hippocampus and in the prefrontal cortex 

has been hypothesized as a reactive response to increased corticosteroid levels or excitotoxicity 

due to enhanced glutamatergic transmission (Moghaddam et al., 1994; Sapolsky, 1999; Roy & 

Sapolsky, 2003). The by-products of calcium metabolism are thought to induce dendritic/spinal 

pruning that are seen in atrophic neurons in stressed animals and contribute to cognitive 

impairment, as has been addressed in section 3.1 of this chapter. There is evidence for the 

involvement of excitatory amino acids and NMDA receptors, as well as serotonin, in the 

hippocampal dendritic remodeling (Magarinos & McEwen, 1995; Magarinos et al., 1999; 

McEwen, 1999), which are modulated by glucocorticoid levels. In the amygdala and BNST, 

detailed aspects of molecular mechanism of neuronal reshaping are still missing, although recent 

studies have clarified specific aspects. Fear learning is thought to occur in the amygdala through 

similar processes to the hippocampus and evidence supports a role for NMDA mediated 

glutamatergic transmission (Matus-Amat et al., 2007). In addition, electrophysiological studies 

have found striking correlates between LTP formation in the amygdala and fear conditioning. 

Indeed, this phenomenon was shown to occur in neuronal networks known to mediate fear 

conditioning (Weisskopf & LeDoux, 1999) and anxiety (Egli & Winder, 2003). However, LTP 

formation in the amygdala (Weisskopf et al., 1999) and BNST (Egli & Winder, 2003) show 

distinct electrophysiological proprieties of hippocampal LTP. In these structures, LTP was 

independent of NMDA receptors, despite their presence at these synapses, and instead was 

dependent on L-type voltage-gated calcium channels. Activation of voltage-gated calcium 

channels (Weisskopf et al., 1999) is thought to induce the phosphorylation of several kinases in 

the post-synaptic neuron which, subsequently, will lead to the expression of proteins involved in 

the strengthening of synaptic transmission and structural remodeling of neurons (Ledoux, 2007). 

Such evidence may explain differences in spatiotemporal dynamics of intracellular calcium that 
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have been postulated to underlie contrasting patterns of dendritic remodeling between the 

amygdala and hippocampus, following stress-induced anxiety (Vyas et al., 2002).  

The present work does not reveal major differences in the arborizations of neurons in the 

amygdala. Although such observations may seem divergent with previous reports (Vyas et al., 

2002), they highlight the stimulus-dependent specificity of the neuronal circuitry responsible for 

generating anxiety (Gewirtz et al., 1998; Rosen et al., 1998; Dagnino-Subiabre et al., 2005; 

Miracle et al., 2006). The inescapability associated with the chronic immobilization stress 

paradigm used in the Vyas (2002) study triggers an emotional phenotype that results in the 

expression of fear responses rather than anxiety; this interpretation would explain the stress-

induced structural changes in the amygdala observed by those authors, who actually failed to 

reproduce them whenever applying a chronic unpredictable stress paradigm (Vyas et al., 2002; 

Mitra et al., 2005). 

 

3.4. Functional evidence of the role of BNST in anxiety behavior and HPA axis 

regulation 

Although the behavioral-structural correlations above-described strongly suggests a role of BNST 

in anxiety behavior and in disruption of the HPA axis, we considered of interest to search for a 

functional evidence of this link. Thus in another study (Chapter 2.2) we analyzed the pattern of 

activation of BNST neurons by immunohistochemical analysis of the expression of c-fos, an 

immediate-early gene that is expressed in recently activated cells (Curran et al., 1985). Two sets 

of animals were studied: i) in one set we compared the basal expression of c-fos in animals that 

were submitted to CUS to that of controls; ii) in a second set, CUS and control animals were 

challenged with 20 bursts of loud noise in the acoustic startle chamber, prior to the sacrifice, in 

order to characterize the functional changes in response to anxiogenic stimuli. 

The results obtained indicate that the activation of BNSTam neurons in chronically stressed 

animals was impaired. In fact, on basal conditions c-fos expression in the BNSTam was 

decreased in stressed animals compared to controls. Stochastic analysis of activation patterns in 

the BNST revealed imbalances in the excitatory/inhibitory influence of specific nuclei over the 

PVN. Importantly, such differences were further enhanced following an anxiogenic stimulus. 

When analyzing these data together with the structural results, the ensuing picture indicates that 
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stress induces structural remodeling of the BNSTam neurons, affecting synaptic activity and 

functional activation of this area. Functional impairment of the BNST will in turn lead to disruption 

of the inhibitory tone over the PVN and autonomic centers, which constitute the basic framework 

of neuroendocrine and behavioral derangements that characterize stress behavior. This 

hypothesis is coherent with current knowledge of the role of BNST in relaying brainstem and 

limbic inputs that ultimately lead to the activation of the HPA and descending pathways setting 

up the corporeal alterations that characterize anxiety in the theatre of emotions.  

  

3.5. Stress mediators: The role of corticosteroids and CRF receptors  

After characterizing the effects of stress on anxiety behavior and on the structure of the extended 

amygdala, a subsequent aim of this study was to the search for the mediators exerting these 

effects (Chapters 2.1 and 2.3). For discriminating the role of corticosteroids and CRF we 

designed the following experimental procedures: i) in intact animals, the hormonal limb of the 

stress response was mimicked by administration of exogenous corticosterone for 28 days; ii) in 

adrenalectomized rats, central administration of different CRF receptors agonists was achieved 

through the use of osmotic pumps, which directly delivered the neuromediators in the lateral 

ventricle for 14 days partially mimicking the central response to stress. In the adrenalectomized 

animals, replacement therapy with oral corticosterone was used to replace basal levels in order 

to avoid the deleterious effects of the absence of corticosteroids. 

Most of the structural reshaping of neurons was reproduced by exogenous corticosteroids, which 

leaves a smaller role for centrally administered CRF receptors (CRFR) agonists. In fact, 

experimental work with exogenous corticosteroids could recapitulate most of the behavioral and 

morphological changes in the BNST that were induced by chronic stress. Close scrutiny of the 

results, however, showed that some synaptic changes were not reproduced by corticosterone 

administration. Such finding raised the issue of the role of CRFR agonists upon spinal sprouting 

that was observed after chronic stress. It is known that CRF may be capable of up-regulating 

CRF1R, enhancing its own biosynthesis in the PVN in a paracrine or autocrine manner (Makino et 

al., 2002). Such phenomenon may represent one mechanism of persistent activation of CRF 

neurons in the PVN during stress. Therefore, similar mechanisms may underpin the fine 

structural changes observed in BNSTam neurons. 
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Prolonged occupancy of CRF1R receptors also triggered a hyperanxious behavior; this result fits 

with several previous reports in the literature (Heinrichs et al., 1997; Reul & Holsboer, 2002; 

Heinrichs & Koob, 2004). A major finding of our study relates with the observation of an increase 

in the total number of spines in bipolar neurons of the BNST. The enhanced spinogenesis may 

reflect increases in individual neuronal synaptic activity. In fact, a previous study (Bowers et al., 

1998) reported upregulation of two isoforms of glutamic acid decarboxylase (GAD), GAD65 and 

GAD67, in the BNST, after stress. Of interest, acute stress only increased GAD67, a marker of 

acute activity, while chronic stress induced a marked increase in GAD67 and GAD65, which is 

present in presynaptic terminals. Similar findings were encountered in basolateral anterior 

amygdaloid nucleus (BLa) pyramidal neurons following prolonged immobilization stress (Mitra et 

al., 2005).  Interestingly, in that study, it was found that the structural remodeling of pyramidal 

neurons was initially confined to spinogenesis and subsequently progressed to dendritic 

hypertrophy with prolongation of treatments (Mitra et al., 2005). These resemblances to our 

results illustrate the consistency of mechanisms underlying amygdalar and BNST remodeling. On 

the other hand, the absence of structural remodeling in the BLa neurons in CUS may reflect 

methodological specificities, as discussed above.  

There is now further increasing evidence that CRFRs are involved in structural plastic changes. 

Indeed, it has been demonstrated that CRF promotes growth of neuronal processes in 

noradrenergic neurons of locus coeruleus (Swinny & Valentino, 2006). This process involves 

protein kinase A and mitogen-activated protein kinase, both relevant for the phosphorylation of 

proteins of relevance to synaptic transmission, and Rac1, a member of the Rho family of 

GTPases that regulates actin and microtubules. Although still not known, a similar process may 

underpin the structural findings that were observed in bipolar neurons of stressed animals. 

Chronic stress induced neurite growth and enhanced spinogenesis in bipolar neurons of the 

BNST; the same hypertrophic response was observed after corticosteroid treatment, while 

spinogenesis was recapitulated by CRF administration. Despite most evidence in the literature 

suggesting a detrimental effect of stress/corticosteroids (Sapolsky et al., 1986; Sousa et al., 

1998a; Sousa et al., 2000; Wellman, 2001; Nacher et al., 2004; Cerqueira et al., 2005; 

Cereseto et al., 2006; Cerqueira et al., 2007b; Sousa et al., 2007), recent evidence has 

demonstrated that steroids may have additive effects on neuronal cytoskeleton (Fontaine-Lenoir 

et al., 2006). In this vein, hyperplastic changes may result from variation in neuronal 
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transmission. One important mechanism is the extracellular proteolysis, a mechanism through 

which axons could remodel their synaptic connections. Proteases can facilitate axonal plasticity 

by degrading extracellular matrix proteins (Baranes et al., 1998), interacting with membrane 

receptors (Nicole et al., 2001) or activating latent growth factors (Nicole et al., 2001). One likely 

candidate for such a molecule is tissue plasminogen activator (tPA), a plasticity-related serine 

protease. Interestingly, for the context of the present studies is the observation that tPA is 

expressed in the amygdala and BNST and is essential to the expression of anxiety behavior 

(Matys et al., 2004; Matys et al., 2005). Importantly, tPA expression was found to be involved in 

neuroplasticity in the amygdala (Pawlak et al., 2003) and to be upregulated by stress and CRF in 

the BNST (Matys et al., 2005).  

 

The interpretation of structural results must be cautious but clarifies the relative importance of 

corticosteroids and central mediators in the stress-induced changes observed in the BNST. 

Increased levels of corticosteroids induce major structural remodeling of neuronal arborizations 

highlighting the influence of the corticosteroid milieu in the reshaping of neuronal cytoskeleton, 

and perpetuating the cycle that viciously activates the HPA axis. Prolonged occupancy of CRF1R 

led to plastic changes that reflect altered synaptic activity, irrespective of HPA activation, and 

suggests that this is a parallel step leading to anxiety-behavior in the context of chronic stress. 
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4. CONCLUSIONS 

 

The present work, by thoroughly characterize the structural transformations associated to altered 

emotional behavior, has pinpointed the neural substrates of how allostatic load, triggered by 

aging or exposure to stress, impacts on anxiety behavior. By doing so, we have documented 

potential targets for pharmacological manipulation in the clinical settings.  

 

In summary, the results of the present work indicate that: 

1) The amygdala seems resilient to modulation by stressful insults, while the BNST is highly 

sensitive to them. Interestingly, this specific vulnerability is not surprising in light of the biological 

significance of these regions: while the amygdala is involved in fear learning and long-term 

storage, the BNST is directly implicated in anxiety behavior. 

2) The increased allostatic load of aging and chronic stress induces a hyperanxious phenotype. 

3) The hyperanxious phenotype associated to aging and chronic stress correlates with structural 

changes in the BNST, but not in the amygdala. These changes were largely dependent on plastic 

hyperplasic changes in the dendritic morphology of bipolar neurons of the BNST 

4) Most of the effects induced by chronic stress were reproducible by exogenous corticosterone 

administration, indicating that corticosteroids are able to mediate the gross anatomical changes 

of stress.  

5) The spinal sprouting observed in bipolar neurons of the BNST in chronically stressed animals 

was, however, only replicated by sustained CRF1R occupancy. 

6) Chronic stress significantly impairs activation of the BNST; subsequently, the loss of inhibitory 

tone over the HPA provides an anatomical basis for deregulated closure of this neuroendocrine 

loop under conditions of chronic stress. 
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5. FUTURE PERSPECTIVES 

 

Taken together, the conclusions withdrawn from this work show that the BNST is a target of aging 

and stress. However, new questions arise from these observations. It remains to answer whether 

the BNST is a primary target of peripheral and central mediators or the structural reshaping is 

the end-result of changes occurring in other stress-sensitive targets that are connected to this 

brain region. 

Future work should be directed at establishing clear physiological and functional correlates of the 

neuroanatomical changes observed. Additionally, neurochemical studies characterizing particular 

neurotransmitter systems affected by the burden of allostatic load are needed in order to identify 

the specific neuronal networks and pathways involved in the impaired regulation of the HPA axis.  

These goals can be achieved using several strategies: 

1) Baseline electrophysiological studies in the BNST would establish a clear association between 

functional impairment and anatomical changes. Alterations in the firing rate or in the ability to 

induce LTP or LTD would explain differences in the control of the HPA axis in response to 

anxiogenic situations. 

2) Specific aspects of the regulatory loops that control the activity of the BNST over the HPA 

could further be explored by stimulating specific sites and recording the activity in the BNST. Due 

to the key position of the BNST in the relay of limbic inputs into the HPA, the amygdala, 

prefrontal cortex and hippocampus become preferential sites of interest. These have particular 

interest in light of its putative role in perception of cognitive aspects of stressful situations and the 

structuring of complex stress responses. 

3) Histochemical studies of the BNST in stressed animals characterizing specific 

neurotransmitter systems would establish differences in the expression of particular mediator 

systems. The inhibitory GABAergic system would be a preferential target of such research as it is 

the main neurotransmitter in the BNST and is involved in the regulatory influence over the HPA. 

4) The expression of specific molecules in particular areas of the brain, and even in individual 

cells, is now possible using laser microdissection tools and genetic expression analysis. This 
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would be of special interest in the search for differences in the expression of receptors for 

specific mediators; CRF and vasopressinergic receptors, in particular, are a preferential target 

due to its key role in the regulation of the HPA.  

5) The observed changes in dendritic morphology and spine number of BNST neurons suggest 

that synaptic transmission may, primordially, be affected by stress. Studies clarifying this issue 

should look for differences in the expression of adhesion molecules and synaptic proteins 

involved in synaptic transmission. 

6) Finally, studies combining tracers and electronic microscopy would be of interest to further 

characterize the synaptic influence of BNST on CRF-producing neurons in the PVN.  
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