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  Effects of chronic stress on the auditory system 
and fear learning: an evolutionary approach    
  Abstract:   Stress is a complex biological reaction common 

to all living organisms that allows them to adapt to their 

environments. Chronic stress alters the dendritic archi-

tecture and function of the limbic brain areas that affect 

memory, learning, and emotional processing. This review 

summarizes our research about chronic stress effects 

on the auditory system, providing the details of how we 

developed the main hypotheses that currently guide our 

research. The aims of our studies are to (1) determine how 

chronic stress impairs the dendritic morphology of the 

main nuclei of the rat auditory system, the inferior col-

liculus (auditory mesencephalon), the medial geniculate 

nucleus (auditory thalamus), and the primary auditory 

cortex; (2) correlate the anatomic alterations with the 

impairments of auditory fear learning; and (3) investigate 

how the stress-induced alterations in the rat limbic system 

may spread to nonlimbic areas, affecting specific sensory 

system, such as the auditory and olfactory systems, and 

complex cognitive functions, such as auditory attention. 

Finally, this article gives a new evolutionary approach to 

understanding the neurobiology of stress and the stress-

related disorders.  
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   Stress and the psychiatric-related 
disorders 
 Hans Selye, an Austro-Hungarian researcher, introduced 

the concept of stress, which he defined as a nonspecific 

biological response of an organism to any pressure or 

demand from the environment (Selye, 1936, 1956). Stress, 

or general adaptation syndrome, is oriented to restore 

the homeostasis and to adapt to environment pressure 

(stressor) (Calabrese et al., 2007; McEwen, 2007). Stress can 

be positive (eustress) when the stressors are mild, brief, 

and controllable (Tafet and Bernardini, 2003). Strong, 

persistent, and uncontrollable stressor may lead to a 

maladaptive response (distress). Currently, the concept of 

stress has evolved into the concept of  “ allostasis ” , defined 

as the adaptive process of preserving stability in response 

to stressful conditions (McEwen and  Chattarji, 2004). 

When the energy cost of adaptation (allostatic load) is 

too high, stress induces negative consequences (Tafet and 

Bernardini, 2003; McEwen and Chattarji, 2004). 

 The organization of stress responses is mainly modu-

lated by the adrenal steroids hormones glucocorticoids 

(GCs) (McEwen, 2006). Stressors activate the hypothala-

mus-pituitary-adrenal (HPA) axis, leading to the secretion 

of GCs from the adrenal glands that are bound to glucocor-

ticoid receptors (GRs) in the peripheral tissues and in the 

brain (Herman, et al., 1996, 2003; Smith and Vale, 2006). 

 There is abundant evidence indicating that chronic 

stress and GC administration affects the brain areas that 

process the emotional interpretation of sensory stimuli, 

for example, the limbic system and the prefrontal cortex 

(Magari ñ os et  al., 1998; McEwen and Chattarji, 2004). 

In animal models, chronic stress and GC induces den-

dritic atrophy in CA3 pyramidal neurons and decreases 

neurogenesis at the dentate gyrus of the rat hippocam-

pus, leading to impairments in memory and learning 

(McEwen et  al., 1992; Watanabe et  al., 1992; Magari ñ os 

and McEwen, 1995; McEwen and Chattarji, 2004). In addi-

tion, chronic stress decreases spine density and induces 

apical dendritic atrophy in the pyramidal neurons of layer 

II/III of the rat medial prefrontal cortex (mPFC) (Cook and 

Wellman, 2004; Radley et al., 2004). In contrast, chronic 

stress and GC administration induces hypertrophy of the 

stellar neurons at the lateral amygdala, affecting the emo-

tional processing of sensory information (Cordero et  al., 

1998; Vyas et al., 2002, 2003; Mitra and Sapolsky, 2008). 

 In agreement with animal studies, chronic stress in 

humans is related to the hippocampal volume atrophy 

(Pruessner et al., 2005) and alterations in the prefrontal 

cortex functions (Liston et al., 2009). Clinical studies have 

shown that chronic exposure to stressful life events is 

associated with the development of depressive symptoms. 

These studies strongly support the link between psycho-

social stress and major depression (Tafet and Bernardini, 
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2003; Tafet and Smolovich, 2004; van Praag, 2005). 

Furthermore, psychosocial stress is a key risk factor for 

several chronic diseases with high social and economic 

impact, such as cardiovascular diseases (Niedhammer 

et  al., 1998; Lundberg, 2005; Innes et  al., 2007), cancer 

(Lundberg, 2005; Kemeny and Schedlowski, 2007), dia-

betes type II (Lundberg, 2005), and addictive behaviors 

(Bossert et al., 2005). 

 People exposed to modern life show high levels of 

psychosocial stress (Maddock and Pariante, 2001). Like-

wise, adverse conditions at work and in personal life 

are the main risk factors to developing major depression 

(Dohrenwend et  al., 1992; Cronkite et  al., 1998). Human 

neuroimaging studies have shown that depression in 

patients is also associated with hippocampal volume 

atrophy (Sheline et  al., 1996; Colla et  al., 2007) and the 

reduction in the volume of gray and white matter of the 

prefrontal cortex (Rajkowska et  al., 1999; Manji et  al., 

2003). Reductions in the neuronal size and/or a decreased 

density of glial cells in the orbitofrontal, dorsolateral, and 

subgenual prefrontal cortex were found in autoptic brains 

of patients with major depression (Rajkowska et  al., 

1999; Manji et  al., 2003). Structural magnetic resonance 

imaging performed with depressed patients has shown 

volume atrophy, functional changes in cerebral blood 

flow and glucose metabolism in the amygdala (Sheline 

et al., 1996; Shin et al., 2006; Fales et al., 2008), and the 

hyperactivation of the amygdaloid complex (Zhong et al., 

2011). Another stress-related disorder is associated with 

hippocampal atrophy (Wang et al., 2010). This evidence is 

inconsistent with comparable studies that have not shown 

correlations with the changes in the hippocampal volume 

(Schuff et  al., 2001, 2008). However,  1 H magnetic reso-

nance spectroscopic imaging studies have shown that the 

neuronal density and the metabolism marker N-acetyl-

aspartate are lower in patients with posttraumatic stress 

disorder (Schuff et al., 2001, 2008). In addition, posttrau-

matic stress disorder is related to a decreased regional 

cereb ral blood flow in the prefrontal cortex (Shin et  al., 

2004) and to an elevated response of the amygdala to 

neutral stimuli (Brunetti et  al., 2010). These alterations 

may contribute to the cognitive deficits (Sapolsky, 2001).  

  Stress effects on the auditory 
system and fear learning 
 Studies on the stress neurobiology have focused on 

the limbic system and the mPFC (McEwen and Chat-

tarji, 2004). In contrast, we studied whether previously 

described stress-induced alterations in the limbic system 

may spread to the nonlimbic regions, affecting specific 

sensory systems downstream and upstream. First, we 

chose the epithalamic pineal gland because this brain 

area expresses a high density of GR (Warembourg, 1975; 

Meyer et al., 1998) and may be a target of stress-induced 

damage by GCs (Sapolsky, 2000). Chronic stress decreases 

the sympathetic innervation of the pineal gland, whereas 

melatonin concentration increases significantly in chroni-

cally stressed rats (Dagnino-Subiabre et al., 2006a,b). 

 Sensory information from the environment is received 

in several brain nuclei and undergoes a number of types 

of processing. The neuronal networks at the mesence-

phalic, thalamic, and cortical levels carry out different 

types of sensory information to the amygdaloid complex 

to acquire emotional processing. Thus, some brain nuclei 

are specialized to process specific types of somatosen-

sory information; for example, the inferior colliculus (IC) 

located at the mesencephalon is a major brain nucleus 

specialized in analyzing auditory information ( Figure 1 ). 

The brain connections define functions; for example, each 

sensorial brain nucleus has different levels of connectivity 

with the amygdala, allowing a different type of emotional 

processing for each nucleus. Studying the evolution of 

these connectivities provides interesting data to under-

stand the emotional processing of sensorial information 

in the brain of stressed animals. For example, auditory 

efferents from the rat thalamic medial geniculate nucleus 

(MG, auditory thalamus) are sent directly to the amygdala 

(McDonald, 1998; Wilensky et al., 2006) ( Figure 1 ). In con-

trast to the MG, the lateral amygdala receives only indi-

rect projections from the lateral geniculate nucleus (LG) of 

the visual thalamus (Leroux et al., 1984; McDonald, 1998) 

( Figure 1 ). During classic visual fear conditioning, the 

expression of conditioned fear is produced directly from 

both the superior colliculus (SC) by the lateral posterior 

nucleus-lateral amygdala pathway and the retina (Doron 

and Ledoux, 1999; Shi and Davis, 2001). It is probably the 

case that such projections are not as robust as the auditory 

projections from the MG to the lateral amygdala (LeDoux 

et al., 1990b). Comparable connectivity is found at cortical 

levels between rat auditory and visual cortices. From the 

primary auditory cortex (A1), projections are sent directly 

to the lateral amygdala, whereas the primary visual cortex 

does not send direct projections to the amygdala (McDon-

ald, 1998) ( Figure 1 ). The visual information, which is 

analyzed in the visual association cortices, only arrives 

to the amygdaloid complex through the temporal cortex 

(McDonald, 1998). On the other hand, outputs are sent 

directly to the lateral amygdala from the auditory asso-

ciation cortices (McDonald, 1998). This evidence suggests 
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that the auditory system in rats could be more robustly 

connected with the amygdala than the visual system.  
 Rats are nocturnal animals, so their visual sense is of 

little importance to detect the predators. The rat auditory 

system is more developed than that of visual animals such 

as primates, which detect their predators by visual cues as 

well as by sound. The escape response is a stress response 

triggered by the hypothalamic activation. A higher con-

nectivity between the subcortical nuclei and the amygdala 

may induce a faster escape response when rats perceive 

their predators by auditory cues. This higher connecti-

vity between the amygdala and the auditory system rather 

than the visual system may have been an evolutionary 

adaptation to their environment. This major connectiv-

ity between the auditory system and the amygdala is also 

found in visual animals such as primates, which could be 

a feature of all mammalian groups conserved through evo-

lution, independent of lifestyle (McDonald, 1998). 

 The findings of neuroanatomic studies on the con-

nectivity between the amygdala and the sensory systems 

raise the question of whether the auditory system of pri-

mates has retained a greater connectivity with the amyg-

dala compared to rats. One possible answer is that vocal 

communication is more common in the arboreal species 

of nonhuman primates than the terrestrial species of 

the primates, because they have less visual contact. An 

important feature of the anthropoid primates is a larger 

neocortex than that of other mammals, including the sub-

order prosimii (e.g., prosimians, lemurs, lorises, galagos, 

and tarsiers) (Passingham, 1981; Allman and Hasenstaub, 
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 Figure 1      Main ascending neuronal pathway involved in auditory and visual emotional processing in rats. 

 The auditory and visual systems have direct and indirect connections to the amygdala. This scheme illustrates only the direct connections 

between the major nuclei of the auditory and visual pathway to the amygdala. Auditory conditioned stimuli (tone, CS; continuous line) are 

received in the cochlear nucleus and send projections to the LL and IC. From the IC, efferents are sent to the MG and the auditory cortex, 

where in turn the MG projects glutamatergic inputs to the lateral and basal amygdaloid nuclei. The direct pathway from the MG to the lateral 

(LA) and basal (B) amygdala is also directly activated by tone   >  80 dB. Visual conditioned stimuli (light, dotted line) are received in the 

retina and are then sent to the LG and the SC. From the LG, projections are sent to the primary visual cortex. Information received in the LA 

and B amygdala is sent to the CE through the intercalated cell masses (ICM). The CE projects to hypothalamic sites and several brain stem 

nuclei that participate in the stress and fear responses (such as freezing). From the CE, projections are directed to the bed nucleus of stria 

terminalis (BNST), inducing anxiety.    
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1999). This is apparently associated with the specialized 

perceptual, cognitive, and social adaptations that charac-

terize this mammalian group (Dunbar, 1992; Kaas, 1995; 

Barton, 1996; Tomasello and Call, 1997). The lifestyle of 

these animals could result in an auditory system more con-

nected with the amygdala to activate quickly in response 

to acoustic danger signals associated with predators. 

Conversely, gestural communication is a more common 

type of communication in terrestrial primates, such as 

chimpanzees, due to their proximity. It has been reported 

that chimpanzees use distinct gestures in a variety of 

contexts, for example, during play, grooming, and sexual 

behavior (Goodall, 1986). Plooij (1978, 1979) analyzed the 

gestural communication of some primate species. It has 

been  documented that some gestural behaviors could 

be specific to certain populations, such as the gesture 

leaf- clipping and the grooming hand-clasp (McGrew and 

Tutin, 1978; Nishida, 1980; Sugiyama, 1981; Ghiglieri, 

1984; Boesch, 1995), with evidence that they are socially 

transmitted (McGrew and Tutin, 1978; Nishida, 1987). 

Comparable results have been obtained in other primate 

species, such as gorillas and siamangs (Pika et al., 2003; 

Liebal et al., 2004). 

 Moreover, there is strong evidence that the main type 

of primate communication is via the auditory system 

( Gerhardt, 1992). Several acoustic properties of communi-

cation signals encode the different kinds of major biologi-

cal information (Gerhardt, 1992). Indeed, acoustic inputs 

not only encode different signal categories among primates 

but also encode information about motivational state 

(Hauser, 1991; Gouzoules and Gouzoules, 2000); sexual, 

individual, and group identity (Rendall et al., 1996, 1998; 

Miller et al., 2001; Weiss et al., 2001); body size; and repro-

ductive status (Fitch, 1997; Semple and McComb, 2000). 

Interestingly, individual and kin recognition has been 

demonstrated in some primate species, such as rhesus 

monkeys (Hauser, 1991; Rendall et al., 1996) and cotton-top 

tamarins (Miller et  al., 2001; Weiss et  al., 2001). In addi-

tion, it has been suggested that terrestrial primates are 

able to distinguish between the multiple levels of acoustic 

information encoded within a single vocal signal (Weiss 

et al., 2001). On the other hand, changes in the acoustic 

structure of vocal signals are found in primate species, 

such as pigtail macaques (Gouzoules and  Gouzoules, 

1990), vervets (Seyfarth and Cheney, 1986; Hauser, 1989), 

pygmy marmosets (Elowson et  al., 1992), and squirrel 

monkeys (Lieblich et al., 1980). As well, matrilineal signa-

ture in coo vocalizations is found in some primate species, 

which provides insights into acoustic variations among 

social primate groups (Gouzoules and Gouzoules, 1990; 

Hauser, 1991, 1992). In support of this idea, some reports 

have shown the neural substrate in the primate brain that 

discriminates the vocal signal type (Ghazanfar and Hauser, 

2001), and in  populations of captive chimpanzees, group 

differences in vocalizations have been attributed to social 

learning ( Marshall et al., 1999). 

 Overall, terrestrial primates have both communi-

cation types, gestural and vocal. However, an auditory 

system more connected with the amygdala than the 

visual system was possibly required to develop a higher 

complexity of social interactions (e.g., dominance hier-

archies, nonkin alliances, reconciliation, and redirected 

aggression), extensive kin-biased behaviors (e.g., prefer-

ential grooming, affiliation, and cooperation), and social 

manipulation (Byrne and Whiten, 1988; De Waal, 2000). 

 If a higher connectivity between the amygdala and 

the MG has been selected throughout evolution, then 

neuronal plasticity at the lateral amygdala could affect 

the dendritic morphology of the auditory thalamus. An 

example of this situation takes place in Pavlovian con-

ditioning. There is strong evidence that the lateral amyg-

dala has a key role in the acquisition and consolidation 

of emotional memories by the Pavlovian auditory fear 

conditioning (LeDoux et al., 1990b; Campeau and Davis, 

1995; Amorapanth et al., 2000). The acquisition of emo-

tional memories in the amygdala is associated with neu-

ronal plasticity in both the lateral amygdala and the MG 

(Maren et  al., 2001; Poremba and Gabriel, 2001) ( Figure 

1 ). These brain areas exhibit an associative plasticity of 

spike firing during auditory fear conditioning (Maren 

et  al., 2001). I hypothesize that the auditory system is 

affected in some neuropsychiatric disorders related to 

increases in the amygdala activity. In rats, chronic stress 

produces dendritic hypertrophy of the excitatory pyrami-

dal and stellate neurons of the amygdaloid basolateral 

complex (BLA) (Vyas et al., 2002) and does not affect the 

neuronal morphology of the central amygdaloid nucleus 

(CE) (Vyas et  al., 2003) ( Figure 1 ). I used this evidence 

to propose the hypothesis that auditory fear learning is 

impaired in chronically stressed rats (Dagnino-Subiabre 

et  al., 2005). Our first experiment analyzed the auditory 

and visual learning in control and stressed rats. We found 

that chronic stress affects both auditory and visual avoid-

ance conditioning, but the stressed rats showed a stronger 

impairment in auditory conditioning than in visual condi-

tioning (Dagnino-Subiabre et al., 2005). 

 It is likely that chronic stress-induced dendritic change 

in the hippocampus and amygdala could be related to 

impairments in both auditory and visual fear condition-

ing. However, the stronger effect on auditory conditioning 

compared with the visual conditioning may be explained 

by an additional damage in the auditory neuronal pathway 
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in the brain of stressed rats. We studied in Golgi prepa-

rations the effect of stress on the neuronal morphology 

of the IC, a mesencephalic area key in the regulation of 

acoustic processing (Pollak et al., 2003), and the superior 

colliculus (SC), an important relay in the visual pathway 

( Figure 1 ). We found that stress-induced dendritic atrophy 

in the IC did not affect the dendritic morphology of SC 

neurons (Dagnino-Subiabre et al., 2005) ( Figure 1 ). Fifteen 

days after stress, the IC neurons restored their structure 

completely, showing a high level of neural plasticity that 

correlated with an improvement in acoustic and visual 

learning during an avoidance conditioning test (Dagnino-

Subiabre et al., 2005). In addition, we found that chronic 

corticosterone treatment induces dendritic atrophy of flat 

neurons in the IC and impairs the auditory fear learning 

in rats (Dagnino-Subiabre et  al., 2012). IC atrophy may 

decrease the ability of those neurons to receive and deliver 

the auditory information to the auditory cortex and limbic 

areas via the thalamus ( Figure 1 ). 

 The emotional processing of the acoustic information 

depends on the intensity of the acoustic stimulus (McDon-

ald, 1998; Wilensky et  al., 2006). Acoustic stimuli equal 

to or higher than 80 dB are processed at the subcortical 

level through the neuronal pathway formed by the cochlea 

nucleus and superior olivary complex-lateral lemniscus 

(LL) ( Figure 1 ). The IC receives all projections from these 

nuclei, which are then sent to the MG. Part of the audi-

tory information received in the MG is sent directly to the 

lateral amygdala (McDonald, 1998; Wilensky et al., 2006) 

( Figure 1 ). The posterior intralaminar nucleus is another 

thalamic nucleus that receives inputs from the IC and the 

efferents are sent directly to the amygdala (LeDoux et al., 

1990a; Turner and Herkenham, 1991). Auditory stimuli 

equal to or lesser than 80 dB must be associated with an 

aversive unconditioned stimulus (US), such as foot shock, 

to acquire the ability to elicit conditioned fear responses 

(Monfils et al., 2009). On the other hand, acoustic stimuli 

equal to or higher 90 dB are sent from the dorsal nucleus 

of the LL to the posterior thalamic nucleus (PO), located 

just medially to the posterior intralaminar nucleus (Kudo 

et al., 1983; Par é  et al., 2004). The PO also receives audi-

tory projections from the nucleus of the brachium of the 

IC (Kudo et  al., 1983). The PO efferents are sent directly 

to the CE and to the primary somatic sensory cortex, indi-

cating the possibility that the CE receives auditory input 

from the thalamus (Par é  et al., 2004). Through this neu-

ronal pathway, the CE is activated and fear responses, 

such as freezing, are performed independently of the 

pathway formed by the IC-MG-auditory cortex. In this 

context, we analyzed the chronic stress effects on the 

processing of conditioned stimulus (CS;    ≤   80 dB) and 

US (   ≥   90 dB) by morphologic, fear conditioning and the 

acoustic startle response (ASR) studies. Fifteen days of 

restraint stress-induced dendritic atrophy in the magno-

cellular neurons of the MG did not affect fear condition-

ing when 80 dB tones were used as CS (Dagnino-Subiabre 

et al., 2009) ( Figure 1 ). A prolonged or more intense stress, 

such as restraint stress for 21 days (6 h a day), increased 

freezing compared with control rats through fear condi-

tioning trials (Conrad et  al., 1999). Conversely, freezing 

was significantly enhanced by restraint stress during 

the visual conditioning compared with control animals 

(Dagnino-Subiabre et al., 2009). However, this alteration 

was not associated with the ability to elicit a conditioned 

fear response (Dagnino-Subiabre et  al., 2009). Restraint 

stress did not affect unconditioned responses such as 

ASR, prepulse inhibition (PPI), and escape behavior. As 

well, restraint stress did not affect the morphology of the 

PO (Dagnino-Subiabre et  al., 2009). Two types of stress 

protocols that were more intensive than restraint stress, 

chronic variable stress and psychosocial stress, produced 

an increase in ASR and PPI in rats (Maslova et al., 2002; 

Zoladz et al., 2008). 

 At the cortical level, restraint stress produced basilar 

dendritic atrophy in the pyramidal neurons of layer II/

III and in the apical dendrites of the pyramidal neurons 

of layer V/VI in the A1 (Bose et al., 2010). Restraint stress 

did not affect the morphology of the visual thalamus and 

cortex and the PO (Dagnino-Subiabre et  al., 2009; Bose 

et  al., 2010). These results suggest that auditory condi-

tioned stimuli may be processed in part independently of 

the IC and MG in the stressed rats and sent to the amyg-

dala via the PO, establishing an association with the 

somatosensory US inducing unconditioned fear. These 

alterations could affect the emotional processing of the 

auditory stimuli and alter the environmental adaptation 

(Dagnino-Subiabre et al., 2009). 

 Chronic stress induces dendritic atrophy in the rat 

auditory cortex and this brain area is key for some complex 

cognitive behaviors, such as auditory attention and deci-

sion-making (Jaramillo and Zador, 2011). Given this evi-

dence, we hypothesize that chronic stress in rats impairs 

complex cognitive functions such as auditory attention. 

Alterations in complex cognitive functions, for example, 

attention and decision-making, are found in persons suf-

fering psychosocial stress and stress-related disorders, 

such as posttraumatic stress disorder and major depres-

sion (Gotlib and McCann, 1984; Mialet et al., 1996; Otto witz 

et al., 2002; K ä hk ö nen et al., 2007; Simoens et al., 2007; 

Kimble et al., 2010). Furthermore, using electroencepha-

lographic recording demonstrates that psychosocial stress 

in humans decreases general sound processing (Simoens 
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et al., 2007). As well, studies closely related to our basic 

research suggest that depression in patients is accompa-

nied by impaired auditory processing, which seems to 

improve with reduction in depressive symptoms (Michael 

et al., 2004; Tollkotter et al., 2006; Christ et al., 2008). The 

main function of the human auditory system is speech 

and language processing (Horwitz and Braun, 2004). It 

is possible that these functions are particularly affected 

in stress-related disorders. Depressive patients frequently 

present language deficits such as anomia (or difficulty 

finding words) and naming errors (substitution by seman-

tically related words) (Emery and Breslau, 1989; Georgieff 

et al., 1998). In this line, electrophysiologic studies have 

shown disturbances in auditory event-related potentials, 

such as higher P300 latency, in patients suffering from 

major depression (Vandoolaeghe et al., 1998).  

  Cross-talk between stress and 
the immune system 
 Living organisms try to adapt to internal or external 

 stressors that disturb homeostasis (Cannon, 1929). The 

sympatho-adrenal system and the HPA axis coordinate 

the physiologic basis of homeostasis and adaptation. 

On the other hand, chronic stress often impairs adapta-

tion, which in turn induces the pathologic changes in 

the endocrine and immune systems, characterized by the 

hypertrophy of the adrenal and pituitary glands, and the 

abnormal changes in the composition of immune cells 

(Arborehuis et al., 1999). The metabolic changes in chroni-

cally stressed animals are initiated by the  hypersecretion 

of the GCs and the hyperactivity of the sympatho- adrenal 

system. These changes also involve the activation of 

peripheral and central macrophages that increase proin-

flammatory mediators (Brambilla, 2000). Lymphocytes 

and monocytes contain adrenoceptors that respond to 

the catecholamines released from the adrenal medulla 

during stress (Brambilla, 2000). GCs also reduce lym-

phocyte function by stimulating GRs located on the outer 

membrane (Croiset et al., 1987; Leonard and Myint, 2009). 

Moreover, the thymus gland and the bone marrow are 

directly innervated by noradrenergic afferents that affect 

the development of immune cells and decrease the release 

of anti-inflammatory cytokines such as interleukin (IL)-4 

and IL-10 (Leonard and Song, 1999). 

 There is abundant evidence that the immune system 

directly or indirectly can modulate both central neuro-

transmitters and endocrine function (Leonard and Song, 

1999). For example, proinflammatory cytokines such as 

IL-1, IL-6, and tumor necrosis factor- α  are released from 

monocytes, macrophages, and other immune cells in 

the periphery and from microglia and astrocytes in the 

brain. These molecules strongly affect the central mono-

amine functions and activate the HPA axis (Song et  al., 

1994). For instance, proinflammatory cytokines activate 

 specific cytokine receptors on neurons and glial cells and 

thereby directly influence brain function (Maes et  al., 

1992;  Leonard and Song, 1999). In support of this idea, 

the systemic administration of IL-1 in rodents increases 

the plasma adrenocorticotrophic and corticosterone. IL-6 

and tumor necrosis factor- α  also activate the HPA axis, but 

their effects are less potent compared with IL-1. 

 It is possible that proinflammatory cytokines released 

under chronic stress can indirectly affect the auditory 

system functions. Chronic stress increases the release of 

proinflammatory cytokines from astrocytes, which in turn 

increases both the HPA axis activity and the plasma cor-

ticosterone levels. The BLA shows high concentrations of 

GRs (Gray and Bingaman, 1996); therefore, proinflamma-

tory cytokines-induced increases of plasma corticosterone 

levels could affect the neuronal activity in BLA by the 

GRs. In this way, proinflammatory cytokines can maxi-

mize the dendritic hypertrophy induced by the chronic 

stress in BLA (Vyas et al., 2002). Corticosterone binds to 

cytosolic GRs in the BLA, inducing GR dimerization and 

translocation to the nucleus, thereby increasing the gene 

expression of proplasticity genes, such as neuronal cell 

adhesion molecules, NCAM and L1 (De Kloet et al., 1998; 

Sandi, 2004). Moreover, the complex formed by corticos-

terone and GRs increases the nuclear translocation of 

nuclear factor- κ B, which could increase the expression of 

neurotrophins, such as brain-derived neurotrophic factor 

and neurotrophin-3, in the neurons of the basolateral 

nucleus of amygdala (Reichardt, 2006). These molecules 

are implicated in neurite extension, cell survival, and syn-

aptic plasticity (Kiss et al., 2001). In support of this idea, 

corticosterone treatment induces the dendritic hypertro-

phy in BLA (Mitra and Sapolsky, 2008). The auditory tha-

lamus and BLA exhibit associative plasticity (Maren et al., 

2001), and perhaps in this way, the neuronal changes in 

BLA induced by proinflammatory cytokines could affect 

the auditory system functions.  

  Chronic stress and the olfactory 
system 
 Another sensory system that shows strong neuronal con-

nectivity with the amygdaloid complex is the olfactory 
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system (Scalia and Winans, 1975; Shipley and Ennis, 

1996). Indeed, the rat olfactory amygdala, located in the 

superficial nuclei of the amygdaloid complex, includes 

several subnuclei that receive afferents from the olfac-

tory tract (Paxinos, 2004). Interestingly, in animal models 

of chronic stress, such as chronic unpredictable mild 

stress, the stressed animals show olfactory bulb atrophy, 

reduced neurogenesis, and presynaptic dysfunction in the 

olfactory bulb (Hitoshi et al., 2007; Yang et al., 2011). This 

evidence is in agreement with clinical data showing that 

depression in patients is associated with decreased olfac-

tory sensitivity and olfactory bulb volume atrophy, which 

seems to improve after successful treatment (Pause et al., 

2001; Pollatos et al., 2007; Atanasova et al., 2008; Negoias 

et al., 2010).  

  Conclusions 
 The two sensory systems more connected with the amyg-

daloid complex are the auditory and the olfactory. In 

addition to stress-induced alterations in the limbic system 

and the mPFC, the auditory and olfactory systems are also 

sensitive impairment by chronic stress. This evidence 

suggests that the chronic stress effects in the rat brain 

are broader than previously thought and affect specific 

sensory systems. The morphologic alterations induced by 

chronic stress in the rat auditory system impair auditory 

fear learning. Currently, we are evaluating the hypothesis 

that chronically stressed animals show impairments in 

the complex cognitive functions such as auditory atten-

tion, which may alter the environmental adaptation. Com-

parable behavioral and morphologic alterations could be 

induced by psychosocial stress in humans and have a role 

in the development of major depression. Our study opens 

a new approach to understanding the neurobiology of 

stress and the stress-related disorders.   

    Acknowledgments:  This work was supported by FOND-

ECYT 1100413 grant (A. Dagnino-Subiabre).  

 Received October 2, 2012; accepted December 10, 2012; previously 

published online January 18, 2013 

  References 
  Allman, J. and Hasenstaub, A. (1999). Brains, maturation times, and 

parenting. Neurobiol. Aging  20 , 447 – 454.  

  Amorapanth, P., LeDoux, J.E., and Nader, K. (2000). Different lateral 

amygdala outputs mediate reactions and actions elicited by a 

fear-arousing stimulus. Nat. Neurosci.  3 , 74 – 79.  

  Arborehuis, L., Owens, M.J., Plotsky, P.M., and Nemeroff, C.B. 

(1999). The role of corticotrophin-releasing factor in 

depression and anxiety disorders. J. Endocrinol.  160 , 1 – 12.  

  Atanasova, B., Graux, J., El Hage, W., Hommet, C., Camus, V., and 

Belzung, C. (2008). Olfaction: a potential cognitive marker of 

psychiatric disorders. Neurosci. Biobehav. Rev.  32 , 1315 – 1325.  

  Barton, R.A. (1996). Neocortex size and behavioural ecology in 

primates. Proc. R. Soc. Lond. Ser. B  263 , 173 – 177.  

  Boesch, C. (1995). Innovation in wild chimpanzees. Anim. Behav. 

 48 , 653 – 667.  

  Bose, M., Mu ñ oz-Llancao, P., Roychowdhury, S., Nichols, J.A., 

Jakkamsetti, V., Porter, B., Byrapureddy, R., Salgado, H., 

Kilgard, M.P., Aboitiz, F., et al. (2010). Effect of the environment 

on the dendritic morphology of the rat auditory cortex. 

Synapse  64 , 97 – 110.  

  Bossert, J.M., Ghitza, U.E., Lu, L., Epstein, D.H., and Shaham, Y. 

(2005). Neurobiology of relapse to heroin and cocaine seeking: 

an update and clinical implications. Eur. J. Pharmacol.  526 , 

36 – 50.  

  Brambilla, F. (2000). Psychoneuroendocrinology: research on 

the pituitary adrenal-cortical system. Psychosom. Med.  30 , 

576 – 607.  

  Brunetti, M., Sepede, G., Mingoia, G., Catani, C., Ferretti, A., Merla, 

A., Del Gratta, C., Romani, G.L., and Babiloni, C. (2010). 

Elevated response of human amygdala to neutral stimuli 

in mild post traumatic stress disorder: neural correlates of 

generalized emotional response. Neuroscience  168 , 670 – 679.  

  Byrne, R.W. and Whiten, A. (1988). Machiavellian Intelligence: Social 

Expertise and the Evolution of Intellect in Monkeys, Apes, and 

Humans (Oxford, UK: Oxford University Press).  

  Calabrese, E.J., Bachmann, K.A., and Bailer, A.J. (2007). Biological 

stress response terminology: integrating the concepts of 

adaptive response and preconditioning stress within a 

hormetic dose-response framework. Toxicol. Appl. Pharmacol. 

 222 , 122 – 128.  

  Campeau, S. and Davis, M. (1995). Involvement of the central 

nucleus and basolateral complex of the amygdala in fear 

conditioning measured with fear potentiated startle in rats 

trained concurrently with auditory and visual conditioned 

stimuli. J. Neurosci.  15 , 2301 – 2311.  

  Cannon, W.B. (1929). Body Changes in Pain, Hunger, Fear and Rage 

(New York: Appleton).  

  Christ, M., Michael, N., Hihn, H., Sch ü ttke, A., Konrad, C., Baune, 

B.T., Jansen, A., and Pfleiderer, B. (2008). Auditory processing 

of sine tones before, during and after ECT in depressed 

patients by fMRI. J. Neural Transm.  115 , 1199 – 1211.  

  Conrad, C.D., LeDoux, J.E., Magarinos, A.M., and McEwen, B.S. 

(1999). Repeated restraint stress facilitates fear conditioning 

independently of causing hippocampal CA3 dendritic atrophy. 

Behav. Neurosci.  113 , 902 – 913.  

  Cook, S.C. and Wellman, C.L. (2004). Chronic stress alters dendritic 

morphology in rat medial prefrontal cortex. J. Neurobiol.  60 , 

236 – 248.  

Brought to you by | Universidad de Valparaiso
Authenticated | 200.14.70.27

Download Date | 5/8/13 4:18 PM



234      A. Dagnino-Subiabre: Stress effects on auditory fear learning

  Colla, M., Kronenberg, G., Deuschle, M., Meichel, K., Hagen, T., 

Bohrer, M., and Heuser, I. (2007). Hippocampal volume 

reduction and HPA-system activity in major depression. 

J. Psychiatr. Res.  41 , 553 – 560.  

  Cordero, M.I., Merino, J.J., and Sandi, C. (1998). Correlational 

relationship between shock intensity and corticosterone 

secretion on the establishment and subsequent expression of 

contextual fear conditioning. Behav. Neurosci.  112 , 885 – 891.  

  Croiset, G., Heijnen, C.J., Veldhuis, H.D., de Wied, D., and Ballieux, 

R.E. (1987). Modulation of the immune response by emotional 

stress. Life Sci.  40 , 775 – 782.  

  Cronkite, R.C., Moos, R.H., Twohey, J., Cohen, C., and Swindle, 

R. Jr. (1998). Life circumstances and personal resources 

as predictors of the ten-year course of depression. Am. J. 

Community Psychol.  26 , 255 – 280.  

  Dagnino-Subiabre, A., Terreros, G., Carmona-Fontaine, C., Zepeda, 

R., Orellana, J.A., D í az-V é liz, G., Mora, S., and Aboitiz, F. 

(2005). Chronic stress impairs acoustic conditioning more than 

visual conditioning in rats: morphological and behavioural 

evidence. Neuroscience  135 , 1067 – 1074.  

  Dagnino-Subiabre, A., Orellana, J.A., Carmona-Fontaine, C., 

Montiel, J., D í az-V é liz, G., Ser ó n-Ferr é , M., Wyneken, U., 

Concha, M.L., and Aboitiz, F. (2006a). Chronic stress decreases 

the expression of sympathetic markers in the pineal gland 

and increases plasma melatonin concentration in rats. 

J. Neurochem.  97 , 1279 – 1287.  

  Dagnino-Subiabre, A., Zepeda-Carre ñ o, R., D í az-V é liz, G., Mora, S., 

and Aboitiz, F. (2006b). Chronic stress induces up-regulation 

of brain-derived-neurotrophic-factor (BDNF) mRNA and integrin 

 α 5 expression in the rat pineal gland. Brain Res.  1086 , 27 – 34.  

  Dagnino-Subiabre, A., Mu ñ oz-Llancao, P., Terreros, G., Wyneken, U., 

D í az-V é liz, G., Porter, B., Kilgard, M.P., Atzori, M., and Aboitiz, 

F. (2009). Chronic stress induces dendritic atrophy in the rat 

medial geniculate nucleus: effects on auditory conditioning. 

Behav. Brain Res.  203 , 88 – 96.  

  Dagnino-Subiabre, A., P é rez, M. Á ., Terreros, G., Cheng, M.Y., House, 

P., and Sapolsky, R. (2012). Corticosterone treatment impairs 

auditory fear learning and the dendritic morphology of the rat 

inferior colliculus. Hear. Res.  294 , 104 – 113.  

  De Kloet, E.R., Vreugdenhil, E., Oitzl, M.S., and Joels, M. (1998). 

Brain corticosteroid receptor balance in health and disease. 

Endocr. Rev.  19 , 269 – 301.  

  De Waal, F.B.M. (2000). Chimpanzee Politics: Power and Sex 

Among Apes. Revised edition (Baltimore, MD: Johns Hopkins 

University Press.  

  Dohrenwend, B.P., Levav, I., Shrout, P.E., Schwartz, S., Naveh, G., 

Link, B.G., Skodol, A.E., and Stueve, A. (1992). Socioeconomic 

status and psychiatric disorders: the causation-selection 

issue. Science  255 , 946 – 952.  

  Doron, N.N. and Ledoux, J.E. (1999). Organization of projections 

to the lateral amygdala from auditory and visual areas of the 

thalamus in the rat. J. Comp. Neurol.  412 , 383 – 409.  

  Dunbar, R.I.M. (1992). Neocortex size as a constraint on group size 

in primates. J. Hum. Evol.  20 , 469 – 493.  

  Elowson, A.M., Snowdon, C.T., and Sweet, C.J. (1992). Ontogeny of 

trill and J-call vocalizations in the pygmy marmoset,  Cebuella 
pygmaea . Anim. Behav.  43 , 703 – 715.  

  Emery, O.B. and Breslau, L.D. (1989). Language deficits in 

depression: comparisons with SDAT and normal aging. J. 

Gerontol.  44 , M85 – M92.  

  Fales, C.L., Barch, D.M., Rundle, M.M., Mintun, M.A., Snyder, A.Z., 

Cohen, J.D., Mathews, J., and Sheline, Y.I. (2008). Altered 

emotional interference processing in affective and cognitive-

control brain circuitry in major depression. Biol. Psychiatry  63 , 

377 – 384.  

  Fitch, W.T. (1997). Vocal tract length and formant frequency 

dispersion correlate with body size in rhesus macaques. J. 

Acoust. Soc. Am.  102 , 1213 – 1222.  

  Georgieff, N., Dominey, P.F., Michel, F., Marie-Cardine, M., and 

Dalery, J. (1998). Anomia in major depressive state. Psychiatry 

Res.  77 , 197 – 208.  

  Gerhardt, H.C. (1992). Multiple messages in acoustic signals. 

Semin. Neurosci.  4 , 391 – 400.  

  Ghazanfar, A.A. and Hauser, M.D. (2001). The auditory behaviour 

of primates: a neuroethological perspective. Curr. Opin. 

Neurobiol.  11 , 712 – 720.  

  Ghiglieri, P. (1984). The Chimpanzees of Kibale Forest, a Field Study 

of Ecology and Social Structure (New York: Columbia University 

Press).  

  Goodall, J. (1986). The Chimpanzees of Gombe, Patterns of 

Behaviour (Cambridge: Belknap Press of Harvard University 

Press).  

  Gotlib, I.H. and McCann, C.D. (1984). Construct accessibility and 

depression: an examination of cognitive and affective factors. 

J. Pers. Soc. Psychol.  47 , 427 – 439.  

  Gouzoules, H. and Gouzoules, S. (1990). Matrilineal signatures 

in the recruitment screams of pigtail macaques,  Macaca 
nemestrina . Behaviour  115 , 327 – 347.  

  Gouzoules, H. and Gouzoules, S. (2000). Agonistic screams 

differ among four species of macaques: the significance of 

motivation-structure rules. Anim. Behav.  59 , 501 – 512.  

  Gray, T.S. and Bingaman, E.W. (1996). The amygdala: corticotropin-

releasing factor, steroids, and stress. Crit. Rev. Neurobiol. 

 10 ,155 – 168.  

  Hauser, M.D. (1989). Ontogenetic changes in the comprehension 

and production of vervet monkey ( Cercopithecus aethiops ) 

vocalizations. J. Comp. Psychol.  103 , 149 – 158.  

  Hauser, M.D. (1991). Sources of acoustic variation in rhesus 

macaque ( Macaca mulatta ) vocalizations. Ethology 

 89 , 29 – 46.  

  Hauser, M.D. (1992). Articulatory and social factors influence the 

acoustic structure of rhesus monkey vocalizations: a learned 

mode of production? J. Acoust. Soc. Am.  91 , 2175 – 2179.  

  Herman, J.P., Prewitt, C.M., and Cullinan, W.E. (1996). Neuronal 

circuit regulation of the hypothalamo-pituitary-adrenocortical 

stress axis. Crit. Rev. Neurobiol.  10 , 371 – 394.  

  Herman, J.P., Figueiredo, H., Mueller, N.K., Ulrich-Lai, Y., 

Ostrander, M.M., Choi, D.C., and Cullinan, W.E. (2003). 

Central mechanisms of stress integration: hierarchical 

circuitry controlling hypothalamo-pituitary-adrenocortical 

 responsiveness. Front. Neuroendocrinol.  24 , 151 – 180.  

  Hitoshi, S., Maruta, N., Higashi, M., Kumar, A., Kato, N., and 

Ikenaka, K. (2007). Antidepressant drugs reverse the loss of 

adult neural stem cells following chronic stress. J. Neurosci. 

Res.  85 , 3574 – 3585.  

  Horwitz, B. and Braun, A.R. (2004). Brain network interactions in 

auditory, visual and linguistic processing. Brain Lang.  89 , 

377 – 384.  

  Innes, K.E., Vincent, H.K., and Taylor, A.G. (2007). Chronic stress 

and insulin resistance-related indices of cardiovascular 

Brought to you by | Universidad de Valparaiso
Authenticated | 200.14.70.27

Download Date | 5/8/13 4:18 PM



A. Dagnino-Subiabre: Stress effects on auditory fear learning      235

disease risk, part I: neurophysiological responses and 

pathological sequelae. Altern. Ther. Health Med.  13 , 46 – 52.  

  Jaramillo, S. and Zador, A.M. (2011). The auditory cortex mediates 

the perceptual effects of acoustic temporal expectation. Nat. 

Neurosci.  14 , 246 – 251.  

  Kaas, J.H. (1995). The evolution of isocortex. Brain Behav. Evol.  46 , 

187 – 196.  

  K ä hk ö nen, S., Yamashita, H., Ryts ä l ä , H., Suominen, K., Ahveninen, 

J., and Isomets ä , E. (2007). Dysfunction in early auditory 

processing in major depressive disorder revealed by combined 

MEG and EEG. J. Psychiatry Neurosci.  32 , 316 – 322.  

  Kemeny, M.E. and Schedlowski, M. (2007). Understanding the 

interaction between psychosocial stress and immune-related 

diseases: a stepwise progression. Brain Behav. Immun.  21 , 

1009 – 1018.  

  Kimble, M.O., Fleming, K., Bandy, C., and Zambetti, A. (2010). 

Attention to novel and target stimuli in trauma survivors. 

Psychiatry Res.  178 , 501 – 506.  

  Kiss, J.Z., Troncoso, E., Djebbara, Z., Vutskits, L., and Muller, D. 

(2001). The role of neural cell adhesion molecules in plasticity 

and repair. Brain Res. Rev.  362 , 175 – 184.  

  Kudo, M., Itoh, K., Kawamura, S., and Mizuno, N. (1983). Direct 

projections to the pretectum and the midbrain reticular 

formation from auditory relay nuclei in the lower brainstem of 

the cat. Brain Res.  288 , 13 – 19.  

  LeDoux, J.E., Farb, C., and Ruggiero, D.A. (1990a). Topographic 

organization of neurons in the acoustic thalamus that project 

to the amygdala. J. Neurosci.  10 , 1043 – 1054.  

  LeDoux, J.E., Cicchetti, P., Xagoraris, A., and Romanski, L.M. 

(1990b). The lateral amygdaloid nucleus: sensory interface of 

the amygdala in fear conditioning. J. Neurosci.  10 , 1062 – 1069.  

  Leonard, B.E. and Myint, A. (2009). The psychoneuroimmunology of 

depression. Hum. Psychopharmacol.  24 , 165 – 175.  

  Leonard, B.E. and Song, C. (1999). Stress, depression and the role 

of cytokines. In: Cytokines, Stress and Depression, Dantzer, R., 

ed. (New York: Kluwer Academic/Plenum), pp. 251 – 265.  

  Leroux, J.E., Sakaguchi, A., and Reis, D.J. (1984). Subcortical 

efferent projections of the medial geniculate nucleus mediate 

emotional responses conditioned to acoustic stimuli. J. 

Neurosci.  4 , 683 – 698.  

  Liebal, K., Pika, S., and Tomasello, M. (2004). Social communication 

in siamangs ( Symphalangus syndactylus ): use of gestures and 

facial expressions. Primates  45 , 41 – 57.  

  Lieblich, A.K., Symmes, D., Newman, J.D., and Shapiro, M. (1980). 

Development of isolation peep in laboratory-bred squirrel 

monkeys. Anim. Behav.  28 , 1 – 9.  

  Liston, C., McEwen, B.S., and Casey, B.J. (2009). Psychosocial 

stress reversibly disrupts prefrontal processing and attentional 

control. Proc. Natl. Acad. Sci. USA  106 , 912 – 917.  

  Lundberg, U. (2005). Stress hormones in health and illness: the roles 

of work and gender. Psychoneuroendocrinology  30 , 1017 – 1021.  

  Maddock, C. and Pariante, C.M. (2001). How does stress affect you? 

An overview of stress, immunity, depression and disease. 

Epidemiol. Psychiatr. Soc.  10 , 153 – 162.  

  Maes, M., Van der Planken, M., Stevens, W.J., Peeters, D., 

DeClerck, L.S., Bridts, C.H., Schotte, C., and Cosyns, P. (1992). 

Leucocytosis, monocytosis and neutrophilia: hallmarks of 

severe depression. J. Psychiatr. Res.  26 , 125 – 134.  

  Magari ñ os, A.M. and McEwen, B.S. (1995). Stress-induced atrophy 

of apical dendrites of hippocampal CA3c neurons: involvement 

of glucocorticoid secretion and excitatory amino acid 

receptors. Neuroscience  69 , 89 – 98.  

  Magari ñ os, A.M., Orchinik, M., and McEwen, B.S. (1998). 

 Morphological changes in the hippocampal CA3 region 

induced by non-invasive glucocorticoid administration: 

a paradox. Brain Res.  809 , 314 – 318.  

  Manji, H.K., Quiroz, J.A., Sporn, J., Payne, J.L., Denicoff, K.N., 

Zarate, C.A., Jr., and Charney, D.S. (2003). Enhancing neuronal 

plasticity and cellular resilience to develop novel, improved 

therapeutics for difficult-to-treat depression. Biol. Psychiatry 

 53 , 707 – 742.  

  Maren, S., Yap, K., and Goosens, A. (2001). The amygdala is 

essential for the development of neuronal plasticity in the 

medial geniculate nucleus during auditory fear conditioning in 

rats. J. Neurosci.  21 , RC135 1 – 6.  

  Marshall, A.J., Wrangham, R.W., and Acardi, A.C. (1999). Does 

learning a Vect the structure of vocalizations in chimpanzees? 

Anim. Behav.  58 , 825 – 830.  

  Maslova, L.N., Bulygina, V.V., and Popova, N.K. (2002). Immediate 

and long-lasting effects of chronic stress in the prepubertal 

age on the startle reflex. Physiol. Behav.  75 , 217 – 225.  

  McDonald, A.J. (1998). Cortical pathways to the mammalian 

amygdala. Prog. Neurobiol.  55 , 257 – 332.  

  McEwen, B.S. (2006). Protective and damaging effects of stress 

mediators: central role of the brain. Dialogues Clin. Neurosci. 

 8 , 367 – 381.  

  McEwen, BS. (2007). Physiology and neurobiology of stress and 

adaptation: central role of the brain. Physiol. Rev.  87 , 873 – 904.  

  McEwen, B.S. and Chattarji, S. (2004). Molecular mechanisms of 

neuroplasticity and pharmacological implications: the example 

of tianeptine. Eur. Neuropsychopharmacol.  5 , S497 – S502.  

  McEwen, B.S., Gould, E.A., and Sakai, R.R. (1992). The vulnerability 

of the hippocampus to protective and destructive effects of 

glucocorticoids in relation to stress. Br. J. Psychiatry Suppl.  15 , 

18 – 23.  

  McGrew, W.C. and Tutin, C.E.G. (1978). Evidence for a social custom 

in wild chimpanzees? Man  13 , 234 – 251.  

  Meyer, U., Kruhoffer, M., Fl ü gge, G., and Fuchs, E. (1998). Cloning 

of glucocorticoid receptor and mineralocorticoid receptor 

cDNA and gene expression in the central nervous system of the 

tree shrew ( Tupaia belangeri ). Brain Res. Mol. Brain Res.  55 , 

243 – 253.  

  Mialet, J.P., Pope, H.G., and Yurgelun-Todd, D. (1996). Impaired 

attention in depressive states: a non-specific deficit? Psychol. 

Med.  26 , 1009 – 1020.  

  Michael, N., Ostermann, J., S ö r ö s, P., Schwindt, W., and Pfleiderer, 

B. (2004). Altered habituation in the auditory cortex in a 

subgroup of depressed patients by functional magnetic 

resonance imaging. Neuropsychobiology  49 , 5 – 9.  

  Miller, C.T., Miller, J., Gil da Costa, R., and Hauser, M.D. (2001). 

Selective phonotaxis by cotton-top tamarins. Behaviour  138 , 

811 – 826.  

  Mitra, R. and Sapolsky, R.M. (2008). Acute corticosterone treatment 

is sufficient to induce anxiety and amygdaloid dendritic 

hypertrophy. Proc. Natl. Acad. Sci. USA  105 , 5573 – 5578.  

  Monfils, M.H., Cowansage, K.K., Klann, E., and LeDoux, J.E. (2009). 

Extinction-reconsolidation boundaries: key to persistent 

attenuation of fear memories. Science  324 , 951 – 955.  

  Negoias, S., Croy, I., Gerber, J., Puschmann, S., Petrowski, K., 

Joraschky, P., and Hummel, T. (2010). Reduced olfactory bulb 

Brought to you by | Universidad de Valparaiso
Authenticated | 200.14.70.27

Download Date | 5/8/13 4:18 PM



236      A. Dagnino-Subiabre: Stress effects on auditory fear learning

volume and olfactory sensitivity in patients with acute major 

depression. Neuroscience  169 , 415 – 421.  

  Niedhammer, I., Goldberg, M., Leclerc, A., David, S., Bugel, I., 

and Landre, M.F. (1998). Psychosocial work environment and 

cardiovascular risk factors in an occupational cohort in France. 

J. Epidemiol. Community Health  52 , 93 – 100.  

  Nishida, T. (1980). The leaf-clipping display a newly discovered 

expressive gesture in wild chimpanzees. J. Hum. Evol.  9 , 

117 – 128.  

  Nishida, T. (1987). Local traditions and cultural transmission. In: 

Primate Societies. Smuts, B.B., Cheney, D.L., Seyfarth, R.M., 

Wrangham, R.W., Struhsacker, T.T. eds. (Chicago, IL: University 

of Chicago Press), pp. 462 – 474.  

  Ottowitz, W.E., Dougherty, D.D., and Savage, C.R. (2002). The 

neural network basis for abnormalities of attention and 

executive function in major depressive disorder: implications 

for application of the medical disease model to psychiatric 

disorders. Harv. Rev, Psychiatr.  10 , 86 – 99.  

  Par é , D., Quirk, G.J., and Ledoux, J.E. (2004). New vistas on 

amygdala networks in conditioned fear. J. Neurophysiol.  92 , 

1 – 9.  

  Passingham, R.E. (1981). Primate specializations in brain and 

intelligence. Symp. Zool. Soc. London  46 , 361 – 388.  

  Pause, B.M., Miranda, A., G ö der, R., Aldenhoff, J.B., and Ferstl, R. 

(2001). Reduced olfactory performance in patients with major 

depression. J. Psychiatr. Res.  35 , 271 – 277.  

  Paxinos, G. (2004). The Rat Nervous System. 3rd ed. (Sydney, 

Australia: Academic Press), 512 pp.  

  Pika, S., Liebal, K., and Tomasello, M. (2003). Gestural 

communication in young gorillas ( Gorilla gorilla ): gestural 

repertoire, learning, and use. Am. J. Primatol.  60 , 95 – 111.  

  Plooij, F.X. (1978). Some basic traits of language in wild 

chimpanzees? In: Action, Gesture and Symbol, Lock, A., ed. 

(London: Academic Press), pp. 111 – 131.  

  Plooij, F.X. (1979). How wild chimpanzee babies trigger the onset 

of mother-infant play. In: Before Speech, Bullowa, M., ed. 

(Cambridge: Cambridge University Press), pp. 223 – 243.  

  Pollak, G.D., Burger, R.M., and Klug, A. (2003). Dissecting the 

circuitry of the auditory system. Trends Neurosci.  1 , 33 – 39.  

  Pollatos, O., Albrecht, J., Kopietz, R., Linn, J., Schoepf, V., Kleemann, 

A.M., Schreder, T., Schandry, R., and Wiesmann, M. (2007). 

Reduced olfactory sensitivity in subjects with depressive 

symptoms. J. Affect. Disord.  102 , 101 – 108.  

  Poremba, A. and Gabriel, M. (2001). Amygdalar efferents initiate 

auditory thalamic discriminative training-induced neuronal 

activity. J. Neurosci.  21 , 270 – 278.  

  Pruessner, J.C., Baldwin, M.W., Dedovic, K., Renwick, R., Mahani, 

N.K., Lord, C., Meaney, M., and Lupien, S. (2005). Self-esteem, 

locus of control, hippocampal volume, and cortisol regulation 

in young and old adulthood. Neuroimage  28 , 815 – 826.  

  Radley, J.J., Sisti, H.M., Hao, J., Rocher, A.B., McCall, T., Hof, P.R., 

McEwen, B.S., and Morrison, J.H. (2004). Chronic behavioral 

stress induces apical dendritic reorganization in pyramidal 

neurons of the medial prefrontal cortex. Neuroscience  

125 , 1 – 6.  

  Rajkowska, G., Miguel-Hidalgo, J.J., Wei, J., Dilley, G., Pittman, S.D., 

Meltzer, H.Y., Overholser, J.C., Roth, B.L., and Stockmeier, C.A. 

(1999). Morphometric evidence for neuronal and glial 

prefrontal cell pathology in major depression. Biol. Psychiatry 

 45 , 1085 – 1098.  

  Reichardt, L.F. (2006). Neurotrophin-regulated signalling pathways. 

Philos. Trans. R. Soc. Lond. B Biol. Sci.  361 , 1545 – 1564.  

  Rendall, D., Rodman, P.S., and Emond, R.E. (1996). Vocal recognition 

of individuals and kin in free-ranging rhesus monkeys. Anim. 

Behav.  51 , 1007 – 1015.  

  Rendall, D., Owren, M.J., and Rodman, P.S. (1998). The role of 

vocal tract filtering in identity cueing in rhesus monkey 

( Macaca mulatta ) vocalizations. J. Acoust. Soc. Am.  103 , 

602 – 614.  

  Sapolsky, R.M. (2000). The possibility of neurotoxicity in the 

hippocampus in major depression: a primer on neuron death. 

Biol. Psychiatry  48 , 755 – 765.  

  Sapolsky, R.M. (2001). Depression, antidepressants, and the 

shrinking hippocampus. Proc. Natl. Acad. Sci. USA  98 , 

12320 – 12322.  

  Sandi, C. (2004). Stress, cognitive impairment and cell adhesion 

molecules. Nat. Rev. Neurosci.  5 , 917 – 930.  

  Scalia, F. and Winans, S.S. (1975). The differential projections of 

the olfactory bulb and accessory olfactory bulb in mammals. 

J. Comp. Neurol.  161 , 31 – 55.  

  Schuff, N., Neylan, T.C., Lenoci, M.A., Du, A.T., Weiss, D.S., Marmar, 

C.R., and Weiner, M.W. (2001). Decreased hippocampal 

N-acetylaspartate in the absence of atrophy in posttraumatic 

stress disorder. Biol. Psychiatry  50 , 952 – 959.  

  Schuff, N., Neylan, T.C., Fox-Bosetti, S., Lenoci, M., Samuelson, 

K.W., Studholme, C., Kornak, J., Marmar, C.R., and Weiner, 

M.W. (2008). Abnormal N-acetylaspartate in hippocampus and 

anterior cingulate in posttraumatic stress disorder. Psychiatry 

Res.  162 , 147 – 157.  

  Semple, S. and McComb, K. (2000). Perception of female 

reproductive state from vocal cues in a mammal species. Proc. 

R. Soc. Lond. B  267 , 707 – 712.  

  Selye, H. (1936). A syndrome produced by diverse nocuous agents. 

Nature  138 : 32.  

  Selye, H. (1956). The Stress of Life (New York: McGraw-Hill).  

  Seyfarth, R.M. and Cheney, D.L. (1986). Vocal development in vervet 

monkeys. Anim. Behav.  34 , 1640 – 1658.  

  Sheline, Y.I., Wang, P.W., Gado, M.H., Csernansky, J.G., and 

Vannier, M.W. (1996). Hippocampal atrophy in recurrent major 

depression. Proc. Natl. Acad. Sci. USA  93 , 3908 – 3913.  

  Shi, C. and Davis, M. (2001). Visual pathways involved in fear 

conditioning measured with fear-potentiated startle: 

behavioral and anatomic studies. J. Neurosci.  21 , 

9844 – 9855.  

  Shin, L.M., Shin, P.S., Heckers, S., Krangel, T.S., Macklin, M.L., 

Orr, S.P., Lasko, N., Segal, E., Makris, N., Richert, K., et al. 

(2004). Hippocampal function in posttraumatic stress disorder. 

Hippocampus  14 , 292 – 300.  

  Shin, M., Rauch, S., and Pitman, R.K. (2006). Amygdala, medial 

prefrontal cortex, and hippocampal function in PTSD. Ann. NY 

Acad. Sci.  1071 , 67 – 79.  

  Shipley, M.T. and Ennis, M. (1996). Functional organization of 

olfactory system. J. Neurobiol.  30 , 123 – 176.  

  Simoens, V.L., Ist ó k, E., Hyttinen, S., Hirvonen, A., N ä  ä t ä nen, R., 

and Tervaniemi, M. (2007). Psychosocial stress attenuates 

general sound processing and duration change detection. 

 Psychophysiology  44 , 30 – 38.  

  Smith, S.M. and Vale, W.W. (2006). The role of the hypothalamic-

pituitary-adrenal axis in neuroendocrine responses to stress. 

Dialogues Clin. Neurosci.  8 , 383 – 395.  

Brought to you by | Universidad de Valparaiso
Authenticated | 200.14.70.27

Download Date | 5/8/13 4:18 PM



A. Dagnino-Subiabre: Stress effects on auditory fear learning      237

  Song, C., Dinan, T.G., and Leonard, B.E. (1994). Changes in immuno-

globulin, complement and acute phase proteins concentrations 

in depressed patients and normal controls. J. Affect. Disord. 

 30 , 283 – 288.  

  Sugiyama, Y. (1981). Observations on the population dynamics and 

behavior of wild chimpanzees at Bossou, Guinea, 1979-1980. 

Primates  22 , 432 – 444.  

  Tafet, G.E. and Bernardini, R. (2003).  Psychoneuroendocrinological 

links between chronic stress and depression. Prog. 

 Neuropsychopharmacol. Biol. Psychiatry  27 , 893 – 903.  

  Tafet, G.E. and Smolovich, J. (2004). Psychoneuroendocrinological 

studies on chronic stress and depression. Ann. NY Acad. Sci. 

 1032 , 276 – 278.  

  Tollkotter, M., Pfleiderer, B., Soros, P., and Michael, N. (2006). 

Effects of antidepressive therapy on auditory processing in 

severely depressed patients: a combined MRS and MEG study. 

J. Psychiatr. Res.  40 , 293 – 306.  

  Tomasello, M. and Call, J. (1997). Primate Cognition (New York: 

Oxford University Press).  

  Turner, B.H. and Herkenham, M. (1991). Thalamoamygdaloid 

projections in the rat: a test of the amygdala ’ s role in sensory 

processing. J. Comp. Neurol.  313 , 295 – 325.  

  Vandoolaeghe, E., van Hunsel, F., Nuyten, D., and Maes, M. (1998). 

Auditory event related potentials in major depression: 

prolonged P300 latency and increased P200 amplitude. 

J. Affect. Disord.  48 , 105 – 113.  

  van Praag, H.M. (2005). Can stress cause depression? World J. Biol. 

Psychiatry  6 , 5 – 22.  

  Vyas, A., Mitra, R., Shakaranarayana Rao, B.S., and Chattarji, S. 

(2002). Chronic stress induces contrasting patterns of 

dendritic remodeling in hippocampal and amygdaloid neurons. 

J. Neurosci.  22 , 6810 – 6818.  

  Vyas, A., Bernal, S., and Chattarji, S. (2003). Effects of chronic 

stress on dendritic arborization in the central and extended 

amygdala. Brain Res.  965 , 290 – 294.  

  Wang, Z., Neylan, T.C., Mueller, S.G., Lenoci, M., Truran, D., 

Marmar, C.R., Weiner, M.W., and Schuff, N. (2010). Magnetic 

resonance imaging of hippocampal subfields in posttraumatic 

stress disorder. Arch. Gen. Psychiatry  67 , 296 – 303.  

  Warembourg, M. (1975). Radioautographic study of the rat brain and 

pituitary after injection of 3H dexamethasone. Cell Tissue Res. 

 161 , 183 – 191.  

  Watanabe, Y., Gould, E., and McEwen, B.S. (1992). Stress induces 

atrophy of apical dendrites of hippocampal CA3 pyramidal 

neurons. Brain Res.  588 , 341 – 345.  

  Weiss, D.J., Garibaldi, B.T., and Hauser, M.D. (2001). The production 

and perception of long calls in cotton-top tamarins ( Saguinus 
oedipus ). J. Comp. Psychol.  115 , 258 – 271.  

  Wilensky, A.E., Schafe, G.E, Kristensen, M.P., and LeDoux, J.E. (2006). 

Rethinking the fear circuit: the central nucleus of the amygdala 

is required for the acquisition, consolidation, and expression of 

Pavlovian fear conditioning. J. Neurosci.  26 , 12387 – 12396.  

  Yang, D., Li, Q., Fang, L., Cheng, K., Zhang, R., Zheng, P., Zhan, Q., 

Qi, Z., Zhong, S., and Xie, P. (2011). Reduced neurogenesis and 

pre-synaptic dysfunction in the olfactory bulb of a rat model of 

depression. Neuroscience  192 , 609 – 618.  

  Zhong, M., Wang, X., Xiao, J., Yi, J., Zhu, X., Liao, J., Wang, W., 

and Yao, S. (2011). Amygdala hyperactivation and prefrontal 

hypoactivation in subjects with cognitive vulnerability to 

depression. Biol. Psychol.  88 , 233 – 242.  

  Zoladz, P.R., Conrad, C.D., Fleshner, M., and Diamond, D.M. (2008). 

Acute episodes of predator exposure in conjunction with 

chronic social instability as an animal model of post traumatic 

stress disorder. Stress  11 , 259 – 281.      

Dr. Alexies Dagnino-Subiabre earned a BA in Biochemistry from 

 Universidad Austral de Chile, Valdivia (1999), and a PhD in 

 Biomedical Sciences from the Universidad de Chile in  Santiago 

(2003). After completing postdoctoral fellowships at the  Pontificia 

Universidad Católica de Chile, Santiago, and research stays 

at the University of Texas (Atzori Lab) and Stanford University 

(Sapolsky Lab), USA, Dr. Dagnino-Subiabre joined the faculty 

as an Associate Professor in the Department of Biomedical 

 Sciences at the  Universidad Católica del Norte (2006). Currently, 

Dr. Dagnino- Subiabre is Associate Professor of Neurosciences at the 

 Universidad de Valparaíso, Chile, where he pursues research aimed 

to understand the effects of chronic stress on emotional processing 

of sounds, learning and memory.

Brought to you by | Universidad de Valparaiso
Authenticated | 200.14.70.27

Download Date | 5/8/13 4:18 PM


