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Resumo 

 

Fundamentação teórica: Os estressores geram um conjunto de respostas composto 

por alterações neuronais, endócrinas, autonômicas e comportamentais, coordenadas 

pelo sistema nervoso central. Resultados em roedores mostram que a privação de 

sono paradoxal (PSP), utilizando o método da plataforma única (MPU), desencadeia 

respostas de estresse. No entanto, há uma crítica recorrente a esses resultados, 

questionando se as alterações observadas são decorrentes da supressão desta fase 

do sono ou de outros estímulos estressores vinculados ao método. Outras 

metodologias de PSP produzem respostas de estresse semelhantes às descritas com 

o MPU, apesar das diferenças de magnitude, levando-nos a propor que a PSP 

prolongada e ininterrupta, independente do método, seja um estímulo estressante 

responsável por essas alterações. O sistema nervoso simpático e o eixo hipotálamo-

hipófise-adrenal são os principais sistemas de resposta ao estresse. No entanto, 

outras perspectivas para avaliar a resposta ao estresse envolvem alterações 

neuroquímicas e a percepção do estímulo pelo cérebro, que é capaz de discriminar 

entre estímulos físicos ou psicológicos e assim, resultar no desencadeamento de 

ativação de vias específicas. Objetivos: Comparar indiretamente o MPU para 

privação de sono com outros estressores clássicos, que sabidamente são de natureza 

distinta e avaliar as alterações causadas por essas manipulações de maneira mais 

detalhada, não apenas restrita à liberação periférica de glicocorticóides, mas também 

à ativação das estruturas neuronais associadas à resposta ao estresse, bem como à 

expressão de seus principais mediadores [arginina-vasopressina (AVP), hormônio 

liberador de corticotrofina (CRH) e monoaminas centrais]. Métodos: No Experimento 

1, ratos machos foram expostos ao frio por 1 h (estressor físico), ao odor de predador 

por 30 min  (estressor psicológico) ou à restrição de movimento por 1 h (estressor 

misto), uma única vez ou por 4 vezes, uma vez por dia. No Experimento 2, os animais 

foram submetidos à PSP pelo MPU, sendo que a duração do estímulo foi de 1 ou 4 

dias, ininterruptos. Após o protocolo de estresse, nós avaliamos: 1) expressão de AVP 

e CRH no núcleo paraventricular do hipotálamo (PVN) e eminência mediana (ME); 

concentrações plasmáticas de hormônio adrenocorticotrófico (ACTH) e corticosterona 

(CORT); 2) concentrações de noradrenalina, dopamina e serotonina  no córtex pré-

frontal (FC), hipotálamo (HPT), amígdala (AMY), hipocampo dorsal e ventral (dHPC e 
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vHPC); 3) expressão de EGR1 no córtex cingulado (área pré-límbica, área infra-

límbica, região rostral  e região caudal), AMY (amígdala basolateral e central) e PVN. 

Resultados: Todos os estímulos aumentaram as concentrações plasmáticas de 

ACTH e CORT, embora em diferentes magnitudes. A exposição repetida aos 

estressores resultou em menor resposta de CORT, comparada à exposição única, 

indicando uma habituação dessa resposta, exceto pela PSP prolongada. Não foram 

encontradas diferenças na expressão de CRH no PVN e ME após a exposição a 

qualquer um dos estressores, exceto pela PSP que foi o único estímulo que reduziu a 

expressão de AVP no PVN e aumentou na ME. As principais alterações na resposta 

monoaminérgica central ocorreram após exposição repetida ao odor de predador, 

incluindo aumento da noradrenalina no HPT, redução das concentrações de 

noradrenalina e serotonina no vHPC e aumento do turnover de serotonina na AMY. A 

PSP também produziu alterações neuroquímicas, algumas semelhantes à exposição 

ao odor de predador, como redução de noradrenalina no FC, dHPC e vHPC, aumento 

de dopamina na AMY e aumento do turnover de serotonina no FC, HPT e dHPC. Não 

foram encontradas alterações na expressão de EGR1 no córtex cingulado e na 

amígdala dos grupos frio, restrição de movimento e odor de predador, após exposição 

única ou repetida, enquanto a PSP reduziu a expressão de EGR1 no córtex cingulado 

(área infra-límbica). Além disso, a exposição ao frio, restrição de movimento e PSP 

aumentaram a expressão de EGR1 no PVN. A PSP resultou em alterações na 

resposta ao estresse em todos os níveis avaliados (hormônios do eixo HPA, 

neuroquímica, ativação neuronal). Conclusões: Apesar da metodologia da PSP 

envolver associação de estressores tipicamente físicos (contato com a água e 

restrição de movimento), a expressão de EGR1 no PVN e respostas do eixo HPA e 

monoaminas centrais apresentaram um perfil mais próximo ao de um estressor 

psicológico. Podemos concluir que o PSP é de fato um estímulo estressante e sua 

natureza se assemelha a um estressor psicológico. 
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Abstract 

 

Background: Stressors are responsible for generating a set of neuronal, endocrine, 

autonomic and behavioral responses, coordinated by the central nervous system 

(CNS). In rodents, several findings demonstrate that paradoxical sleep deprivation 

(PSD) by the single platform method (SPM) triggers stress response. However, there 

is a recurrent criticism of these results, debating whether the observed changes are 

due to the suppression of this sleep phase or to other stressful stimuli linked to the 

method. Other methods of PSD produce stress responses similar to those described 

for the SPM, despite the differences in magnitude, which led us to propose that, 

regardless of the method, prolonged, unremitting PSD is a stressful stimulus 

responsible for such changes. The sympathetic nervous system (SNS) and the 

hypothalamic-pituitary-adrenal (HPA) axis are the main physiologic stress response 

systems. However, it is possible to assess the stress response under different 

perspectives, such as those involving neurochemical changes and differential 

activation of specific pathways, depending on the perception of the stimulus by the 

brain and discrimination between physical or psychological stimuli. Objectives: To 

indirectly compare the SPM for sleep deprivation with other classic stressors, known 

to be of distinct natures and evaluate the changes caused by these manipulations in a 

more detailed way, e.g., not only restricted to peripheral glucocorticoid release, but 

also to discriminate the activation of neuronal structures associated with the stress 

response as well as the expression of its main mediators [arginine-vasopressin (AVP), 

corticotropin releasing hormone (CRH) and central monoamines]. Methods: In 

Experiment 1, male rats were exposed to cold during 1 h (physical stressor), to 

predator odor during 30 min (psychological stressor) or to restraint during 1 h (mixed 

stressor) 1 or 4 times, once per day. In Experiment 2, the animals were submitted to 

PSD by the SPM, wherein the stimulus length was 1 or 4 days, uninterrupted. After the 

stress protocol, we evaluated: 1) AVP and CRH expression in the paraventricular 

nucleus of the hypothalamus (PVN) and median eminence (ME); adrenocorticotrophic 

hormone (ACTH) and corticosterone (CORT) plasma levels; 2) noradrenaline, 

dopamine and serotonin levels in  the prefrontal cortex (FC), hypothalamus (HPT), 

amygdala (AMY), dorsal and ventral hippocampus (dHPC and vHPC); 3) EGR1 

expression in the cingulate cortex (pre-limbic area, infra-limbic area, rostral region and 
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caudal region), AMY (basolateral and central nuclei) and PVN. Results: All stimuli 

increased plasma ACTH and CORT levels, albeit at different magnitudes. Repeated 

exposure resulted in lower CORT response compared to single exposure, indicating 

habituation of this response, except for prolonged PSD. No differences in CRH 

expression were found in the PVN and ME after exposure to any of the stressors, 

except for PSD which was the only stimulus that reduced AVP expression in the PVN 

and increased it in the ME. The main changes in central monoaminergic response 

occurred after repeated exposure to the predator odor, including increased 

noradrenaline in the HPT, reduced noradrenaline and serotonin levels in the vHPC and 

increased serotonin turnover in the AMY. PSD also produced neurochemical changes, 

some of which were similar to predator odor exposure, such as reduced noradrenaline 

in the FC, dHPC and vHPC, increased dopamine in AMY and increased serotonin 

turnover in the FC, HPT and dHPC. No changes were found in EGR1 expression in 

the cingulate cortex and amygdala of cold, restraint and predator odor groups, after 

single or repeated exposure, whereas PSD reduced EGR1 expression in the cingulate 

cortex (infra-limbic area). Moreover, exposure to cold, restraint and PSD increased 

EGR1 expression in the PVN. PSD-exposed animals showed changes in the stress 

response at all levels assessed (HPA axis hormones, neurochemistry, neuronal 

activation). Conclusions: Despite the fact that PSD methodology involves association 

of typically physical stressors (contact with water and restricted movement), the EGR1 

expression in the PVN, HPA axis and monoamine responses to PSD presented a 

profile that was closer to a psychological stressor. We can conclude that PSD is in fact 

a stressful stimulus and its nature is similar to a psychological stressor. 
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1.1. What is Stress? 

 

Although it seems a simple question, this has been a challenge for decades and 

even with all scientific and technological advances, there is still no definition accepted 

by the entire scientific community. The term stress is derived from the words 

"destresse" (old English) and "stringere" (ancient French), based on the Latin "strictus" 

(Keil 2004). It was first used in physics and defined as "pressure or tension exerted on 

a material object" (Oxford Dictionary); in Biology was described by Hans Selye in 1936 

(Selye, 1936) as a nonspecific response of the body to any demand. This nonspecific 

response, also known as the pathological triad, is characterized by increased adrenal 

glands, gastric ulcers and decreased thymus and lymph nodes, independent of the 

stressor stimulus (Selye, 1936; Selye, 1950a). For Selye, the main effector of the stress 

response is the release of glucocorticoids by the adrenal gland cortex and inducing the 

three components of the pathological triad (Selye, 1950b; Selye, 1955; Selye, 1965). 

John Mason, in turn, showed that the pituitary-adrenal cortical system may 

respond differently to different stressors, including psychological stressors, which may 

increase, reduce or even alter the activity of this axis (Mason, 1968). In addition, it was 

found that the pathological triad proposed by Selye was not always present in response 

to stress, and other components were also part of this response, such as fear and 

anxiety (Mason 1971, Mason 1975). Since then, new theories have been incorporated 

into the definition of stress, in an attempt to obtain a concept that encompasses all 
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aspects of this phenomenon. Levine and Ursin proposed a definition based on the 

adaptive biological response, in which the triggering of a stress response results from 

the processing of the stressor stimulus by the central nervous system (CNS), through 

comparisons with previous individual experiences, leading to the recruitment of 

hormonal and behavioral responses to cope with the situation (Levine & Ursin, 1991). 

Chrousos and Gold maintained the idea of a threat to homeostasis, which, when 

exceeding a certain threshold, would lead to a generalized or specific response to the 

type of threat (stressor), composed of physiological and behavioral changes, 

depending on the genetic load of the individual (Chrousos & Gold, 1992). 

A more recent approach has been proposed by a group of researchers, which 

considered that only stimuli capable of generating a "cognitive perception of 

uncontrollability and/or unpredictability" should be considered as stress (Koolhaas et 

al., 2011). Thus, the presence of classical stress responses, such as activation of the 

hypothalamic-piyuitary-adrenal (HPA) axis, does not necessarily indicate that the 

organism is under stress. To be considered a stressor the stimulus must be: 

uncontrollable, producing a later recovery of the stress response, and unpredictable, 

characterized by absence of anticipatory response, exceeding the adaptive capacity of 

the organism (Koolhaas et al., 2011). 

Although no unifying concept has yet been accepted by the scientific 

community, stress can be understood as a set of physiological and/or behavioral 

responses of an organism to a challenging stimulus. However, these responses may 

vary according to the type of stimulus faced, hence the importance of knowing the 

stressor’s characteristics. 

 

1.2. Classification of the stressor stimulus 

 

Stressful stimuli can be classified according to their nature, as physical, 

psychological or mixed. Physical stressors produce direct physiological changes, 

surpassing a certain homeostatic threshold (for example: cold, heat, hemorrhage, 

hypoglycemia, infections, noise). Psychological stressors, in turn, are perceived as a 

threat to the individual, factual or imminent (for example: social conflicts, performance 

evaluation, clues of a predator) (Dayas et al., 2001). However, some stimuli have both 

the physical and the psychological component; these stimuli are known as mixed 
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stressors, and include pain, immobilization and movement restraint (Pacák & Palkovits, 

2001). 

Stressors are also classified, according to duration and/or frequency, into acute 

and chronic stressors. Acute stressors comprise single, short duration (from min to few 

hours) stimuli or continuous exposure (for a whole day). Chronic stressors, on the other 

hand, have a longer duration compared to acute stressors, with intermittent frequency 

or continuous exposure (Pacák & Palkovits, 2001). 

 

1.3. Stress response 

 

Stressors generate a set of responses composed of neuronal, endocrine, 

autonomic and behavioral changes, all coordinated by the CNS. The main stress 

response systems are the sympathetic nervous system (SNS) and the HPA axis. In 

the face of a stressor stimulus, SNS neurons stimulate the adrenal medulla to release 

noradrenaline and adrenaline (Vollmer, 1996), which bind to specific receptors (mainly 

the β1 subtype) and promote physiological changes, including increased heart rate 

and blood pressure, vasodilation of skeletal muscles, peripheral vasoconstriction and 

increased energy intake. These mechanisms are important to cope with stress and 

constitute the fight or flight response (Tsapatsaris & Breslin, 1989). On the other hand, 

in the CNS noradrenaline is released by the locus coeruleus (LC) that sends 

projections to the hypothalamus, contributing to HPA axis modulation (Gunnar & 

Quevedo, 2007; Morilak et al., 2005; Radley et al., 2008). 

Corticotrophin releasing hormone (CRH) is a 41-amino acid peptide with wide 

distribution in the CNS (cortex, limbic system, hypothalamus, brainstem) (Sakanaka et 

al., 1987; Swanson et al., 1983) and is involved in the control of energy metabolism 

(Woods et al. 1998), immune system (Owens & Nemeroff, 1991), wake regulation 

(Chang & Opp, 2001) and neuroendocrine system (Owens & Nemeroff, 1991; Turnbull 

and Rivier, 1997). As the LC regulates the HPA axis (Ziegler et al., 1999), hypothalamic 

projections to this structure, containing CRH, activate the SNS system and increase 

the release of noradrenaline (Fisher, 1989; Page & Abercrombie, 1999). In the CNS 

the highest concentrations of CRH are found in the paraventricular nucleus of the 

hypothalamus (PVN). This population of "CRHergic" neurons in PVN secretes the 

hormone to the median eminence (ME), reaching the anterior pituitary (via portal 
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circulation) and binds to CRH type 1 receptors (Aguilera et al., 2001), stimulating the 

release of the adrenocorticotrophic hormone (ACTH) (Bloom et al., 1982; Liposits et 

al., 1983; Piekut & Joseph, 1985). ACTH, in turn, binds to its receptors in the adrenal 

cortex, promoting the synthesis and secretion of glucocorticoids (cortisol in human and 

non-human primates and corticosterone in rats and mice). Glucocorticoids act on the 

cardiovascular (increasing blood pressure and cardiac output), immunological 

(immunosuppressive and anti-inflammatory action), metabolic (increasing energetic 

supply via glycogenolysis, gluconeogenesis, lipolysis, proteolysis and greater insulin 

resistance) and reproductive (inhibiting sexual behavior) systems. All these changes 

produced by glucocorticoids aim to prepare the individual to cope with the stress 

situation (Sapolsky et al., 2000). 

Studies have shown variation in the activation of these two systems (SNS and 

HPA axis) after animals are exposed to different stressors (Koolhaas et al., 2011; 

Pacák & Palkovits, 2001). While some stressors produce intense activation of the SNS, 

with greater release of noradrenaline (cold) or adrenaline (hypoglycemia), others 

respond more significantly through the HPA axis, with increase in ACTH 

concentrations (immobilization, footshock) (Pacák et al., 1998; Palma et al., 2000) and 

corticosterone (restraint, social defeat, footshock, cold) (Andersen et al., 2004; 

Anisman et al., 2001; Koolhaas et al., 2011; Palma et al., 2000). Another perspective 

to evaluate the stress response involves the characterization of the stimulus by the 

brain, which is able to discriminate between physical or psychological stimuli and 

trigger activation of specific pathways (Dayas et al., 2001; Emmert & Herman, 1999; 

Sawchenko et al., 2000). Among the systems and CNS areas involved, the autonomic 

nervous system, aminergic systems, thalamus, hypothalamus and the limbic system 

are worth mentioning (Herman et al., 2003; Pacák & Palkovits, 2001). Participation of 

these structures in the organization of the stress response may be assessed by 

neuronal activation, reflected by the expression of protooncogenes (from the fos, jun, 

zif, andgr families) by means of immunocytochemistry assays (Hoffman et al., 1993; 

Morgan & Curran, 1991; Senba et al., 1993). In rats, expression of c-fos after three 

hours of cold exposure (-3°C, physical stressor) is increased in the spinal cord, bulb 

(paratrigeminal nucleus and nucleus of the solitary tract), pons (parabrachial nucleus) 

and hypothalamus (medial pre-optic nucleus and anterior hypothalamic nucleus), low 

activity in the PVN and raphe nucleus and no activity in the limbic system (Baffi & 
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Palkovits, 2000; Palkovits et al., 1997). Exposure to fox odor (psychological stressor) 

for 30 min leads to a large increase of c-fos mRNA in the olfactory bulb, thalamus 

(terminal stria nucleus), PVN, lateral nucleus of the hypothalamus, LC and limbic 

system (septal area, amygdala, mamillary bodies and hippocampus) (Day et al., 2004). 

In a review, Pacák & Palkovits (2001) compared the effects of different stressors 

(immobilization, cold, hypoglycemia, hemorrhage and pain) on c-fos immunoreactivity 

and showed that stressors do not differ only in the final response, but also in the neural 

circuits that elicit these responses. 

 

1.4. Paradoxical Sleep Deprivation 

 

Sleep is an active, reversible and fundamental state for life, characterized by 

reduction of consciousness and perception to external stimuli, which alternates with 

the waking state. In mammals, sleep can be divided, based on physiological 

parameters, into paradoxical sleep, also known as rapid eye movement sleep (REM) 

sleep, and non-REM sleep (stages N1, N2 and N3). During paradoxical sleep, brain 

waves have low amplitude and high frequency, similar to wakefulness. In addition, 

during this sleep phase there is loss of muscle tone and intense dream activity (Kryger 

et al., 2010). 

In animals, paradoxical sleep deprivation (PSD) was first used in 1964 by Jouvet 

and co-workers. The methodology employed was based on the muscle atonia, which 

is characteristic of the paradoxical sleep phase, in which a cat was placed on a flower-

pot inside a tank containing water. Thus, when entering into paradoxical sleep the 

animal presents muscular atonia, falling in and coming in contact with the water and 

awakening. Shortly thereafter, Cohen & Dement (1965) adapted this technique to 

rodents, being known as the single platform method (SPM). 

Since then, numerous studies have demonstrated the effects of PSD and its 

ability to trigger stress responses using the SPM. The reported stress responses range 

from the simplest presence of gastric ulcers (Murison et al., 1982), adrenal hypertrophy 

and thymus atrophy (Coenen & van Luijtelaar, 1985; Suchecki et al., 2003), 

components of the pathological triad proposed by Selye, to the most complex, as 

reduction of hippocampal neurogenesis (Mueller et al., 2008) and energy metabolism 

dysregulation, with higher expression of orexigenic neuropeptides, increased energy 
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expenditure and hyperphagia (Galvão et al., 2009; Hipólide et al., 2006; Koban & 

Swinson, 2005; Koban et al., 2006; Koban et al., 2008; Martins et al., 2010; Suchecki 

et al., 2003). However, the well-described and established stress response 

undoubtedly involves the HPA axis. Studies have shown changes at all levels of the 

axis, such as increased immunoreactivity for CRH in neurons of the PVN (Galvão et 

al., 2009; Koban et al., 2006), reduction of CRH receptors (reflecting increased release 

of CRH) in the pituitary gland (Fadda & Fratta, 1997), increased sensitivity of ACTH 

receptors in the adrenal glands compared to other stressors (Suchecki et al., 2002a; 

Suchecki et al., 2002b) and increased of ACTH and corticosterone plasma 

concentrations (Andersen et al., 2005; Galvão et al., 2009; Hipólide et al., 2006; 

Machado et al., 2008; Martins et al., 2010; McDermott et al., 2003; Mueller et al., 2008; 

Murison et al., 1982; Papakonstantinou et al., 2003; Suchecki et al., 1998; Suchecki 

2002a; Suchecki et al., 2002b, Suchecki et al., 2003). 

Another characteristic response of animals sleep deprived by the single platform 

method concerns the noradrenergic system and activation of the sympathetic nervous 

system. One day of PSD reduces noradrenaline concentrations in frontal cortex and 

posterior hypothalamus, whereas three days increases noradrenaline concentrations 

in posterior hypothalamus (Porkka-Heiskanen et al., 1995), as well as the enzyme 

tyrosine hydroxylase (Majumdar & Mallick, 2003), a limiting step of the catecholamines 

synthesis, and its messenger RNA in LC (Basheer et al., 1998; Porkka-Heiskanen et 

al., 1995). In addition, increased heart rate (also associated with increased 

catecholaminergic turnover in the pons and bulb) (Machado et al., 2008) and increased 

plasma concentrations of noradrenaline (Andersen et al., 2005) are observed after four 

days of PSD. Behavioral changes are also observed in this model. PSD rats show 

greater aggressiveness (Carlini et al., 1977; Sloan, 1972; Tufik et al., 1978), facilitation 

of sexual behavior (Damasceno et al., 2008, Ferraz et al., 2001, Velazquez-

Moctezuma et al., 1966), increased exploratory and locomotor activity (Perry et al., 

2008) and reduction of anxiety-like behavior (Martinez-Gonzalez et al., 2004; Pokk & 

Väli, 2001, Suchecki et al., 2002b). 

Over the years, the single platform technique was subjected to several 

modifications in an attempt to reduce the stressful stimuli associated with the method 

(individual housing, movement restriction). First, Van Hulzen & Coenen (1981) 

introduced a rat into a large water container with several platforms to reduce movement 
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restriction. This procedure was called multiple platforms method (MPM) but the animal 

still exhibited a high stress response (Coenen & Van Luijtellar, 1985). In 1994, in an 

attempt to prevent the social isolation of the method, Nunes & Tufik submitted 10 rats 

together, coming from different home-cages, to the MPM, developing the technique 

known as the modified multiple platform method (MMPM). However, animals submitted 

to MMPM displayed higher corticosterone levels than those exposed to SPM (Suchecki 

et al., 1998). Subsequently, Suchecki & Tufik (2000) showed that this increased stress 

response was due to social instability among animals. Once a stable group (rats living 

in the same home-cage) was subjected to the MMPM, the stress levels were 

attenuated.  

In addition to the platform method, other techniques were developed to induce 

PSD, such as disk-over-water (Rechtschaffen et al., 1983), however, regardless of the 

method, all of them trigger stress responses similar to those described for the SPM 

(Coenen & van Luijtelaar, 1985, Kushida et al., 1989, McDermott et al., 2003, Mueller 

et al., 2008, Rechtschaffen & Bergmann, 1995; Suchecki et al., 1998; Suchecki & Tufik, 

2000; Tiba et al., 2008).  Importantly, although the sleep deprivation platform method 

is associated with other stressors due to its environment, models were developed to 

serve as a control for these parameters. Platforms used for PSD are usually about 6.5 

cm (small platforms). In order to disentangle the effects of PSD from the effects of the 

environment, 14 cm platforms have been used (large platforms), under the assumption 

that thy prevent the animals from falling into the water during paradoxical sleep 

(Morden et al., 1967), but there is evidence of a certain degree of sleep deprivation, 

since the animals on the large platforms have sleep rebound after the deprivation 

period (Suchecki et al., 2000; Machado et al., 2004). Still, these rats have a paradoxical 

sleep loss (Machado et al., 2004). In the case of the MMPM, the environment control 

consisted of introducing a grid above the water level covering the entire floor, so that 

the animals could lay down, although they might be in contact with the water through 

the tails (Suchecki & Tufik, 2000). 

A summary of the studies on rodents reporting the induction of stress response 

by paradoxical or total sleep deprivation (with different methodologies) is presented in 

Table 1. 
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Table 1.1: Sleep deprivation studies (total or selective for paradoxical sleep deprivation) and their effects on stress physiology, neurobiology and behavior 

Reference Method of deprivation Length Variable 
Outcome (compared to control or 

otherwise specified) 

Control group / 

species 

1982 – Murison et al., 29(4): 

693 

SPM – PSD 

Handling / almost TSD 
24h 

Gastric ulcers 

CORT plasma levels 

↑ (vs. handling and HC) 

↑ 
HC control rats 

1983 – Tobler et al. Neurosci 

Lett 35(3): 297 

Forced locomotion in slowly 

rotating drums / TSD 

21.5 h and 2.5 h 

of recovery 
CORT plasma levels 

↑ after 21.5 h of TSD and = after 2.5 h of 

recovery 
HC control rats 

1983 – Abel et al., Brain Res 

Bull 11(6): 729 
SPM / PSD 

72 h and 24 h of 

recovery 

Binding to cortical β 

adrenoceptors 
= controls 

HC control and stress 

control (22 h/day in 

water for 3 days) rats 

1985 – Coenen & van 

Luijtelaar, Physiol Behav 35(4): 

501 

Pendulum method / PSD 

SPM / PSD 

Multiple platforms / PSD 

72 h 

Relative adrenal / thymus 

weight 

Body weight 

Gastric ulcers 

↑ in all methods and respective controls (vs. 

HC) 

↓ in all methods and control for SPM (vs. HC) 

= controls 

 

1989 – Kushida et al., Sleep 

12(1): 22 
DOW / PSD Until death 

Relative adrenal weight 

Heart rate 

↑ 

↑ 
Yoked control rats 

1991 – Patchev et al., Homeost 

Health Dis 3(3): 97 
SPM / PSD 7-9 days 

Food intake / Body weight 

Rectal Temperature 

CORT plasma levels 

↑ / ↓ 

↓ 

↑ 

Note: based on 

information given in 

the abstract. The 

paper is inaccessible 

1994 – Sallanon-Moulin et al., 

Mol Brain Res 22(1/4): 113 
SPM / PSD 

24 h and 4 h of  

recovery 

Glutamine synthase 

CORT plasma levels 

↑ Cortex and LC / ↓ rebound 

↑ / ↓ rebound 

Individual HC control 

rats 

1994 – Brock et al., Physiol 

Behav 55(6): 997 
SPM / PSD 96 h 

NA levels 

Body weight / Food intake 

Time of immobility 

↑ Parietal cortex (vs. HC) and lateral HPT 

↓ 

↑ 

HC and LP control rats 

1995 – Porkka-Heiskanen et 

al., Am J Physiol 268 (6 Pt 2): 

R1456 

SPM / PSD 8 h, 24 h, 72 h 

NA levels 

 

Tyrosine hydroxylase 

mRNA 

- 24 h - ↓ neocortex, hippocampus, posterior 

hypothalamus, 72 h - ↑  levels 

- 72 h - ↑ levels in LC 

HC control rats 

1997 – Fadda & Fratta, 

Pharmacol Res 35:443 
SPM / PSD 72 h 

CRH hypothalamic content 

CRH receptors 

↑ striatum, limbic areas and pituitary, ↓ 

hypothalamus 

↓ striatum and pituitary 

HC control rats 
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1998 – Hipólide et al., 

Neuroscience 86(3): 977 
MMPM / PSD 96 h 

Autoradiography of α and β 

adrenoceptors in the brain 

α1 and α2 receptors = HC 

↓ β1 and β2 anterior olfactory nucleus, lateral 

septum, dentate gyrus, entorhinal cortex, 

amygdala-hippocampal nucleus and 

infralimbic cortex 

Group HC control rats 

1998 – Suchecki et al., J Sleep 

Res 7(4): 276 

SPM and mixed groups in 

MMPM / PSD 
24 h and 96 h 

ACTH plasma levels 

CORT plasma levels 

24 h = HC and LP / ↑ 96 h 

↑ 24 h and 96 h 

Individual and group 

LP rats 

2000 – Suchecki & Tufik, 

Physiol Behav 68: 309 
MMPM / PSD 96 h 

ACTH and CORT plasma 

levels 

Relative adrenal weight 

= / ↑ SPM and grid 

↑ (vs. HC and grid) 

Grouped HC and grid 

control rats 

2001 – Hairston et al., Neurosci 

Lett 315(1/2): 29 
Gentle handing / TSD 

70, 90, 140 or 

180 min 
CORT plasma levels ↑ in 12-, 16-, 20- and 24-day old pups HC, separated rat pup 

2002 – Campbell  et al., J 

Neurophysiol 88(2): 1073 

 

Forced locomotion in slowly 

rotating drums / TSD 
12 h 

CORT plasma levels 

Hippocampal LTP 

↑ 

↓ 

Rats placed inside 

non-rotating drums 

2002 – Meerlo el al., J 

Neuroendocrinol 14(5): 397 

Forced locomotion in slowly 

rotating wheels / TSD 
48 h 

ACTH plasma levels 

CORT plasma levels 

Hormone response to 

restraint 

↑ by 24 h, = by 48 h 

↑ by 6 h and remained ↑ 

↓ ACTH / = CORT 

Rats placed in non-

rotating wheels 

2002 – Pokk & Väli, Prog 

Neuropsychopharmacol Biol 

Psychiatry 26(2): 241 

SPM / PSD 24 h 
Anxiety-type behavior in 

EPM 
↓ HC control mice 

2002a – Suchecki et al., J 

Neuroendocrinol 14(7): 549 
SPM and MMPM / PSD 96 h 

Time course of ACTH 

response to EPM 

Time course of CORT 

response to EPM 

Anxiety-type behavior 

↑ post-PSD / = stress response 

↑ post-PSD / ↓ MMPM 

↓ MMPM / = flower-pot, ↑ individual controls 

HC, individual control 

and grid control rats 

2002b – Suchecki et al., 

Neurosci Lett 320(1/2): 45 
SPM and MMPM / PSD 96 h 

Time course of ACTH 

response to saline injection 

Time course of CORT 

response 

↑ post-PSD / = stress response 

↑ post-PSD, ↑ 5 min, ↓ 20 and 60 min 

HC and grid control 

rats 
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2003 – Irie et al., Int Arch 

Allergy Immunl 130(4): 300 
SPM / PSD 72 h 

Immediate asthmatic 

response 

Late asthmatic response 

Histamine plasma levels 

Adrenaline plasma levels 

↑ 

↑ 

↓ 

↑ 

HC and LP control rats 

2003 – McDermott et al., J 

Neurosci 23(29): 9687 
SPM and MMPM / PSD 72 h 

CORT plasma levels 

Contextual fear conditioning 

Cue fear conditioning 

↑ (vs. HC) 

Impaired 

= 

HC and LP control rats 

Note: LP group 

exhibited elevated 

CORT plasma levels 

compared to HC 

controls 

2003 – Majumdar & Mallick, 

Neurosci Lett 338(3):193-6 
SPM / PSD 

6 days of PSD 

and 72 h of 

sleep recovery 

Tyrosine hydroxylase in LC 

Glutamic acid 

decarboxylase in LC 

↑ 

↑ 
HC and LP control rats 

2003 – Suchecki et al., J 

Neuroendocrinol 15(9): 815 
SPM / PSD 96 h 

ACTH / CORT plasma 

levels 

Relative adrenal weight 

Body weight 

Food intake 

Sucrose intake 

↑ / ↑ 

↑ 

↓ 

↑ 

↑ 

HC control rats 

2003 – Papakonstantinou et al., 

Physiol Behav 78(4-5): 759 
SPM / PSD 48 or 96 h 

CORT plasma levels 

Body temperature 

TNF-α 

↑ 2 and 4 days 

↑ 2 days 

↓ 4 days 

HC control rats 

2004 – Martinez-Gonzalez et 

al., Sleep 27(4): 609 
Multiple platforms / PSD 5 days 

Fear-related behaviors: 

EPM (time in open arms) 

OF (time in center) 

Shock-induced freezing 

Defensive burying 

↑ 

↑ 

↓ 

↑ 

LP control rats 

2005 – Andersen et al., J Sleep 

Res 14(1): 83 
SPM / PSD 

96 h of PSD and 

96 h of sleep 

recovery 

Prolactin plasma levels 

ACTH and CORT plasma 

levels 

↑ day 4 and ↓ R1 

↑ day 1-day 4 and ↓ R1 

↑ day 4 and ↓ R1 

Grouped HC control 

rats 
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Noradrenaline plasma 

levels 

2005 – Kim et al., Neurosci Lett 

388(3): 163 
SPM / PSD 5 days 

CORT plasma levels 

LTP in hippocampal CA1 

= 

↓ 
LP control rats 

2006 – Cirelli et al., J 

Neurochem 98(5): 1632 
DOW / TSD 7 days 

Gene transcripts in cerebral 

cortex, stress response 

proteins: macrophages 

inhibitor factor-related 

protein 14, heat-shock 

protein 27, alpha-B-

crystallin 

↑ HC and yoked rats 

2006 – Hipólide et al., J 

Neuroendocrinol 18(4): 231 
SPM / PSD 

96 h of PSD and 

96 h of sleep 

recovery 

Body weight 

Food intake 

Insulin plasma levels 

ACTH plasma levels 

CORT plasma levels 

↓ in PSD / = recovery 

↑ in PSD / = recovery 

↓ in PSD / ↓ recovery 

↑ in PSD / = recovery 

↑ in PSD / ↑ recovery 

Individual HC control 

rats 

2006 – Koban et al., 

Endocrinology 147(1): 421 
SPM / PSD 5, 10, 20 days 

CRH immunoreactivity and 

mRNA expression 
↑ at days 5 and 10 (peak ate day 5) 

Grouped HC control 

rats 

2006 – Kopp et al., J Neurosci 

26(48): 12456 

Gentle handling by knocking 

on the cage and nesting 

change / TSD 

4 h CORT plasma levels = 
Grouped HC control 

mice 

2006a – Palchykova et al., 

Neurobiol Learn Mem 85(3): 

263 

Gentle handling and nest 

change / TSD 
6 h 

ACTH and CORT plasma 

levels 
↑ / ↑ 

Grouped HC control 

mice 

2006b – Palchykova et al., 

Physiol Behav 87(1): 144 
Gentle handling / TSD 30 min or 4 h 

ACTH and cortisol plasma 

levels 
= / = 

Novelty (30 min) and 

HC hamsters 

2006 – Sgoifo et al., 

Psychoneuroendocrinology 

31(2): 197 

Forced locomotion in slowly 

rotating drums / TSD 
48 h 

ACTH and CORT plasma 

levels 

ACTH and CORT response 

to restraint 

Heart rate 

↑ / ↑ 

↓ / = 

↑ 

HC rats 
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2006 – Wada et al., Brain Res 

Bull 69(4): 388 

Gentle handling with a soft 

brush / TSD 
6 h 

Heat shock protein 70 

mRNA in the hippocampus 
↑ HC control rats 

2007 – Fenzl et al., J Neurosci 

Methods 166(2): 229 

Gentle handling and 

automated rotating drum / 

TSD 

6 h CORT plasma levels = 

HC mice 

Note: levels of sleep-

deprived mice were 

twice as that control, 

but probably due to the 

high variability, no 

statistical difference 

was detected 

2007 – Sánchez-Alavez et al., 

Brain Res 1158(1): 71 

Gentle handling, 

introduction of novel objects 

/ TSD 

24 h 
ACTH and CORT plasma 

levels 
↑ / ↑ 

Baseline levels 

Prion protein knock-

out mice 

2008 – Everson et al., Am J 

Physiol 295(6): E2067 
DOW / TSD 5 or 10 days CORT plasma levels = 

Yoked rat 

Note: baseline levels 

were extremely high 

(four-fold the 

acceptable non-stress 

value). Yoked and 

sleep-deprived rats 

exhibited similarly high 

values 

2008 – Machado et al., 

Psychoneuroendocrinology 

33(9): 1211 

SPD / PSD 96 h 

ACTH and CORT levels 

Prolactin plasma levels 

Heart rate 

↑ / ↑ 

↑ 

↑ 

HC control rat 

2008 – Mueller et al., Am J 

Physiol 294(5): R1693 
SPM and MMPM / PSD 96 h 

CORT plasma levels 

Hippocampal neurogenesis 

↑ 

↓ 

HC control and stress 

control rat 

2008 – Tiba et al., Sleep 31(4): 

505 
MMPM / PSD 96 h 

CORT plasma levels 

Contextual fear conditioning 

↑ 

Impairment 

HC control rat placed 

in the water tank for 1 

h/day 
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2009 – Galvão et al., 

Psychoneuroendocrinology 

34(8): 1176 

SPM / PSD 96 h 

ACTH and CORT plasma 

levels 

CRH immunoreactivity 

Orexin immunoreactivity 

↑ / ↑ 

↑ 

↑ 

HC control rat 

2009 – Tartar et al., Behav 

Brain Res 197(2): 450 

Forced locomotion on the 

treadmill / TSD 
24 h 

CORT plasma levels 

Behavior in the OF 

↑ 

↓ anxiety 

Exercise control and 

HC control rat 

2010 – Hagewoud et al., J 

Sleep Res 19(2): 280 

Gentle handling by knocking 

on the cage and nesting 

change / TSD 

6 or 12 h 

CORT plasma levels 

Spatial working memory 

AMPA GluR1 / AKAP150 

protein in hippocampus 

= 

Impairment 12 h (vs. HC) 

↓ / ↓ 12 h (vs. HC) 

Grouped HC control 

mice 

2010 – Martins et al., Am J 

Physiol Endocrinol Metab 

298(3): E726 

SPM - PSD 

24, 48, 72 and 

96 h / 96 h of 

PSD and 24 h of 

sleep recovery 

Body weight 

Food intake 

Hypothalamic mRNA levels: 

NPY 

Prepro-orexin 

Glucagon serum levels 

CORT serum levels 

NA serum levels 

 

↓ 48, 72 and 96 h / = recovery 

↑ 72 and 96 h / ↓ recovery 

↑ 48, 72 and 96 h / = recovery 

↑ 24, 48, 72 and 96 h / = recovery 

↑ 48, 72 and 96 h / = recovery 

↑ 24, 48, 72 and 96 h / = recovery 

↑ 48, 72 and 96 h / = recovery 

Container control rats 

2010 – Mongrain et al., Sleep 

33(9): 1147 
Gentle handling 6 h CORT plasma levels ↑ 

HC control mice 

Note: three different 

strains were used: 

C57BL/6J, AKR/J, 

DBA/2J 

2010 – Patti et al., Sleep 

33(12): 1669 

Multiple platforms – PSD 

Gentle handling – TSD 

72 h 

6 h 

Memory tasks: 

Plus-maze discriminative 

avoidance task and Passive 

avoidance task 

Impairment in both tasks after 72 h of PSD 

(pre-training or pre-test) 

Impairment in both tasks after 6 h of TSD 

(pre-training / pre-test or pre-training plus 

pre-test) 

Grouped HC control 

mice 

2011 – Liu et al., Behav Brain 

Res 219(1):98 
SPM - PSD 96 h 

Acoustic startle response 

Prepulse inhibition 

 

= 

↓ 

HC control and LP 

control rats 
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2011 – Leenaars et al., J 

Neurosci Methods 196(1):107 

Automated rotating drum / 

TSD 
12 h 

Brain dialysate CORT 

levels 

Locomotor activity 

Operant task 

= 

= 

↓ 

HC rats 

2011 – Chowdhury et al., 

Neurobiol Learn Mem 95(3): 35 

Gently handling by tactile 

stimulation, presenting 

novel objects and shaking 

the cage / TSD 

6 h Trace-conditioned memory Impairment 
HC control and stress 

control rats 

2011 – Visniauskas et al., Biol 

Chem 392(6): 547 
MMPM / PSD 

96 h / 96 h of 

PSD and 24, 48 

and 96 h of 

sleep recovery 

Angiotensin I-converting 

enzyme mRNA and activity 

in hypothalamus, 

hippocampus and 

brainstem 

Hypothalamus ↓ / = 96 h recovery (mRNA 

and activity) 

Hippocampus and brainstem ↓ (only mRNA) 

 

HC control rats 

2011 – Lim et al.,  Neuroreport 

22(10): 489 
SPM / PSD 72 h 

D1, D2 and D3 receptor 

binding in striatum 

D1 ↓ 

D2 = 

D3 ↑ 

HC control mice 

2011 – Zant et al., Brain Res 

5;1399: 40 

Gentle handling, 

introduction of novel objects 

/ TSD 

6 h 

Serotonin / Dopamine 

metabolite levels in basal 

forebrain 

CORT levels in basal 

forebrain 

↑ / ↑ (vs. baseline) 

= 

HC control rats 

Note: Control values 

were also obtained 2 

days before SD and 2 

days later 

2011 – Kitka et al., Neurochem 

Int 59(5): 686 
SPM / PSD 

72 h / sleep 

recovery 

MCH + cFos / orexin + cFos 

double 

immunohistochemistry in 

hypothalamus 

↑ (during sleep recovery) / ↓ (during sleep 

recovery) 

HC control and LP 

control rats 

2012 – Hajali et al., Behav 

Brain Res 228(2): 311 
Multiple platform / PSD 72 h 

Spatial learning 

CORT plasma levels 

Anxiety-like behavior 

= (male) / impairment  (intact and 

ovariectomized female) 

↑ 

↓ 

HC control rats 

2012 – Porter et al., PLoS One 

7(7): e40128 
Multiple platform / PSD 24 and 72 h 

Body weight 

CORT plasma levels 

Adrenal weight 

↓ 

↑ 24 h / = 72 h 

= 

HC control rats 
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2012 – Lungato et al., Biochim 

Biophys Acta 1820(12): 1997 
MMPM / PSD 

12, 24, 36, 48, 

60 and 72 h 

Cytosolic Ca(2+) in splenic 

immune cells 
↓ (progressive) HC control mice 

2012 – Hirotsu et al., PLoS 

One 7(11): e51183 
MMPM / PSD 48 h 

IL-10 plasma levels 

CORT plasma levels 

↓ 

= 
HC control mice 

2012- Cohen et al., 

Neuropsychopharmacology. 

37(11): 2388 

Gentle handling 6 h 

CORT 

EPM 

ASR 

GR immunoreactivity in the 

hippocampus 

Dendritic morphology 

↑ (immediately after SD) 

= 

= 

= 

= 

HC control rats 

2013 – Pires et al., Prog 

Neuropsychopharmacol Biol 

Psychiatry 41 :6 

MMPM / PSD 

Gentle handling / TSD 

96 h 

6 h 

Anxiety-like behavior by 

grooming analysis 
Fragmented framework grooming HC control rats 

2013 – Machado et al., PLoS 

One 8(5): e63520 
SPM / PSD 

4 days / 3 days 

of sleep 

recovery 

ACTH plasma levels 

CORT plasma levels 

↑ 

↑ 
Container control rats 

2014 – Naidoo et al., Aging Cell 

13(1):131 
Gentle handling 6 h 

CORT plasma levels 

Glucose plasma levels 

Insulin plasma levels 

↑ 

↑ 

↑ 

HC control mice 

Note: young and old 

animals were used in 

this study 

2014 - Mueller et al., Brain 

Behav Immun 35: 182 
MMPM / PSD 72 h 

Body weight 

CORT serum levels 

Cell proliferation and 

neurogenesis in the 

hippocampus 

↓ 

↑ 

↓ 

HC control mice 

2015 - Arthaud et al., J Sleep 

Res 24(3): 309 
SPM / PSD 

52 h and 48 h / 4 

h of sleep 

recovery 

CORT plasma levels 

Orexin + fos 

immunoreactivity in 

hypothalamus 

MCH + fos 

immunoreactivity in 

hypothalamus 

↑ 52 h PSD / = recovery 

↑ 52 h PSD / = recovery 

= 52 h PSD / ↑ recovery 

HC control mice 
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2015 – De Lorenzo et al., 

Psychoneuroendocrinology 57: 

134 

MMPM / PSD 24, 48 and 72 h 

CORT plasma levels 

Natural killer / natural killer 

T splenic cells 

Beta 2-adrenergic receptors 

expression in natural killer 

cells 

↑ 24, 48 and 72 h PSD 

↓ 72 h PSD / ↓ 24, 48 and 72 h PSD 

↑ 48 h PSD 

HC control mice 

2015 – Wallace et al., Brain 

Res 1615: 116 

Tactile stimulation (Smart 

Cage system) / TSD 
3 days 

CORT serum levels 

Spatial learning 

 

= 

Impairment 

Smart Cage (with no 

tactile stimulation) 

control mice 

2015 – Gross et al., J Neurosci 

Methods 251: 83 

Air puffs / TSD 

Gentle handling / TSD 

8 h 

8 h 

ACTH plasma levels 

CORT plasma levels 

= 

= 
HC control rats 

2015 – Hajali et al., Neurobiol 

Learn Mem 123: 140 
MMPM / TSD 48 h 

CORT plasma levels 

Spatial memory 

BDNF gene and protein 

expression in the 

hippocampus 

= 

↓ 

↓ 

HC control and LP 

control rats 

2016 - Ravassard et al., Cereb 

Cortex 26(4): 1488 

Cage slightly inclined when 

PS starts (continuously 

monitoring polygraphic 

recordings) / PSD 

4 h and 4 h / 2.5 

h of sleep 

recovery 

CORT plasma levels 

Contextual fear conditioning 

Egr1 expressing neurons in 

dorsal hippocampus (CA1) 

= 

Impairment 4 h PSD / Improvement recovery 

↓ 4 h PSD / ↑ recovery 

 

HC control rats 

2016 – Melo & Ehrlich, 

Neurobiol Learn Mem 132:9 
Gentle handling / TSD 5 h 

CORT serum levels 

Memory consolidation 

= 

Impairment 
HC control rats 

2017 – Dispersyn et al., J 

Sleep Res 26(5):531 
Activity wheel / TSD 24 h 

CORT serum levels 

Adrenal weight 

Body weight 

= 

= 

= 

HC control mice 

Table 1.1: Abbreviations: ACTH: adrenocorticotropic hormone; ASR: acoustic startle response; CORT: corticosterone; CRH: corticotropin releasing hormone; 
DOW: disk over water; EPM: elevated plus maze; GR: glucocorticoid receptor;  HC: home cage; LC: locus coeruleus; LP: large platform; LTP: long-term 
potentiation; MCH: melanin concentrating hormone; MMPM: modified multiple platform method; NA: noradrenaline; NPY: neuropeptide Y; OF: open field; PSD: 
paradoxical sleep deprivation; SD: sleep deprivation; SPM: small platform method; TSD: total sleep deprivation. 
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Analysis of these studies indicate that procedures longer than 12 h lead to 

activation of the HPA axis and induction of other stress responses. Nonetheless, there 

is still a great deal of criticism towards the platform method, as to whether thee stress 

responses are due to the loss of sleep or to other stressor stimuli associated with the 

method. 
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2. OBJECTIVES AND EXPERIMENTAL DESIGNS 

 

2.1. Objectives 

 

2.1.1. General objectives 

 

The general goals of this study were to demonstrate that PSP is in fact a stressor 

and that the stress responses observed are due to sleep loss. In addition to 

characterizing the stressful nature of PSP, through indirect comparison with stressors 

of different natures. 

 

2.1.2. Specific objectives 

 

The specific objectives were: 1) to determine ACTH and corticosterone plasma 

levels; 2) evaluate CRH and AVP expression in the PVN and ME; 3) quantify 

noradrenaline, dopamine and serotonin levels in different brain structures (prefrontal 

cortex, hypothalamus, amygdala, dorsal and ventral hippocampus); and 4) analyze the 

expression of EGR1 in different brain regions (pre-limbic, infra-limbic, rostral region 

and caudal region of cingulate cortex; basolateral and central amygdala; and 

paraventricular nucleus of the hypothalamus) in rats subjected to different single/short 

length or repeated/long length stressors (cold, restraint, predator odor and paradoxical 

sleep deprivation). 

 

2.2. Experimental designs 

 

This study was divided into two experiments. In the first experiment, the animals 

were distributed into eight groups of 13 animals each, according to the stressor (home 

cage / cold / restraint / predator odor) and frequency of stress exposure (single / 

repeated - four times, once per day; Figure 2.1).  

In the second experiment, the animals were distributed in six groups of 13 

animals each, according to the procedure to which they were submitted (container 

control / large platform / small platform /) and to the length of exposure (one day / four 

days; Figure 2.2). 
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Figure 2.1: Experimental protocol of Experiment 1. Wistar rats (n = 104) were submitted to different 
stress methods and evaluated at neurochemical and endocrine readouts. HCs: home cage – single; 
HCr: home cage – repeated; Cs: cold – single; Cr: cold – repeated; Rs: restraint – single; Rr: restraint – 
repeated; POs: predator odor – single; POr: predator odor – repeated. 
 

 

Figure 2.2: Experimental protocol of Experiment 2. Wistar rats (n = 78) were submitted to paradoxical 
sleep deprivation and evaluated at neurochemical and endocrine readouts. CC1: container control – 1 
day; C4: container control – 4 days; LP1: large platform – 1 day; LP4: large platform – 4 days; SP1: 
small platform – 1 day; SP4: small platform – 4 days.
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3.1. Introduction 

 

Stress can be defined as an uncontrollable and unpredictable situation that 

surpasses the regulatory capacity of an individual (Koolhaas et al., 2011). The 

hypothalamic -pituitary-adrenal (HPA) axis is the main neuroendocrine stress response 

system. Corticotropin releasing hormone (CRH) and arginine-vasopressin (AVP) 

producing cells are located in the parvocellular region of the paraventricular nucleus of 

the hypothalamus (PVN) (Kiss et al., 1984; Sawchenko et al., 1984). In the presence 

of a stressor, CRH and AVP are secreted from the parvocellular cells of PVN in the 

median eminence reaching the anterior pituitary and stimulating the release of 

adrenocorticotropic hormone (ACTH), which, in turn, activates the adrenal cortex 

resulting in glucocorticoids release (Antoni, 1986; Swanson & Sawchenko, 1980). 

Glucocorticoids lead to cardiovascular and metabolic changes to prepare the individual 

to cope with the stress situation (Sapolsky et al., 2000). 

The magnitude and time course of the HPA axis stress response may serve as 

a parameter to determine the nature of the stressor (Koolhaas et al., 2011). Stressful 

stimuli are classified according to their nature into 1) physical: causing direct 

physiological changes to allows recovery of homeostasis; 2) psychological, stimuli 

which are perceived as a threat, factual or eminent, by the individual, and 3) mixed, 

stressors that  present both physical and psychological components (Dayas et al., 

2001; Pacák & Palkovits, 2001).  
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Acute exposure to cold, a typical physical stressor, induces greater 

corticosterone (CORT) release, compared to other acute stressors (Palma et al., 

2000), while stimuli with a psychological component tend to produce attenuated CORT 

(Andersen et al., 2004; Anisman et al., 2001; Koolhaas et al., 2011) and higher ACTH 

secretion (Pacák et al., 1998, Palma et al., 2000). However, few studies simultaneously 

compared the stress responses to different stimuli under similar experimental 

conditions. It is costumery to find reviews that compile different studies in order to make 

this comparison (Bali & Jaggi, 2014; Koolhaas et al., 2011; Pacák & Palkovits, 2001). 

After comparing different stress models, such as immobilization, restraint, electric foot 

shock and social isolation, Bali & Jaggi (2014) concluded that there is a great 

inconsistency in the biochemical, behavioral and physiological results due to 

differences in the stress protocols (intensity and duration), requiring a standardization 

of the models. However, some situations, such as paradoxical sleep deprivation (PSD), 

have been regarded as stressful, but its nature has not yet been characterized. 

There are a great many studies showing that exposure of animals to PSD results 

in the activation of the HPA axis, regardless of the method used (Coenen & van 

Luijtelaar, 1985, Kushida et al., 1989, McDermott et al., 2003, Mueller et al., 2008, 

Rechtschaffen & Bergmann, 1995; Suchecki et al., 1998; Suchecki & Tufik, 2000; Tiba 

et al., 2008). The single platform method (Cohen & Dement, 1965) is one of these 

methods and the data show activation of the HPA axis at its different levels. PSD 

increases the levels of corticotrophin-releasing hormone (CRH) in the limbic system 

and pituitary, reduces the hypothalamic content and the binding of CRH receptor-type 

1 in the pituitary (Fadda & Fratta, 1997), and increases CRH immunoreactivity in the 

PVN after 5 (Koban et al., 2006) and 4 days (Galvão et al., 2009) of PSD. Animals 

subjected to 24 h of PSD have increased levels of CORT (Martins et al., 2010; 

Sallanon-Moulin et al., 1994; Murison et al., 1982; Suchecki et al., 1998), whereas 96 

h leads to increased ACTH levels, in addition to CORT (Andersen et al., 2005; Galvão 

et al., 2009; Hipólide et al., 2006; Machado et al., 2008; Machado et al., 2013; Suchecki 

et al., 1998; Suchecki et al., 2003). Despite this evidence, there is a debate on whether 

these changes are due to the stressful stimuli associated with the method or to the loss 

of sleep. The inclusion of an environmental control group to overcome this problem, 

involving the use of large platforms onto which rats could sleep, has yielded 

controversial results, mainly because under this condition animals are sleep deprived 
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to a lesser extent (Machado et al., 2004).  Thus, the aim of this study was to evaluate 

the HPA axis stress response at all levels of the axis in animals subjected to PSD and 

indirectly compare the findings with the stress response of animals subjected to 

stressors of different natures (cold: physical; predator odor: psychological; and 

restraint: mixed), in order to determine the stress nature of PSD. Cold and restraint 

were chosen as physical and mixed stressors, respectively, as they mimic stimuli 

present in the SPM for PSD. 

 

3.2. Methods 

 

3.2.1. Subjects 

 

Male Wistar rats (235-450 g), 90 days-old (n = 182), from Centro de 

Desenvolvimento de Modelos Experimentais para Medicina e Biologia (CEDEME) of 

Universidade Federal de São Paulo (UNIFESP) were used. The animals were kept in 

a controlled environment, with 12 h light/12 h dark cycle (lights on at 7:00 a.m.) and 

temperature of 23 ± 1°C. All animals were housed individually in plastic cages for three 

days before the onset of the experiments (CEUA No. 1871160914). 

 

3.2.2. Experiments / Groups 

 

Experiment 1: The animals were distributed in 8 groups, based on the stress 

procedure and the frequency to which they were submitted: home cage - single (HCs); 

home cage - repeated (HCr); cold - single (Cs); cold - repeated (Cr); restraint - single 

(Rs); restraint - repeated (Rr); predator odor - single (POs) and predator odor - 

repeated (POr).  

Experiment 2: The animals were distributed in 6 groups: container control - 1 

day (CC1); container control - 4 days (CC4); large platform - 1 day (LP1); large platform 

- 4 days (LP4); small platform - 1 day (SP1); small platform - 4 days (SP4).  

In both experiments, each group consisted of 13 animals. The repeated (or 4 

day-long) protocols started three days before the single stress protocol, thus all 

animals were euthanized on the same day. 
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3.2.3. Stress procedures 

 

3.2.3.1. Cold 

 

The animals were housed individually in metal wire cages and placed in a 

horizontal freezer set at -4°C ± 2°C with the door partially opened for ventilation, for 1 

h. The temperature was chosen based on the activation of areas related to physical 

stress (Pacák & Palkovits, 2001). Exposure to cold began at 08:00 a.m. 

 

3.2.3.2. Restraint 

 

The animals were kept in plastic cylinders (21 cm length x 6 cm diameter) for 1 

h (Palma et al. 2000), beginning at 08:00 a.m. One end of the cylinder was closed with 

wire mesh and after the animal entered the cylinder a wooden door (with a small hole 

to accommodate the tail) closed the other end. Importantly, similar sized animals were 

used to make sure that there was no difference in intensity of restraint between them. 

 

3.2.3.3. Predator odor 

 

Each animal was exposed, in its own cage, to a petri dish containing 

approximately 60 g of sand with cat urine. This sand was obtained from the litter box 

of two male domestic cats used during the two days prior to the experiment and the 

feces were removed from the sand. Exposure to predator odor began at 08:30 h and 

lasted for 30 min. In the protocol of repeated exposure, the animals were housed in a 

clean cage, after the end of each session. 

 

3.2.3.4. Paradoxical sleep deprivation 

 

PSD was performed by the SPM. Each rat was housed in one container (22 cm 

length x 22 cm width x 35 cm height) filled with water, onto a platform with 6.5 cm 

(small platform) in diameter (Cohen & Dement, 1965). The platform remained 

immersed in water up to 1.0 cm from its top edge. Food (side feeder) and water 
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(located in the upper part of the container) were available ad libitum. In the stress 

control group, the rats were accommodated in the same way as the SPM, but on 

platforms with 14.0 cm (large platform) in diameter, as a way to prevent them from 

falling into the water during paradoxical sleep (PS), although previous data show that 

there is also considerable loss of PS, including PS rebound in the recovery period 

(Machado et al., 2004). The control group was kept in the same experimental 

environment as the other groups, but instead of water, the container was lined with 

corn cob. The animals were habituated to their experimental environments for 60 min 

/ day for three days before the beginning of the experiments. PSD started at 09:00 a.m. 

and lasted 24 hours or 96 hours. 

 

3.2.4. Body weight 

 

Animals were weighed before the beginning (initial weight) and after the last 

stress session (final weight). The percentage of body weight variation was calculated 

by the following equation: [(final weight - initial weight) / initial weight] x 100. 

 

3.2.5. ACTH and CORT plasma concentrations / Adrenal responsivity 

 

After the end of the stress protocol, one part of the animals (n = 8/group) was 

decapitated and the trunk blood was collected in tubes containing 0.1 mL of 6% 

ethylenediaminetetraacetic acid (EDTA). The blood was centrifuged at 1316 g for 20 

min at 4°C and the plasma was separated into two aliquots.  ACTH concentrations 

were determined by enzyme-linked immunosorbent assay (ELISA) (Phoenix 

Pharmaceuticals, Inc., USA). The test was performed according to the instructions 

provided by the manufacturer's catalog. The sensitivity of the test is 0.08 ng/mL, 

ranging from 0 to 25 ng/mL; the intra-assay variation is <10% and inter-assay variation, 

<15%. CORT concentrations were determined by mass spectrometry method 

(Waters® QuatroMicro, Kinetex® column 50 x 2.10 mm, 2.6 μm, mobile phase 

methanol/water, flow 0.2 mL/min). Adrenal responsivity was calculated by dividing the 

CORT plasma concentration by the ACTH plasma concentration, to estimate the 

amount of ACTH that would result in the CORT output. 
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3.2.6. Immunocytochemistry 

 

Immediately after the end of each stress procedure, the remaining animals (n = 

5/group) were anesthetized with thiopental. After thoracic opening and clamping of the 

abdominal aorta, cardiac puncture was performed and the perfusion by gravity of 150 

mL of saline solution with heparin (to wash the brain of the animal) started. 

Subsequently, 150 ml of formalin solution (4% buffered formaldehyde) was infused. 

After fixation, the entire head was immersed in formalin solution for 24 h at 4°C. Then, 

the brains were removed from the skull and immersed in 30% sucrose solution, until 

they sank. Next, the brains were dried to remove all excess sucrose solution, immersed 

in cryostat embedding solution (Tissue Tek), frozen in isopentane (-80°C) and stored 

in the freezer (-80°C) for later processing. All immunocytochemical reactions were 

performed in the Neurobiology Laboratory at Morgan State University, under 

supervision of Dr. Gloria Hoffman, using the Pelco BioWave Pro histological 

microwave with SteadyTemp recirculating water bath, following the protocol described 

below (Hoffman et al., 2008). The brains were cut into 30 μm slices in the microtome, 

which were kept in wells filled with antifreeze solution (sucrose, ethylene glycol and 

polyvinylpyrrolidone) (Watson et al., 1986) and stored at -20°C for subsequent free-

floating immunocytochemical techniques. Briefly, the sections were rinsed in 

phosphate buffered saline (PBS) and then incubated with rabbit anti-CRH (1:100,000) 

(PBL # rC68, gift from Dr. Roger Guillemin, Salk Institute) or rabbit anti-AVP 

(1:300,000) (Miles; cat: 647171) in PBS with 0.4% Triton X-100 for 1 h at room 

temperature on a rotator at 55 rpm and subsequent for 48 h at 4 C. After a new rinsing 

in PSB, the sections were incubated for 19 min at room temperature in biotinylated 

goat anti-rabbit IgG (Abcam; cat: ab6720) at a concentration of 1:600 in PBS with 0.4% 

Triton X-100, rinsed again in PBS, and then incubated in avidin-biotin complex solution 

(VECTASTAIN Elite ABC HRP Kit; cat: PK-6100) diluted in PBS with 0.4% Triton X-

100 at room temperature for 19 min. Next, the tissues were rinsed in PBS and then 

Tris buffer (pH 7.2). NiDAB (DAB Peroxidase HRP Substrate Kit, with Nickel, 3,3’-

diaminobenzidine; cat: SK-4100) was used for revelation (20 min of staining time). The 

sections were rinsed in Tris buffer to stop the reaction and mounted onto gelatin-
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subbed slides. The slides were dried overnight, dehydrated through alcohols, cleared 

with xylene, and coverslipped.  

The images were captured by a 10x objective of a microscope equipped with a 

digital camera (Olympus DP71, Japan). Immunoreactivity was quantified bilaterally 

using ImageJ software (National Institute of Health) and represented by the percentage 

of the region of interest (% ROI): [(labeled area/total area] x 100. Brain areas were 

anatomically defined according to Paxinos and Watson atlas of the rat brain (2018): 

PVN (bregma – 1.92 mm), central amygdala (CeA) (bregma – 2.04 mm) and median 

eminence (ME) (bregma – 2.28 mm). 

 

3.2.7. Statistical analysis 

 

Statistical analysis was performed with the software Statistica 12.0 (StatSoft, 

USA). For all analyzes, two-way ANOVA parametric test was applied, with the factors 

Group (Home Cage, Cold, Restraint, Predator Odor) and Frequency (Single, 

Repeated), for Experiment 1, and Group (Container Control, Large Platform, Small 

Platform) and Length (1 day, 4 days), for Experiment 2. When necessary, Newman-

Keuls post hoc test was used, and the level of significance was set at p < 0.05. 

Pearson's correlation test was applied to evaluate the correlations between CRH 

expression in PVN and in the CeA. 

 

3.3. Results 

 

3.3.1. Body weight 

 

3.3.1.1. Experiment 1 

 

ANOVA revealed main effects of Group (F3,96 = 12.66, p < 0.001) and Frequency 

(F1,102 = 8.37, p < 0.005) (Fig. 3.1). All stimuli decreased body weight gain compared 

to HC (p < 0.05) and cold resulted in the largest reduction, compared to all other 

stressors (p’s < 0.005). Moreover, body weight gain was lower after repeated than after 

single exposure (p < 0.005). 



35 
 

 
 

 

Figure 3.1: Effect of different stressors on body weight variation (mean ± SEM).  HCs: home cage – 
single; HCr: home cage – repeated; Cs: cold – single; Cr: cold – repeated; Rs: restraint – single; Rr: 
restraint – repeated; POs: predator odor – single; POr: predator odor – repeated. * = different from HC 
group; ¤ = different from R group; £ = different from PO group; n = 13 animals per group. 

 

3.3.1.2. Experiment 2 

 

ANOVA showed main effects of Group (F2,72 = 58.25; p < 0.001), Frequency 

(F1,72 = 5.63, p < 0.05) and a Group x Frequency interaction (F2,72 = 7,39, p < 0.005) 

(Fig. 3.2). Regardless of the frequency, animals submitted to PSD presented greater 

body weight loss than the animals of the CC and LP groups (p's < 0.0005). 

Nevertheless, LP1 and LP4 groups also showed a significant body weight loss, 

compared to the respective CC groups (p < 0.0005). Finally, four-day exposure caused 

greater body weight loss than one day (p’s < 0.01). 
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Figure 3.2: Effect of paradoxical sleep deprivation on body weight variation (mean ± SEM). CC1: 
container control – 1 day; CC4: container control – 4 days; LP1: large platform – 1 day; LP4: large 
platform – 4 days; SP1: small platform – 1 day; SP4: small platform – 4 days. * = different from CC 
group; # = different from LP group; n = 13 animals per group. 

 

3.3.2. AVP 

 

3.3.2.1. Experiment 1 

 

ANOVA revealed no stress effects on AVP immunoreactivity in the PVN (F3,32 = 

0.21, p = 0.88) or in the ME (F3,21 = 0.57, p = 0.64). There was also no frequency effect 

[PVN (F1,32 = 0.01, p = 0.90), ME (F1,21 = 0.11, p = 0.74)] or interaction between the 

factors [PVN (F3,32 = 2.05, p = 0.13), ME (F3,21 = 0.20, p = 0.89)]. 
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Figure 3.3: Representative pictures of AVP immunocytochemistry in the PVN, in Experiment 1. Scale 
bar = 200 μm. HC: home cage; C: cold; R: restraint; PO: predator odor. 
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Figure 3.4: Representative pictures of AVP immunocytochemistry in the ME, in Experiment 1. Scale bar 
= 200 μm. HC: home cage; C: cold; R: restraint; PO: predator odor. 
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Figure 3.5: Effect of different stressors on AVP in PVN (A) and ME (B) (mean ± SEM).  HCs: home cage 
– single; HCr: home cage – repeated; Cs: cold – single; C4: cold – repeated; Rs: restraint – single; Rr: 
restraint – repeated; POs: predator odor – single; POr: predator odor – repeated; n = 3 to 5 animals per 
group. 

 

3.3.2.2. Experiment 2 

 

There was a main effect of Group in the PVN (F2,24 = 3.52, p < 0.05) (Fig. 3.8 A) 

and the ME (F2,14 = 3.98, p < 0.05) (Fig. 3.4 B). SP group had lower AVP in the PVN 

and higher reactivity in the ME compared to the CC group (p < 0.05). 
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Figure 3.6: Representative pictures of AVP immunocytochemistry in the PVN, in Experiment 2. Scale 
bar = 200 μm. CC: container control; LP: large platform; SP: small platform. 
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Figure 3.7: Representative pictures of AVP immunocytochemistry in the ME, in Experiment 2. Scale bar 
= 200 μm. CC: container control; LP: large platform; SP: small platform. 
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Figure 3.8: Effect of paradoxical sleep deprivation on AVP in PVN (A) and ME (B) (mean ± SEM). CC1: 
container control – 1 day; CC4: container control – 4 days; LP1: large platform – 1 day; LP4: large 
platform – 4 days; SP1: small platform – 1 day; SP4: small platform – 4 days. * = different from CC 
group; n = 2 to 5 animals per group. 

 

3.3.3. CRH 

 

3.3.3.1. Experiment 1 

 

ANOVA revealed no effects of stress on CRH staining in the PVN (F3,32 = 0.53, 

p = 0.66), ME (F3,28 = 0.97, p = 0.42) or CeA (F3,32 = 0.44, p = 0.72). No effects of 

frequency [PVN (F1,32 = 0.48, p = 0.49), ME (F1,28 = 0.14, p = 0.71), CeA (F1,32 = 1.28, 

p = 0.26)] or interaction between the factors [PVN (F3,32 = 1.11, p = 0.36), ME (F3,28 = 

1.24, p = 0.31), CeA (F3,32 = 1.58, p = 0.21)] were observed. 
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Figure 3.9: Representative pictures of CRH immunocytochemistry in the PVN, in Experiment 1. Scale 
bar = 200 μm. HC: home cage; C: cold; R: restraint; PO: predator odor. 
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Figure 3.10: Representative pictures of CRH immunocytochemistry in the ME, in Experiment 1. Scale 
bar = 200 μm. HC: home cage; C: cold; R: restraint; PO: predator odor. 
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Figure 3.11: Representative pictures of CRH immunocytochemistry in the CeA, in Experiment 1. Scale 
bar = 200 μm. HC: home cage; C: cold; R: restraint; PO: predator odor. 
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Figure 3.12: Effect of different stressors on CRH in PVN (A), ME (B) and CeA (C) (mean ± SEM).  HCs: 
home cage – single; HCr: home cage – repeated; Cs: cold – single; C4: cold – repeated; Rs: restraint – 
single; Rr: restraint – repeated; POs: predator odor – single; POr: predator odor – repeated; n = 4 to 5 
animals per group. 
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3.3.3.2. Experiment 2 

 

ANOVA revealed no effects on CRH staining in the PVN (F2,24 = 1.92, p = 0.17), 

ME (F2,21 = 0.69, p = 0.51) or CeA (F2,24 = 0.49, p = 0.61).  No effects of frequency 

[PVN (F1,24 = 1.56, p = 0.22), ME (F1,21 = 0.01, p = 0.95), CeA (F1,24 = 0.72, p = 0.40)] 

or interaction between the factors [PVN (F2,24 = 0.66, p = 0.53), ME (F2,21 = 1.25, p = 

0.31), CeA (F2,24 = 1.57, p = 0.23)] were observed. 

 

 

Figure 3.13: Representative pictures of CRH immunocytochemistry in the PVN, in Experiment 2. Scale 
bar = 200 μm. CC: container control; LP: large platform; SP: small platform. 
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Figure 3.14: Representative pictures of CRH immunocytochemistry in the ME, in Experiment 2. Scale 
bar = 200 μm. CC: container control; LP: large platform; SP: small platform. 
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Figure 3.15: Representative pictures of CRH immunocytochemistry in the CeA, in Experiment 2. Scale 
bar = 200 μm. CC: container control; LP: large platform; SP: small platform. 
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Figure 3.16: Effect of paradoxical sleep deprivation on CRH in PVN (A), ME (B) and CeA (C) (mean ± 
SEM). CC1: container control – 1 day; CC4: container control – 4 days; LP1: large platform – 1 day; 
LP4: large platform – 4 days; SP1: small platform – 1 day; SP4: small platform – 4 days; n = 3 to 5 
animals per group. 
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3.3.4. CRH PVN and CRH ME correlation 

 

3.3.4.1. Experiment 1 

 

A positive correlation was observed between CRH in the PVN and in the CeA (r 

= 0.75; p < 0.001) (Fig. 3.17). 

 

Figure 3.17: Correlation between CRH in the PVN x in the CeA, in Experiment 1; n = 40. 

 

3.3.4.2. Experiment 2 

 

Positive correlation between CRH in the PVN x CRH in the CeA (r = 0.46; p < 

0.05), was observed as well (Fig. 3.18). 

 

Figure 3.18: Correlation between CRH in the PVN x in the CeA, in Experiment 2; n = 30. 
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3.3.5. ACTH 

 

3.3.5.1. Experiment 1 

 

Main effects of Group (F3,56= 11.53; p < 0.001) and Frequency (F1,62 = 4.83; p < 

0.05) were found (Fig. 3.19). Cold stress led to the highest ACTH concentrations, 

compared to all other groups (p < 0.005). The ACTH response to PO, but not to restrain 

stress, was higher than in the HC group (p < 0.05). Finally, ACTH concentrations were 

higher after repeated exposure compared to single exposure (p < 0.05). 

 

Figure 3.19: Effect of different stressors on ACTH plasma levels (mean ± SEM).  HCs: home cage – 
single; HCr: home cage – repeated; Cs: cold – single; C4: cold – repeated; Rs: restraint – single; Rr: 
restraint – repeated; POs: predator odor – single; POr: predator odor – repeated. * = different from HC 
group; ¤ = different from R group; £ = different from PO group; n = 8 animals per group. 

 

3.3.5.2. Experiment 2 

 

Main effect of Group (F2,42 = 7.93; p < 0.05) and Group x Frequency interaction 

(F2,42 = 3.13; p < 0.05) were revealed (Fig. 3.20). The ACTH secretion was higher 

ACTH in SP4 group than in CC4 (p < 0.001), LP4 (p < 0.05) and SP1 (p < 0.05) groups. 
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Figure 3.20: Effect of paradoxical sleep deprivation on ACTH plasma levels (mean ± SEM). CC1: 
container control – 1 day; CC4: container control – 4 days; LP1: large platform – 1 day; LP4: large 
platform – 4 days; SP1: small platform – 1 day; SP4: small platform – 4 days. * = different from CC 
group; # = different from LP group; ¥ = different from single exposure; n = 8 animals per group. 

 

3.3.6. Corticosterone 

 

3.3.6.1. Experiment 1 

 

There were main effects of Group (F3,56 = 80.85, p < 0.001) and Frequency (F1,56 

= 16.80, p < 0.001), and a Group x Frequency interaction (F3,56 = 5,04, p < 0.005) (Fig. 

3.21). The post hoc test showed a significant increase in CORT levels in C, R and PO 

groups compared to HC, after single or repeated exposures (p’s < 0.05). Cs and Rs 

groups had higher concentrations than POr group (p's < 0.001). Cr rats exhibited higher 

CORT values than Rr and POr ones (p's < 0.001). Finally, there was a reduction in 

CORT plasma levels after repeated exposure to restraint compared to single exposure 

(p < 0.001). 
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Figure 3.21: Effect of different stressors on CORT plasma levels (mean ± SEM).  HCs: home cage – 
single; HCr: home cage – repeated; Cs: cold – single; C4: cold – repeated; Rs: restraint – single; Rr: 
restraint – repeated; POs: predator odor – single; POr: predator odor – repeated. * = different from HC 
group; ¤ = different from R group; £ = different from PO group; ¥ = different from single exposure; n = 8 
animals per group. 

 

3.3.6.2. Experiment 2 

 

ANOVA showed main a effect of Group (F2, 42 = 6.02, p < 0.05) (Fig. 3.22). SP 

rats displayed the highest CORT levels (p's < 0.05, compared to LP and CC), whereas 

LP group had higher CORT levels than the CC group (p < 0.05). 

 

Figure 3.22: Effect of paradoxical sleep deprivation on CORT plasma levels (mean ± SEM). CC1: 
container control – 1 day; CC4: container control – 4 days; LP1: large platform – 1 day; LP4: large 
platform – 4 days; SP1: small platform – 1 day; SP4: small platform – 4 days. * = different from CC 
group; # = different from LP group; n = 8 animals per group. 
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3.3.7. Adrenal responsivity 

 

3.3.7.1. Experiment 1 

 

There were main effects of Group (F3,56 = 15.07, p < 0.001), Frequency (F1,56 = 

17.85, p < 0.001) and Group x Frequency interaction (F3,56 = 5,12, p < 0.01) (Fig. 3.23). 

The post hoc test showed higher adrenal responsivity (p’s < 0.05) in Cs, Cr and Rs 

groups compared to HC and PO (within the same exposure frequency). In addition, 

repeated cold and restraint reduced the adrenal responsivity compared to the single 

exposure (p’s < 0.05). 

 

Figure 3.23: Effect of different stressors on adrenal responsivity (mean ± SEM).  HCs: home cage – 
single; HCr: home cage – repeated; Cs: cold – single; C4: cold – repeated; Rs: restraint – single; Rr: 
restraint – repeated; POs: predator odor – single; POr: predator odor – repeated. * = different from HC 
group; ¤ = different from R group; £ = different from PO group; ¥ = different from single exposure; n = 8 
animals per group. 

 

3.3.7.2. Experiment 2 

 

Both groups placed on the platforms, either small or large, had higher adrenal 

responsivity than CC group (main effect of Group: F2,42 = 5.18; p < 0.05) (Fig. 3.24). 
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Figure 3.24: Effect of paradoxical sleep deprivation on adrenal responsivity (mean ± SEM). CC1: 
container control – 1 day; CC4: container control – 4 days; LP1: large platform – 1 day; LP4: large 
platform – 4 days; SP1: small platform – 1 day; SP4: small platform – 4 days. * = different from CC 
group; n = 8 animals per group. 

 

3.4. Discussion 

 

This study showed that all stressful stimuli reduced body weight gain and 

increased plasma ACTH and CORT concentrations, albeit at different magnitudes. In 

addition, there was a reduction in the CORT response to repeated exposure to 

stressors, but not to prolonged PSD. No differences in CRH expression were found in 

the PVN, ME and CeA after exposure to any of the stressors, but PSD was the only 

stimulus that reduced AVP expression in the PVN and increased it in the ME. 

Regarding the effect of stress on the animals’ body weight, several studies have 

shown an impairment in weight gain after repeated exposure to different stimuli, such 

as cold (Akana et al., 1999), restraint (Harris et al., 1998; Mograbi et al., 2020; Zardooz 

et al., 2006), immobilization and foot shock (Renata-Márquez et al., 2003), PSD 

(Moraes et al., 2014), social defeat (Rygula et al., 2005), chronic mild stress 

(Thompson et al., 2015) and predator odor (Genné-Bacon et al., 2016; Tidhar et al., 

2007). This outcome of repeated stress can be explained by the activation of the HPA 

axis (Harris 2014) and the catabolic role of CRH (Buwalda et al., 1997) and 

glucocorticoids (Scherer et al., 2011). Cold was the stimulus that led to greater 

impairment in this parameter, possibly as a direct effect of thermogenesis, since 

animals exposed to cold show increased metabolic rate (Selman et al., 2002), oxygen 
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consumption (Rowland et al., 2015), brown adipose tissue activation and ATP levels 

in different organs (Wang et al., 2015). Moreover, PSD caused a loss in body weight, 

corroborating previous data from our and other groups (Suchecki et al., 2003; Koban 

& Stewart, 2006; Martins et al., 2006, Moraes et al., 2014) that can be explained by 

the intense catabolic state of these animals, evidenced by increased oxygen 

consumption and expression of uncoupling protein-1 in the brown adipose tissue 

(Koban & Swinson, 2005), reduced body fat stores (Hipólide et al., 2006) and greater 

energy expenditure (Bergmann et al., 1989; Hipólide et al., 2006). However, it is worth 

mentioning that this loss is not only related to the stress-driven methodology for sleep 

deprivation, since animals submitted to the small platform lost more weight than those 

placed in the large platform and other sleep deprivation methods, such as disk-over-

water, also result in body weight loss (Rechtschaffen & Bergmann, 1983; Kushida et 

al., 1989). 

There was no difference in the expression of AVP in the PVN and ME after 

exposure to any of the stressors in experiment 1, even though this neuropeptide is 

involved in the stimulation of ACTH release and enhancement of CRH action (Abou-

Samra et al., 1986; Durand et al., 1986; Gillies et al., 1982).  However, there is no 

consensus in the literature regarding the AVP stress response. Studies show 

increased AVP expression in the PVN after acute exposure to cold and heat (Jasnic et 

al., 2015), higher AVP release within the PVN after social defeat (Wotjak et al., 1996) 

and increased AVP mRNA in the PVN after repeated exposure to cold and isolation 

stress (Ângulo et al., 1991). Wu & Childs (1990) also found an increase in AVP mRNA 

in the PVN of rats subjected to acute cold and novelty stress, but none of the stressors 

altered the AVP expression in the PVN, ME or pituitary. In addition, it has been shown 

that the ACTH and CORT responses of AVP-deficient rats to several stressors of 

distinct natures are not uniform (Zelena et al., 2009). Increased in AVP plasma levels 

is also seen after acute exposure to restraint, dehydration and hemorrhage, but not to 

cold-swim, ether and hypoglycemia (Jorgensen et al., 2002). The AVP stress 

responses is neither specific nor limited to a stress category and their differences may 

be related to the stress protocol (intensity and duration), suggesting that perhaps the 

intensity and/or duration of the stress protocols in Experiment 1 were not sufficient to 

elicit  a reliable AVP response.   
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In experiment 2, AVP expression was reduced in the PVN and increased in the 

ME of SP rats, compared to CC and LP groups, mainly after 4 days of PSD, indicating 

an increase in the activity of the AVPergic system, by increased transport from the 

production (PVN) to the release (ME) sites. These results suggest the involvement of 

AVP in the stress response (Kiss et al., 1984; Sawchenko et al., 1984) induced by 

PSD, which could explain the higher ACTH levels found in SP4 group compared to 

SP1 one. The reason why PSD was the only stimulus to change AVP expression may 

be related to exposure duration, since it lasted 24 or 96 h, while the other stressors 

lasted 30 or 60 min. In fact, a previous study showed that 6 h of PSD do not result in 

AVP mRNA levels change in the PVN (Fujihara et al., 2003). Thus, prolonged exposure 

to a stressor could recruit the AVP system to assist in the stress response, since there 

were no differences in CRH expression in the PVN, ME and CeA in either experiment. 

Like AVP, the CRH response can vary according to the stimulus. While some studies 

show increased CRH/CRH mRNA expression in the PVN of rats exposed to acute 

(Anisman et al., 1998) or repeated cold (Eshkevari et al., 2013), restraint (Hsu et al., 

1998) and predator odor (Asok et al., 2013), others have not found any difference in 

CRH expression in the PVN and ME after cold (Anisman et al., 1998), social defeat 

(De Goeji et al., 1992) and repeated restraint (Gray et al., 2010). PSD studies show 

increased CRH expression in the PVN after 96 h (Galvão et al., 2009) or 120 h of of 

deprivation (Koban et al., 2006), indicating greater activity of this hormone. Additional 

evidence comes from another study reporting lower CRH levels in the hypothalamus 

and higher CRH levels in the pituitary after 72 h of PSD (Fadda & Fratta, 1997). Thus, 

the CRH response in the hypothalamus is quite variable and depends of several 

factors, like the region where it is analyzed, the intensity and duration of the stressor 

stimulus. In the CeA, CRH plays an important role in stress-adaptive responses 

(Herman et al., 2016; Kovács, 2013), mediating stress-induced anxiety-like behavior 

through projections to the dorsolateral part of the bed nucleus of the stria terminalis 

(Pomrenze et al., 2019). Several studies demonstrate higher CRH/CRH mRNA 

expression in the CeA after exposure to different stimuli, including restraint (Gray et 

al., 2010; Hsu et al., 1998), predator odor (Asok et al., 2013) and chronic unpredictable 

mild stress (Wang et al., 2010). Although we have not found any change in the CeA 

CRH expression, there was a positive correlation between CRH expreseeion in the 
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PVN and CeA in both experiments, indicating a possible participation of this structure 

in the stress response. 

Exposure to cold and predator odor increased ACTH plasma concentrations 

above control values. Studies show that animals exposed to cold have elevated ACTH 

levels  (Djordjevic et al., 2003; van den Beukel et al., 2014), although this increase is 

not as intense as those induced in by other stressors, such as immobilization and foot 

shock (Pacák et al., 1998; Palma et al., 2000). One source of discrepancy with our 

results may lie on the different protocols and scents used, since exposure to feces 

(Hegab et al., 2014), urine (Kondoh et al., 2016; Whitaker & Gilpin, 2015), fur (Masini 

et al., 2005), object in contact with the predator (Munoz-Abellán et al., 2011) and to 

synthetic compounds (Day et al., 2004) have been used. Nonetheless, regardless of 

the stimulus, all of them increase ACTH levels. Restraint did not produce a significant 

increase in ACTH values, but there was a trend (p = 0.09). This may be related to the 

protocol applied, since the ACTH response to restraint depends on duration of 

exposure (Kearns & Spencer, 2013).  

Nonetheless, all stressors in Experiment 1 increased CORT plasma 

concentrations compared to control, regardless of the nature and frequency, but with 

different magnitudes. Animals exposed once to cold and restraint showed the highest 

CORT levels, differing significantly from predator odor and repeated restraint. This 

distinction may be explained by the fact that physical stressors cause direct 

physiological changes and require a rapid response, leading to high levels of CORT 

and norepinephrine/adrenaline (Koolhaas et al., 2011; Pacák et al., 1998), even after 

repeated exposures (Renata-Márquez et al., 2003). Psychological stressors, on the 

other hand, are processed by the limbic system, which then activates the HPA axis, 

likely resulting in a delayed stress response, which can result in lower CORT release 

compared to physical stressor (or reduction, compared to repeated frequency). Hegab 

and colleagues (2014) showed that animals exposed to cat feces for 24 days displayed 

no difference from control animals in CORT levels from the sixth day on indicating an 

habituated response.  

In Experiment 2, animals subjected to 4 days of PSD showed greater ACTH and 

CORT response than CC and LP groups, replicating previous studies from our and 

other groups (Galvão et al., 2009; Hipólide et al., 2006; Machado et al., 2008; Martins 

et al., 2010; McDermott et al., 2003; Mueller et al., 2008; Murison et al., 1982; 
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Papakonstantinou et al., 2003; Suchecki et al., 1998; Suchecki 2002a; Suchecki et al., 

2002b, Suchecki et al., 2003). The distinction between SP and LP groups indicates 

that loss of PS, rather than the inherent stress of the method, is the main factor leading 

to these changes, since the large platforms, which serve as a control for the stressors 

associated with the deprivation environment, did not induce ACTH changes and only 

minor CORT response. 

 It is interesting to note that, in general, ACTH was higher in repeated (F4, RM4, 

OP4 and SP4) than in single exposures (F1, RM1, OP1 and SP1), whereas CORT 

levels were lower after repeated exposures (except for PSD), indicating a possible 

adaptation of the HPA axis to repeated stress, with reduction in CORT and increase in 

ACTH levels, probably due to lower effectiveness of the negative feedback (Pitman et 

al., 1988, Herman, 2013, Kant et al., 1987, Grissom and Bhatnagar, 2009). The 

habituation phenomenon can be also evidenced by the decreased adrenal 

responsiveness to ACTH after repeated exposure to cold, restraint and predator odor, 

compared to single exposure. Sleep deprivation, on the other hand, increased adrenal 

responsiveness after 4 days compared to 1 day. This divergence in adrenal sensitivity 

could be explained by a difference in adrenal ACTH receptors (MC2r), so as repeated 

stressors would produce downregulation, while prolonged exposure to PSD would 

cause upregulation of these receptors. In fact, a recent study showed that male mice 

have increased adrenal MC2r mRNA expression after 1 or 3 days of paradoxical sleep 

restriction  (Buban et al., 2020). 
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Table 3.1: Qualitative comparison of HPA axis stress response between 
different stressor stimuli 

 

Cold Restraint 
Predator 

odor 
PSD 

s r s r s r 1 4 

AVP – PVN = = = = = = ↓ ↓ 

AVP – ME = = = = = = ↑ ↑ 

CRH – PVN = = = = = = = = 

CRH – ME = = = = = = = = 

ACTH ↑↑ ↑↑ = ↑ = ↑ = ↑ 

CORT ↑↑↑ ↑↑↑ ↑↑↑ ↑↑ ↑↑ ↑↑ ↑ ↑↑ 

AR ↑↑ ↑ ↑↑ ↑ ↑ ↑ ↑ ↑ 

Table 3.1: Abbreviations: s = single exposure; r = repeated exposure; ACTH = adrenocorticotropic 
hormone; CORT = corticosterone; AR = Adrenal responsivity; AVP = arginine-vasopressin; CRH = 
corticotropin releasing hormone; PVN = paraventricular nucleus of the hypothalamus; ME = median 
eminence. 

 

A summary of HPA axis stress response is described in table 3.1. Using a 

qualitative comparison, it is noticeable that the pattern and intensity of PSD stress 

response resembles more those induced by exposure to predator odor than by cold 

and restraint stressors. Despite the fact that PSD methodology involves association of 

typically physical stressors (contact with water and restricted movement), the HPA axis 

stress response to PSD showed a profile that was closer to a psychological stressor. 

Finally, PSD was the only stimulus that altered AVP expression in the hypothalamus, 

which could explain the sustained high costicosterone secretion after 96 h of 

deprivation. 
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4.1. Introduction 

 

In human beings, sleep deprivation activates the hypothalamic-pituitary-adrenal 

(HPA) axis leading to increased basal and stress-induced cortisol levels (Minkel et al., 

2014; Vargas & Lopez-Duran, 2017). Similar results have been demonstrated in 

animals, inasmuch as paradoxical sleep deprivation (PSD) increases the expression 

of corticotrophin-releasing hormone (CRH) (Galvão et al., 2009; Koban et al., 2006) 

and arginine-vasopressin (AVP) (Chapter 3), in the paraventricular nucleus of the 

hypothalamus (PVN), and increases adrenocorticotrophic hormone (ACTH) and 

corticosterone (CORT) plasma levels (Andersen et al., 2005; Hipólide et al., 2006; 

Machado et al., 2008; Machado et al., 2013; Meerlo et al., 2002; Suchecki et al., 1998; 

Suchecki & Tufik, 2000; Suchecki et al., 2003).  

In addition to the HPA axis, other systems contribute to the stress response, 

including the central monoaminergic (Flügge et al., 2004; Joca et al., 2007). 

Interestingly, sleep deprivation-induced neurochemical changes includes decreased 

noradrenaline in the neocortex and posterior hypothalamus after 24 h of PSD (Porkka-

Heiskanen et al., 1995), increased noradrenaline levels in the parietal cortex and 

lateral hypothalamus (Brock et al., 1994) and reduced expression of β-adrenergic 

receptors in the infralimbic cortex, hippocampus and lateral septum after 96 h of PSD 

(Hipólide et al., 1998), increased serotonin and dopamine metabolite levels in the basal 

forebrain after 6 h of total sleep deprivation (Zant et al., 2011). Dysfunctions of 
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monoaminergic neurotransmission in the limbic system are claimed to be at the core 

of neurobiological underpinning of psychopathologies, such as anxiety, depression and 

post-traumatic stress disorder (Bremner et al., 1996; Drevets, 2000; Gold, 2014; 

Hamon & Blier, 2013).  

The PVN receives visceral, humoral, endocrine and psychological information 

from the nucleus of the solitary tract, lamina terminalis, hypothalamic nuclei and the 

limbic system, respectively (Herman et al., 2003; Smith & Vale, 2006). Hence, 

stressors of different nature are likely to activate the HPA axis in diverse ways. The 

frontal cortex (FC), amygdala (AMY) and hippocampus (HPC) are the main structures 

of the limbic system that regulate the activity of the HPA axis (Jankord & Herman, 

2008; Feldman et al., 1995), mainly indirectly via bed nucleus of the stria terminalis 

(Cullinan et al., 1993; Forraya & Gysling, 2004; Weller & Smith, 1982). In general, the 

FC and HPC inhibit the HPA axis, whereas the AMY has a facilitating role on the stress 

response, intensifying the release of ACTH and glucocorticoids (Feldman et al., 1995; 

Jacobson & Sapolsky, 1991). On the one hand, information regarding a psychological 

stressor is first processed in the limbic system preceding the HPA axis response 

(Herman et al., 2005). On the other hand, physical stimuli do not involve recruitment 

of the limbic system (Herman & Cullinan, 1997) and activation of the HPA axis is driven 

by monoamine pathways from the brain stem directly to the PVN (Cunningham & 

Swachenko, 1988; Cunningham et al., 1900).  

A recent study from our laboratory (Chapter 3) revealed that the HPA axis 

response profile to PSD resembled that of a psychological stressor, however the 

nature of the PSD neurochemical response is still unknown. Thus, the aim of this work 

was to evaluate monoamines levels (noradrenaline, dopamine and serotonin) in 

different structures of limbic system (frontal cortex, amygdala, hypothalamus and 

hippocampus) in animals subjected to PSD and to indirectly compare them with the 

monoaminergic response of animals subjected to stressors of different natures (cold: 

physical; predator odor: psychological; and restraint: mixed) in order to further 

characterize the stressful nature of this manipulation. Cold and restraint were chosen 

as physical and mixed stressors, respectively, as they mimic stimuli present in the SPM 

for PSD. 
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4.2. Methods 

 

4.2.1. Subjects 

 

Male Wistar rats (235-450 g), 90 days-old (n = 112), from Centro de 

Desenvolvimento de Modelos Experimentais para Medicina e Biologia (CEDEME) of 

Universidade Federal de São Paulo (UNIFESP) were used. The animals were kept in 

a controlled environment, with 12 h light/12 h dark cycle (lights on at 7:00 a.m.) and 

temperature of 23 ± 1°C. All animals were housed individually in plastic cages for three 

days before the onset of the experiments (CEUA No. 1871160914). 

 

4.2.2. Experiments / Groups 

 

Experiment 1: The animals were distributed in 8 groups, based on the stress 

procedure and the frequency of stress exposure (1 or 4 times, once a day) to which 

they were submitted: home cage - single (HCs); home cage - repeated (HCr); cold - 

single (Cs); cold - repeated (Cr); restraint- single (Rs); restraint - repeated (Rr); 

predator odor - single (POs) and predator odor - repeated (POr).  

Experiment 2: The animals were distributed in 6 groups: container control - 1 

day (CC1); container control - 4 days (CC4); large platform - 1 day (LP1); large platform 

- 4 days (LP4); small platform - 1 day (SP1); small platform - 4 days (SP4).  

In both experiments, each group consisted of 8 animals. However, data for 

some animals were lost due to a malfunction of the amperometric detector during the 

determination of monoamine concentrations. The repeated (or 4 day-long) protocols 

started three days before the single (or 1 day-long) ones, so that all animals were 

euthanized on the same day. 

 

4.2.3. Stress procedures 

 

4.2.3.1. Cold 

 

The animals were housed individually in metal wire cages and placed in a 

horizontal freezer set at -4°C ± 2°C with the door partially opened for ventilation, for 1 



71 
 

 
 

h. The temperature was chosen based on the activation of areas related to physical 

stress (Pacák & Palkovits, 2001). Exposure to cold began at 08:00 a.m. 

 

4.2.3.2. Restraint 

 

The animals were kept in plastic cylinders (21 cm length x 6 cm diameter) for 1 

h (Palma et al. 2000), beginning at 08:00 a.m. One end of the cylinder was closed with 

wire mesh and after the animal entered the cylinder a wooden door (with a small hole 

to accommodate the tail) closed the other end. Importantly, similar sized animals were 

used to make sure that there was no difference in intensity of restraint between them. 

 

4.2.3.3. Predator odor 

 

Each animal was exposed, in its own cage, to a petri dish containing 

approximately 60 g of sand with cat urine. This sand was obtained from the litter box 

of two male domestic cats used during the two days prior to the experiment and the 

feces were removed from the sand. Exposure to predator odor began at 08:30 h and 

lasted for 30 min. In the protocol of repeated exposure, the animals were housed in a 

clean cage, after the end of each session. 

 

4.2.3.4. Paradoxical sleep deprivation 

 

PSD was performed by the SPM. Each rat was housed in one container (22 cm 

length x 22 cm width x 35 cm height) filled with water, onto a platform with 6.5 cm 

(small platform) in diameter (Cohen & Dement, 1965). The platform remained 

immersed in water up to 1.0 cm from its top edge. Food (side feeder) and water 

(located in the upper part of the container) were available ad libitum. In the stress 

control group, the rats were accommodated in the same way as the SPM, but on 

platforms with 14.0 cm (large platform) in diameter, as a way to prevent them from 

falling into the water during paradoxical sleep (PS), although previous data show that 

there is also considerable loss of PS, including PS rebound in the recovery period 

(Machado et al., 2004). The control group was kept in the same experimental 

environment as the other groups, but instead of water, the container was lined with 
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corn cob. The animals were habituated to their experimental environments for 60 min 

/ day for three days before the beginning of the experiments. PSD started at 09:00 a.m. 

and lasted 24 hours or 96 hours. 

 

4.2.4. Brain monoamines 

 

After the end of the protocols, animals were decapitated and the brains were 

removed from the skull and frozen on dry ice. Then, the brains were divided into the 

two hemispheres and the structures of interest (FC, HPT, AMY, dHPC and vHPC) were 

extracted from one of the halves and placed in Eppendorf tubes containing extraction 

solution (0.1 M perchloric acid, 0.4 mM sodium metabisulfite and 0.2 mM EDTA, 2 μM 

3,4-dihydroxybenzylamine hydrobromide (DHBA) - internal standard). The tissues 

were homogenized in an ice bath using a sonicator (about 10 to 15 s) and centrifuged 

at 20.000 g for 20 min at 4°C. The supernatant was transferred to 0.22 μm coupled 

filter tubes (Corning Spin-x® centrifuge tube filters) and centrifuged again for 5 min at 

2,056 g at 4°C. Precipitates were dissolved in 0.1 N NaOH and assayed for protein 

levels (Bicinchoninic acid method, Pierce Chemical, Rockford, IL). The supernatant 

was used to determine the concentrations of noradrenaline, dopamine, serotonin and 

5-hydroxyindolacetic acid by high performance liquid chromatography (HPLC) in a high 

pressure closed circuit (Hitachi L-7250 Auto-Injector, Hitachi L- 7100, Hitachi, Japan). 

The samples were subjected to reverse phase isocratic separation by a C18 silica-

based column system (Spheri-5, C18, ODS, 5 μm, 25 cm x 4.6 mm column connected 

to a NewGuard Cartridge Column pre-column, RP-18, 7 μm, Perkin Elmer, USA). The 

mobile phase buffer solution was composed of 4% acetonitrile, 1.7% tetrahydrofuran, 

0.163 M citric acid, 0.12 mM EDTA, 0.69 mM sodium octyl sulfate and anhydrous 

dibasic sodium phosphate, enough to stabilize the pH at 3.0. The mobile phase was 

vacuum filtered on an acetate membrane (0.22 μm) and stored in a dark vial at 4°C. 

The mobile phase circulated in the system (flow rate of 1.2 mL/min) for at least 24 h 

and was reused. Monoamines were detected electrochemically using an amperometric 

detector (L-ECD-6A, Shimadzu, Japan), through oxidation on a glass/carbon electrode 

at a potential of +850 mV in relation to another Ag-AgCl reference electrode. Each 

sample was analyzed in duplicate. Chromatograms obtained were processed by 
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EZChrom Elite ™ software (Agilent Technologies, USA) and the analyte 

concentrations were normalized by total protein concentration. 

 

4.2.5. Statistical analysis 

 

Statistical analysis was performed with the program Statistica 12.0 (StatSoft, 

USA). For all analyzes, the two-way ANOVA test was used, with Group (Experiment 1: 

Home Cage, Cold, Restraint, Predator Odor; Experiment 2: Container Control, Large 

Platform, Small Platform) and Frequency (Experiment 1: Single, Repeated) or Length 

(Experiment 2: 1 day, 4 days) as main factors. When necessary, the Newman-Keuls 

post hoc test was used, and the level of significance was set at p < 0.05. 

 

4.3. Results 

 

Due to technical difficulties in the stabilization of the baseline and retention times 

for the analytes, some samples (one for Experiment 1 and two for Experiment 2) were 

lost from each group (each run contained samples from all groups). 

 

4.3.1. Noradrenaline 

 

4.3.1.1. Experiment 1 

 

There was a Group x Frequency interaction (F3,48 = 5.22; p < 0.005) in the HPT 

(Fig. 4.1 B). POr group showed higher noradrenaline levels than Cr, Rr and POs 

groups (p’s < 0.05). Main effect of Group (F3,48 = 7.02; p < 0.001) and Group x 

Frequency interaction (F3,48 = 3.35; p < 0.05) were also found in the vHPC (Fig. 4.1 E), 

in which repeated exposure to PO reduced noradrenaline levels compared to the other 

repeated stressors (p’s < 0.05). 
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Figure 4.1: Effect of different stressors on noradrenaline levels (mean ± S.E.) in different brain structures. FC: frontal cortex (A); HPT: hypothalamus (B); AMY: 
amygdala (C); dHPC: dorsal hippocampus (D); vHPC: ventral hippocampus (E); HCs: home cage – single; HCr: home cage – repeated. Cs: single exposure to 
cold; Cr: repeated exposure to cold; Rs: single exposure to restraint; R4: repeated exposure to restraint; PO1: single exposure to predator odor; PO4: repeated 
exposure to predator odor. * = different from HC group; § = different from C group; ¤ = different from R group; ¥ = different from single exposure; n = 7 animals 
per group; p’s < 0.05. 
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4.3.1.2. Experiment 2 

 

There were main effects of Group (F2,26 = 5.68, p < 0.01) and Length (F1,26 = 

5.17, p < 0.05) in the FC (Fig. 4.2 A). SP animals had lower concentrations of 

noradrenaline than control and LP animals (p < 0.05). Furthermore, 4 days of exposure 

to any of the conditions reduced noradrenaline concentrations compared to 1 day (p < 

0.05).  

Group effect (F2,26 = 5.62; p < 0.01) was also observed in the dHPC (Fig. 4.2 D), 

with lower values in the SP group than in the other groups (p’s < 0.05). Finally, ANOVA 

revealed Group (F2,26 = 4.10, p < 0.05) and Length effects (F1,26 = 5.21; p < 0.05) in the 

vHPC (Fig. 4.2 E), with SP animals showing lower noradrenaline levels than CC ones 

and lower levels after 4 days than after 1 day of exposure (p < 0.05). 
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Figure 4.2: Effect of paradoxical sleep deprivation on noradrenaline levels (mean ± S.E.) in different brain structures. FC: frontal cortex (A); HPT: hypothalamus 
(B); AMY: amygdala (C); dHPC: dorsal hippocampus (D); vHPC: ventral hippocampus (E); CC1: container control – 1 day; CC4: container control – 4 days; LP1: 
large platform – 1 day; LP4: large platform – 4 days; SP1: small platform – 1 day; SP4: small platform – 4 days. * = different from CC group; # = different from 
LP group; n = 5 to 6 animals per group; p’s < 0.05. 
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4.3.2. Dopamine 

 

4.3.2.1. Experiment 1 

 

There was a main effect of Group (F3,48 = 3.50; p < 0.05) in hypothalamic levels 

of dopamine (Fig. 4.3 B), with lower levels in restraint- than in PO-exposed animals (p 

< 0.05). 
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Figure 4.3: Effect of different stressors on dopamine levels (mean ± S.E.) in different brain structures. FC: frontal cortex (A); HPT: hypothalamus (B); AMY: 
amygdala (C); dHPC: dorsal hippocampus (D); vHPC: ventral hippocampus (E); HCs: home cage – single; HCr: home cage – repeated. Cs: single exposure to 
cold; Cr: repeated exposure to cold; Rs: single exposure to restraint; R4: repeated exposure to restraint; PO1: single exposure to predator odor; PO4: repeated 
exposure to predator odor.. £ = different from PO group; n = 7 animals per group; p’s < 0.05.
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4.3.2.2. Experiment 2 

 

ANOVA revealed main effect of Group (F(2,26) = 9.54, p < 0.005) in the AMY (Fig. 

4.4 C) and SP animals had higher levels of dopamine than control and LP groups (p’s 

< 0.05), regardless of the length of exposure. 
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Figure 4.4: Effect of paradoxical sleep deprivation on dopamine levels (mean ± S.E.) in different brain structures. FC: frontal cortex (A); HPT: hypothalamus (B); 
AMY: amygdala (C); dHPC: dorsal hippocampus (D); vHPC: ventral hippocampus (E); CC1: container control – 1 day; CC4: container control – 4 days; LP1: 
large platform – 1 day; LP4: large platform – 4 days; SP1: small platform – 1 day; SP4: small platform – 4 days. * = different from CC group; # = different from 
LP group; n = 5 to 6 animals per group; p’s < 0.05. 



81 
 

 
 

4.3.3. Serotonin 

 

4.3.3.1. Experiment 1 

 

ANOVA revealed a main effect of Group (F3,48 = 3.19; p < 0.05) in the FC (Fig. 

4.5 A), in which serotonin levels of restraint animals were higher than those of the 

control group (p < 0.05). In the vHPC (Fig. 4.5 E), there were main effects of Group 

(F3,48 = 2.81; p < 0.05) and Frequency (F3,48 = 5,56; p < 0,05), in addition to a trend in 

Group x Frequency interaction (F3,48= 2.51; p = 0.07); POr reduced serotonin levels 

compared to the other groups under repeated exposure (p’s < 0.05). 
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Figure 4.5: Effect of different stressors on serotonin levels (mean ± S.E.) in different brain structures. FC: frontal cortex (A); HPT: hypothalamus (B); AMY: 
amygdala (C); dHPC: dorsal hippocampus (D); vHPC: ventral hippocampus (E); HCs: home cage – single; HCr: home cage – repeated. Cs: single exposure to 
cold; Cr: repeated exposure to cold; Rs: single exposure to restraint; R4: repeated exposure to restraint; PO1: single exposure to predator odor; PO4: repeated 
exposure to predator odor. * = different from HC group; § = different from C group; ¤ = different from R group; ¥ = different from single exposure; n = 7 animals 
per group; p’s < 0.05. 
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4.3.3.2. Experiment 2 

 

A Group x Length interaction (F2,26 = 3.57; p < 0.05) was shown for serotonin 

levels in the FC (Fig. 4.6 A). However, the post hoc test did not reveal any statistical 

difference between groups. In addition, there was a trend of Group main effect (F2,26 = 

3.57; p = 0.07) in the vHPC (Fig 4.6 E), in which SP and LP groups had lower serotonin 

levels than their respective control groups (p’s < 0.08). 
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Figure 4.6: Effect of paradoxical sleep deprivation on serotonin levels (mean ± S.E.) in different brain structures. FC: frontal cortex (A); HPT: hypothalamus (B); 
AMY: amygdala (C); dHPC: dorsal hippocampus (D); vHPC: ventral hippocampus (E); CC1: container control – 1 day; CC4: container control – 4 days; LP1: 
large platform – 1 day; LP4: large platform – 4 days; SP1: small platform – 1 day; SP4: small platform – 4 days. n = 5 to 6 animals per group; p’s < 0.05. 



85 
 

 
 

4.3.4. Serotonin turnover 

 

4.3.4.1. Experiment 1 

 

Main effects of Group (F3,48 = 2.92; p < 0.05) and Frequency (F1,48 = 5.98; p < 

0.05) were found in the FC (Fig. 4.7 A). Cold-exposed animals had higher serotonin 

turnover than the control group and those in repeated-exposed groups were lower than 

that of single-exposed ones.  

In the AMY (Fig. 4.7 C), there was main effect of Group (F3,48 = 9.60; p < 0.001) 

and all stressors increased the serotonergic activity compared to the control group (p’s 

< 0.05). In addition, there was a trend for Group x Frequency interaction (F3,48 = 2.71; 

p = 0.055) (Fig. 4.7 C). The post hoc test showed that Cs and Rs groups had higher 

serotonin turnover than HCs group (p’s < 0.05), whereas Cr (p = 0.08), Rr and POr 

groups (p’s < 0.001) had elevated serotonin turnover compared to HCr group; and POr 

was higher than POs (p = 0.05).  

Finally, there was a main effect of Frequency (F1,48 = 5.85; p < 0.05) in the vHPC 

(Fig. 4.7 E). 5-HT turnover after repeated exposures was higher than after a single 

stress session (p’s < 0.05). 
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Figure 4.7: Effect of different stressors on serotonin turnover (mean ± S.E.) in different brain structures. FC: frontal cortex (A); HPT: hypothalamus (B); AMY: 
amygdala (C); dHPC: dorsal hippocampus (D); vHPC: ventral hippocampus (E); HCs: home cage – single; HCr: home cage – repeated. Cs: single exposure to 
cold; Cr: repeated exposure to cold; Rs: single exposure to restraint; R4: repeated exposure to restraint; PO1: single exposure to predator odor; PO4: repeated 
exposure to predator odor. * = different from HC group; n = 7 animals per group; p’s < 0.05. 
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4.3.4.2. Experiment 2 

 

ANOVA revealed main effects of Group in the FC (F2,26 = 16.98, p < 0.005) (Fig. 

4.8 A), in the HPT (F2,26 = 9.53, p < 0.005) (Fig. 4.8 B), and in the dHPC (F2,26 = 10.99 

; p < 0.005) (Fig. 4.8 D). In the HPT, SP animals presented higher serotonin turnover 

than control and LP groups (p’s < 0.05). In the FC and dHPC, SP animals had higher 

serotonergic activity than LP group, which, in turn, had greater turnover than control 

animals (p’s < 0.05). There was also a main effect of Length (F1,26 = 7.11, p < 0.05) in 

the FC (Fig. 4.8 A) and 4 days of exposure increased serotonin turnover compared to 

1 day (p < 0.05). 
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Figure 4.8: Effect of paradoxical sleep deprivation on serotonin turnover (mean ± S.E.) in different brain structures. FC: frontal cortex (A); HPT: hypothalamus 
(B); AMY: amygdala (C); dHPC: dorsal hippocampus (D); vHPC: ventral hippocampus (E); CC1: container control – 1 day; CC4: container control – 4 days; LP1: 
large platform – 1 day; LP4: large platform – 4 days; SP1: small platform – 1 day; SP4: small platform – 4 days. * = different from CC group; # = different from 
LP group; n = 5 to 6 animals per group; p’s < 0.05. 
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4.4. Discussion 

 

The present study showed that the main changes in central monoaminergic 

response occured after repeated exposure to the psychological stressor, predotor odor 

(group POr), including increased noradrenaline in the HPT, reduced noradrenaline and 

serotonin levels in the vHPC and increased serotonin turnover in the AMY. PSD also 

led to neurochemical changes, some of which were similar to PO exposure: reduced 

noradrenaline in the FC, dHPC and vHPC, increased dopamine in AMY and increased 

serotonin turnover in the FC, HPT and dHPC. Similarities and divergencies between 

these stressors may underly these results and are discussed below. 

POr was the only stressor that produced an increase in hypothalamic 

noradrenaline levels, which is directly related to the stress response (Pacák & 

Palkovits, 2001; Plotsky et al., 1989), insofar as noradrenaline in the PVN facilitates 

the stress response (Gaillet et al., 1991; Pacák et al, 1995). However, based on the 

hormonal results previously showed, in which POr led to lower CORT levels (Chapter 

3) it is important to consider that other hypothalamic nuclei, such as the dorsomedial 

hypothalamic nucleus (DMH) and the preoptic area (POA), regulate the PVN 

negatively, via GABAergic transmission (Herman et al., 2003; Smith & Vale, 2006). 

Interestingly, rats exposed for 30 min to a chemical component from fox feces (another 

predator odor stimulus) exhibit increased neuronal activation, reflected by more c-fos 

staining, in the DMH and POA (Day et al., 2004).  

Repeated PO reduced noradrenaline levels in the vHPC, whereas prolonged 

PSD decreased noradrenaline levels in both ventral and dHPC. In the vHPC, 

noradrenaline has a protective role against stress, mitigating its deleterious effects on 

behavior and emotions (Joca et al., 2007, Sherman & Petty, 1980), being involved in 

the antidepressant effects of some drugs (Hajós-Korcsok et al., 2000; Petty & 

Sherman, 1980). Therefore, the reduction in noradrenaline levels in the vHPC 

suggests that animals exposed to POr and PSD could be more susceptible to the 

development of depressive-like behavior. However, PSD animals usually show 

improvement in drive-related behaviors, which can be interpreted as an antidepressant 

effect (Vogel et al., 1986). This paradox could be explained by the decrease in 

noradrenaline levels in the dHPC after PSD, since in this area noradrenaline has an 

opposite role and it is related to anxiety and depression (Joca et al., 2007). For 
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instance, administration of FG 7142, an anxiogenic drug, increases MHPG (3-

methoxy-4-hydroxyphenylglycol, a noradrenaline metabolite) levels in the 

hippocampus (Ida et al., 1991) and enhanced helplessness-like behaviour is observed 

after facilitation of noradrenergic neurotransmission in dHPC (Joca et al., 2006). PSD 

also reduced noradrenaline levels in the FC. Although noradrenergic activity is more 

related to wakefulness, some studies show reduced levels of this neurotransmitter in 

the FC of sleep deprived rats (Porkka-Heiskanen et al., 1995; Farooqui et al., 1996), 

which seems to be paradoxical to the down-regulation of β2-adrenergic receptors in 

the FC measured by autoradiography (Hipólide et al., 1998). This contradictory results 

may be explained by a study that showed that mice repeatedly exposed to foot shock 

for 1, 5, 10 and 15 days exhibited a reduction in noradrenaline and increase in MHPG 

levels in the FC, with a gradual reduction in MHPG levels after 10 and 15 days 

exposure compared to 1 and 5 days, suggesting an adaptation to the excessive use of 

this neurotransmitter during the acute stress response (Shanks et al., 1994). Based on 

the abovementioned findings, we suggest that noradrenaline reduction in the FC 

(mainly after 4 days) could reflect a counteracting response to this system’s intense 

activity of during PSD. 

None of the stressors or frequency of exposure had an impact on dopamine 

transmission in Experiment 1. The lack of effects might have been due to the timing of 

brain harvesting, as demonstrated by a microdialysis study showing that restraint (60 

min for 6 days) increases dopamine, dihydroxyphenylacetic acid (DOPAC) and 

homovanillic acid (HVA) during the initial 40 min on the first day of stress, returning to 

basal values in the remaining 20 min; in addition, dopamine, DOPAC and HVA levels 

increased again when rats were set free (lasting 40 min). The changes in dopaminergic 

activity during restraint disappeared from day 4, however the increase observed while 

rats were freed, persisted on all days (Imperato et al., 1992). This could explain the 

absence of difference in dopamine levels, since the animals were decapitated 

immediately after stress. On the other hand, PSD increased dopamine levels in the 

AMY, which may be associated with the well-known behavioral changes induced by 

unremitted PSD, such as increased stereotypy (Martins et al., 2006; Martins et al., 

2008) and aggressiveness (Tufik et al., 1978; Tufik 1981). 

Regarding the serotonergic neurotransmission, POr reduced serotonin levels in 

the vHPC. Numerous evidence indicate that serotonin in the HPC plays an important 
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role in coping with chronic stress and a failure in this mechanism could lead to 

behavioral deficits, e.g., anxiety-like behavior (Joca et al., 2007) and corticosterone 

may have a mediating function. For instance, corticosterone infusion into vHPC results 

in an adaptive stress response by increasing extracellular serotonin levels (Barr & 

Forster, 2011), likely by stimulating the glucocorticoid receptors in this area. However, 

unpredictable chronic stress for 3 weeks down-regulates corticosteroid receptors in 

HPC (Sapolsky et al., 1984), which can be interpreted as a maladaptive response to 

stress. Another mechanism is related to the impairment in acquisition and/or 

consolidation of aversive memories, observed after 5-HT1A receptors activation in the 

HPC (Guimarães et al., 1993; Klemenhagen et al., 2006; Stiedl et al., 2000). In 

addition, serotonin re-uptake blocker administration, or 5-HT1A receptor agonists, after 

an acute stress reduces anxiety-like behavior and stress responses (Guimarães et al., 

1993; Joca et al., 2003). Maldaptative stressful events result in increased anxiety-like 

behavior and reduced noradrenergic (Barbosa Neto et al., 2012) and serotonergic 

neurotransmission (Harvey et al., 2006). Thus, it is legitimate to infer that animals 

exposed to repeated PO could be more prone to exhibit anxiety-like behavior. Although 

these animals were not assessed in any behavioral tests, we observed that during the 

exposure to predator odor the rats avoided the region of the cage that contained the 

aversive stimulus, did not explore, but engaged in burying the object. These defensive 

behaviors are typical of animals exposed to aversive objects (De Boer et al., 1990; 

Diamant et al., 1991; Modaresi, 1982) and persist even after repeated exposure to the 

stimulus. All stressors increased serotonin turnover in the AMY, indicating greater 

serotonergic activity in this structure. The AMY is also involved in stress response, 

especially in regard to the neurocircuitry of fear and anxiety (Asan et al., 2003; Graeff 

et al., 1996). Increased serotonergic activity in the AMY, as well as greater fear 

response and/or anxiety-like  behavior is found after different stressors (Amat et al., 

1998; Christianson et al., 2010; Kawahara et al., 1993; Rueter & Jacobs, 1996; 

Zanoveli et al., 2009) or after a CRH infusion (Forster et al., 2006). 

LP and SP animals also showed a trend for reduced serotonin in the vHPC. 

Many studies report an anxiolytic effect of PSD, with increased entries and/or time 

spent in the open arms of the elevated plus maze (EPM) (Pokk et al., 1996; Suchecki 

et al., 2002) and time spent in open field (OF) center (Hajali et al., 2012; Martinez-

Gonzalez et al., 2004). However, other studies report anxiogenic effects, evidenced by 
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reduction in the time spent in the center of the OF (Vollert et al., 2011), in the time 

spent in the open arms of the EPM (Silva et al., 2004) and in the time in the light side 

in the light-dark box (Xie et al., 2018). Thus, lower PSD-induced vHPC serotonin and 

noradrenaline levels could explain the anxiety-like behavior of these animals. It is 

important to highlight that the controversy in these results may be related to differences 

in the species studied (Suchecki et al., 2002 used rats; Silva et al., 2004 used mice), 

PSD method (Pokk et al., 1996 used small platform; Silva et al., 2004 used modified 

multiple platform) and duration (Hajali et al., 2012 and Martinez-Gonzalez et al., 2004 

used prolonged exposure; Vollert et al., 2011 used acute exposure). Although, no 

significant differences were found in serotonin levels after PSD, there was an increase 

in serotonin turnover in the FC, HPT and dHPC, corroborating previous findings in the 

literature (Asikainen et al., 1997; Machado et al., 2008; Peñalva et al., 2003; 

Senthilvelan et al., 2006). Serotonin has an important role in the modulation of sleep, 

being related to the emergence of paradoxical sleep episodes after deprivation (Boutrel 

et al., 2002; Hery et al., 1970). In HPT cell culture, serotonin stimulates the secretion 

of CRH, contributing to the stress response (Buckingham & Hodges, 1979; Calogero 

et al., 1988). In dHPC, serotonin appears to regulate adaptive coping responses to 

prolonged and inescapable stress (Deakin & Graeff 1991; Graeff et al., 1996; Joca et 

al., 2007). Sleep deprivation increases dHPC serotonin levels, which are related to 

antidepressant effects (Lopez-Rodriguez et al., 2003; Peñalva et al., 2003), as 

evidenced by the strong correlation between swimming time in forced swimming test 

and hippocampal serotonin levels in rats submitted to bilateral olfactory bulbectomy 

(an animal model of depression) and 72 h of PSD (Maturana et al., 2015). A similar 

response is observed after 21 days of paradoxical sleep restriction, with increase 

serotonin levels in the dHPC, but no difference in the anhedonic-like behavior (da Silva 

Rocha-Lopes et al., 2018). 
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Table 4.1: Qualitative comparison of central monoamines between different 
stressor stimuli 

 

Cold Restraint 
Predator 

odor 
PSD 

s r s r s r 1 4 

Noradrenaline 

FC = = = = = = ↓ ↓ 

HPT = = = = = ↑ = = 

AMY = = = = = = = = 

dHPC = = = = = = ↓ ↓ 

vHPC = = = = = ↓ = ↓ 

Dopamine 

FC = = = = = = = = 

HPT = = = = = = = = 

AMY = = = = = = ↑↑↑ ↑ 

dHPC = = = = = = = = 

vHPC = = = = = = = = 

Serotonin 

FC = = ↑ ↑ ↑ ↑ = ↑ 

HPT = = = = = = = = 

AMY = = = = = = = = 

dHPC = = = = = = = = 

vHPC = = = = = ↓ ↓ ↓ 

5-HIAA / 5-HT 

FC ↑ ↑ = = = = ↑ ↑ 

HPT = = = = = = ↑ ↑ 

AMY ↑↑ ↑↑ ↑↑ ↑↑ ↑ ↑↑ = = 

dHPC = = = = = = ↑↑↑ ↑↑ 

vHPC = = = = = = = = 

 

Table 4.1: Abbreviations: s: single exposure; r = repeated exposure; FC = frontal cortex; HPT: 
hypothalamus; AMY = amygdala; dHPC = dorsal hippocampus; vHPC = ventral hippocampus; 5-HIAA 
= 5-hydroxyindolacetic acid; 5-HT = serotonin. 

 

A summary of the central monoaminergic response to the different stimuli used 

in this study is described in table 4.1. The neurochemical changes resulting from cold 

and restraint stress were restricted to increased serotonergic activity in the FC and 

AMY, whereas predator odor caused changes in noradrenergic and serotonergic 

neurotransmission in HTP and HPC. PSD in turn, was the stimulus that caused major 
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changes in the central monoaminergic system, including reduction in noradrenaline 

levels in the FC, dHPC and vHPC, increased dopamine levels in the AMY, increased 

serotonergic activity in the FC, HPT and dHPC and reduction in serotonin levels in the 

vHPC. The main reason for the differences in neurochemical response between the 

results of Experiments 1 and 2 is likely related to stimulus duration. In Experiment 1, 

the animals were exposed to stressors for 30 or 60 min, while PSD had a much longer 

duration (24 or 96 h). This continuous exposure may be responsible for recruiting the 

central monoaminergic system, in different structures of the limbic system, as a 

mechamism to cope with stress. Despite the differences in duration, repeated PO was 

the stressor that showed most similarities with PSD (especially after 4 days of sleep 

deprivation). These results suggest that prolonged exposure to PO and PSD led to 

neurochemical changes that could result in adaptive or maladaptive stress responses, 

thus reinforcing previous results (Chapter 3) indicating that PSD-induced 

neurochemical changes are closer to the profile of a psychological stressor. 
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Este manuscrito será submetido ao periódico Neurobiology of Stress 

 

5.1. Introduction 

 

The main and best described neuroendocrine stress response system is the 

hypothalamic-pituitary-adrenal (HPA) axis, which begins with the release of 

corticotropin releasing hormone (CRH) in the paraventricular nucleus of the 

hypothalamus (PVN) and culminates with secretion of glucocorticoids by the adrenal 

glands (Sapolsky, et al., 2000; Spencer & Deak, 2017). However, there are specific 

brain neurocircuits responsible for coordinating this response, with a distinction 

between the neural processing of physical and psychological stressors (Sawchenko et 

al., 1996; Herman et al., 2003). Thus, an alternative approach to assessing the stress 

response is to investigate the activation of these brain structures (Dayas et al., 2001; 

Emmert & Herman, 1999; Sawchenko et al., 2000). 

The expression of immediate-early response genes (IEGs) has been used as a 

tool to map neuronal activity (Dragunow & Faull, 1989; Sagar et al., 1988). lEGs are 

rapidly expressed genes that encode proteins that act as transcription and growth 

factors (Morgan & Curran, 1989). These factors can be grouped into IEG families 

according to their nucleotide sequences, e.g., fos, jun and Egr. Several studies have 

mapped the expression of c-fos after exposure to different stressors (Ceccatelli et al., 

1989; Chastrette et al., 1991; Kovacs, 1998; Sawchenko et al., 1996) and identified 
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stressor-associated c-fos expression patterns in different brain areas, highlighting the 

hypothalamus and limbic system (Herman & Cullinan, 1997; Herman et al., 2003; 

Senba & Ueyama, 1997). Regardless of the stressor nature, there is an increase in c-

fos expression in the PVN (Pacák & Palkovits, 2001). However, exposure to physical 

stressors, such as cold, hemorrhage and hypoglycemia, result in low, or none, c-fos 

expression in the limbic system structures (cingulate cortex, amygdala, hippocampus), 

while stressors with a psychological component, e.g., predator odor, 

restraint/immobilization and pain, produce intense activity in these brain areas (Day et 

al., 2004; Pacák & Palkovits, 2001). 

Besides c-fos, it is important to evaluate the expression of other IEGs, since 

some brain regions may not express a specific IEG (Herschman, 1991; Hughes et al., 

1992). The EGR1 protein (Early Growth Response Protein 1), also known as zif-268, 

NGFI-A and Krox24, is part of the EGR family and its activity is related to synaptic 

plasticity (Veyrac et al., 2014), cell proliferation and differentiation (Sukhatme, 1990). 

EGR1 is widely expressed in the brain at basal conditions (Mack et al., 1990; 

Schlingensiepen et al., 1991) and seems to precede c-fos expression during neuronal 

activation (Worley et al., 1990). Studies show that high frequency stimulation of 

synaptic activity leads to an increase in EGR1 expression (Cole et a., 1989; Wisden et 

al., 1990) while its reduction in a brain region can be interpreted as less functional 

activity (Worley et al., 1991). EGR1 has also been used as an indirect marker of 

neuronal activity (Veyrac et a., 2014), however, no study has compared the differences 

between physical and psychological stressors in EGR1 expression in the limbic 

system, as well as its activity in PVN. Previous results from our group showed that 

PSD induces HPA axis (Chapter 3) and central monoamines (Chapter 4) stress 

responses similar to that of a psychological stressor Thus, the aim of this study was to 

evaluate the expression of EGR1 in structures of the limbic system and PVN, after 

exposure to stimuli of different natures and frequencies/lengths, in order to check 

whether EGR1 in the limbic system can be used to distinguish the nature of stimuli, 

like c-fos, and whether its activation pattern after PSD is similar to the psychological 

stressor. Cold and restraint were chosen as physical and mixed stressors, respectively, 

as they mimic stimuli present in the SPM for PSD. 
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5.2. Methods 

 

5.2.1. Subjects 

 

Male Wistar rats (235-450 g), 90 days-old (n = 70), from Centro de 

Desenvolvimento de Modelos Experimentais para Medicina e Biologia (CEDEME) of 

Universidade Federal de São Paulo (UNIFESP) were used. The animals were kept in 

a controlled environment, with 12 h light/12 h dark cycle (lights on at 7:00 a.m.) and 

temperature of 23 ± 1°C. All animals were housed individually in plastic cages for three 

days before the onset of the experiments (CEUA No. 1871160914). 

 

5.2.2. Experiments / Groups 

 

Experiment 1: The animals were distributed in 8 groups, based on the stress 

procedure and the frequency to which they were submitted: home cage - single (HCs); 

home cage - repeated (HCr); cold - single (Cs); cold - repeated (Cr); restraint - single 

(Rs); restraint - repeated (Rr); predator odor - single (POs) and predator odor - 

repeated (POr).  

Experiment 2: The animals were distributed in 6 groups: container control - 1 

day (CC1); container control - 4 days (CC4); large platform - 1 day (LP1); large platform 

- 4 days (LP4); small platform - 1 day (SP1); small platform - 4 days (SP4).  

In both experiments, each group consisted of 5 animals. However, the number 

of animals in some analyzes was reduced due to the lack of obtaining the respective 

structure. The repeated (or 4 day-long) protocols started three days before the single 

(or 1 day-long) ones, so that all animals were euthanized on the same day.  

 

5.2.3. Stress procedures 

 

5.2.3.1. Cold 

 

The animals were housed individually in metal wire cages and placed in a 

horizontal freezer set at -4°C ± 2°C with the door partially opened for ventilation, for 1 
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h. The temperature was chosen based on the activation of areas related to physical 

stress (Pacák & Palkovits, 2001). Exposure to cold began at 08:00 a.m. 

 

5.2.3.2. Restraint 

 

The animals were kept in plastic cylinders (21 cm length x 6 cm diameter) for 1 

h (Palma et al. 2000), beginning at 08:00 a.m. One end of the cylinder was closed with 

wire mesh and after the animal entered the cylinder a wooden door (with a small hole 

to accommodate the tail) closed the other end. Importantly, similar sized animals were 

used to make sure that there was no difference in intensity of restraint between them. 

 

5.2.3.3. Predator odor 

 

Each animal was exposed, in its own cage, to a petri dish containing 

approximately 60 g of sand with cat urine. This sand was obtained from the litter box 

of two male domestic cats used during the two days prior to the experiment and the 

feces were removed from the sand. Exposure to predator odor began at 08:30 h and 

lasted for 30 min. In the protocol of repeated exposure, the animals were housed in a 

clean cage, after the end of each session. 

 

5.2.3.4. Paradoxical sleep deprivation 

 

PSD was performed by the SPM. Each rat was housed in one container (22 cm 

length x 22 cm width x 35 cm height) filled with water, onto a platform with 6.5 cm 

(small platform) in diameter (Cohen & Dement, 1965). The platform remained 

immersed in water up to 1.0 cm from its top edge. Food (side feeder) and water 

(located in the upper part of the container) were available ad libitum. In the stress 

control group, the rats were accommodated in the same way as the SPM, but on 

platforms with 14.0 cm (large platform) in diameter, as a way to prevent them from 

falling into the water during paradoxical sleep (PS), although previous data show that 

there is also considerable loss of PS, including PS rebound in the recovery period 

(Machado et al., 2004). The control group was kept in the same experimental 

environment as the other groups, but instead of water, the container was lined with 
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corn cob. The animals were habituated to their experimental environments for 60 min 

/ day for three days before the beginning of the experiments. PSD started at 09:00 a.m. 

and lasted 24 hours or 96 hours. 

 

5.2.4. Immunocytochemistry 

 

Immediately after the end of each stress procedure, the remaining animals (n = 

5/group) were anesthetized with thiopental. After thoracic opening and clamping of the 

abdominal aorta, cardiac puncture was performed and the perfusion by gravity of 150 

mL of saline solution with heparin (to wash the brain of the animal) started. 

Subsequently, 150 ml of formalin solution (4% buffered formaldehyde) was infused. 

After fixation, the entire head was immersed in formalin solution for 24 h at 4°C. Then, 

the brains were removed from the skull and immersed in 30% sucrose solution, until 

they sank. Next, the brains were dried to remove all excess sucrose solution, immersed 

in cryostat embedding solution (Tissue Tek), frozen in isopentane (-80°C) and stored 

in the freezer (-80°C) for later processing. All immunocytochemical reactions were 

performed in the Neurobiology Laboratory at Morgan State University, under 

supervision of Dr. Gloria Hoffman, using the Pelco BioWave Pro histological 

microwave with SteadyTemp recirculating water bath, following the protocol described 

below (Hoffman et al., 2008). The brains were cut into 30 μm slices in the microtome, 

which were kept in wells filled with antifreeze solution (sucrose, ethylene glycol and 

polyvinylpyrrolidone) (Watson et al., 1986) and stored at -20°C for subsequent free-

floating immunocytochemical techniques. Briefly, the sections were rinsed in 

phosphate buffered saline (PBS) and then incubated with rabbit anti-EGR1 (1:1,000 

and 1:3,000) (Cell Signaling, cat: 44D5) in PBS with 0.4% Triton X-100 for 1 h at room 

temperature on a rotator at 55 rpm and subsequent for 48 h at 4 C. After a new rinsing 

in PSB, the sections were incubated for 19 min at room temperature in biotinylated 

goat anti-rabbit IgG (Abcam; cat: ab6720) at a concentration of 1:600 in PBS with 0.4% 

Triton X-100, rinsed again in PBS, and then incubated in avidin-biotin complex solution 

(VECTASTAIN Elite ABC HRP Kit; cat: PK-6100) diluted in PBS with 0.4% Triton X-

100 at room temperature for 19 min. Next, the tissues were rinsed in PBS and then 

Tris buffer (pH 7.2). NiDAB (DAB Peroxidase HRP Substrate Kit, with Nickel, 3,3’-

diaminobenzidine; cat: SK-4100) was used for revelation (20 min of staining time). The 
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sections were rinsed in Tris buffer to stop the reaction and mounted onto gelatin-

subbed slides. The slides were dried overnight, dehydrated through alcohols, cleared 

with xylene, and coverslipped.  

The images were captured by a 4x and 10x objectives of a microscope equipped 

with a digital camera (Olympus DP71, Japan). Immunoreactivity was quantified 

bilaterally using ImageJ software (National Institute of Health) and represented by the 

percentage of the region of interest (% ROI): [(labeled area/total area] x 100]. Brain 

areas were anatomically defined according to Paxinos and Watson atlas of the rat brain 

(2018): cingulate cortex [pre-limbic A32D (PrL) (bregma 3.24 mm), infra-limbic A32V 

(IfL) (bregma 3.24 mm), rostral region A24a (RoRa) (bregma –0.12 mm), rostral region 

A24b (RoRb) (bregma –0.12 mm), caudal region A24c (CaR) (bregma –2.52 mm)], 

basolateral amygdala (BLA) (bregma –2.04 mm), central amygdala (CeA) (bregma –

2.04 mm) and paraventricular nucleus of the hypothalamus (PVN) (bregma –1.92 mm). 

 

5.2.5. Statistical analysis 

 

Statistical analysis was performed with the software Statistica 12.0 (StatSoft, 

USA). For each brain area, two-way ANOVA parametric test was applied, with the 

factors Group (Home Cage, Cold, Restraint, Predator Odor) and Frequency (Single, 

Repeated), for Experiment 1, and Group (Container Control, Large Platform, Small 

Platform) and Length (1 day, 4 days), for Experiment 2. When necessary, Newman-

Keuls post hoc test was used, and the level of significance was set at p < 0.05. 

 

5.3. Results 

 

5.3.1. Cingulate cortex 

 

5.3.1.1. Experiment 1 

 

A Group x Frequency interaction (F3,32 = 4.37; p < 0.05) was shown in the PrL 

(Fig. 5.4 A). However, the post hoc test did not reveal any statistical difference between 

groups. ANOVA revealed no Group effects in the IfL (F3,32 = 1.53, p = 0.22), RoRa 

(F3,32 = 0.79, p = 0.50), RoRb (F3,32 = 0.45, p = 0.72) or CaR (F3,32 = 0.33, p = 0.80). 
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There was also no frequency effect [IfL (F1,32 = 0.02, p = 0.89), RoRa (F1,32 = 0.03, p = 

0.95), RoRb (F1,32 = 0.21, p = 0.65), CaR (F1,32 = 0.10, p = 0.75)] or interaction between 

the factors [IfL (F3,32 = 0.97, p = 0.41), RoRa (F3,32 = 0.77, p = 0.51), RoRb (F1,32 = 0.51, 

p = 0.67), CaR (F1,32 = 1.22, p = 0.32)]. 
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Figure 5.1: Representative pictures of EGR1 immunocytochemistry in the PrL and IfL, in Experiment 1. 
Scale bar = 500 μm. HC: home cage; C: cold; R: restraint; PO: predator odor. 
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Figure 5.2: Representative pictures of EGR1 immunocytochemistry in the RoRa and RoRb, in 
Experiment 1. Scale bar = 500 μm. HC: home cage; C: cold; R: restraint; PO: predator odor. 
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Figure 5.3: Representative pictures of EGR1 immunocytochemistry in the CaR, in Experiment 1. Scale 
bar = 500 μm. HC: home cage; C: cold; R: restraint; PO: predator odor.
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Figure 5.4: Effect of different stressors on EGR1 in the cingulate cortex: pre-limbic area – A32D (A); infra-limbic area – A32V (B); rostral region – A24a (C); 
rostral region – A24b (D) and caudal region – A29c (E) (mean ± SEM).  HCs: home cage – single; HCr: home cage – repeated; Cs: cold – single; C4: cold – 
repeated; Rs: restraint – single; Rr: restraint – repeated; POs: predator odor – single; POr: predator odor – repeated; n = 5 animals per group. 
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5.3.1.2. Experiment 2 

 

There was a main effect of Group (F2,23 = 7.59; p < 0.01) in the IfL (Fig. 5.8 B). 

LP and SP induced less EGR1 expression than the CC group (p’s < 0.05). ANOVA 

revealed a main effect of Length (F1,23 = 4.52; p < 0.05) in the CaR (Fig. 5.8 E). 

However, the post hoc test did not reveal any statistical difference between the 

durations of each manipulation. No main effects or interaction between the factors 

were found in the PrL [Group (F2,23 = 0.78, p = 0.47), Length (F1,23 = 1.89, p = 0.18), 

Interaction (F2,23 = 2.36, p = 0.12)], RoRa [Group (F2,23 = 0.79, p = 0.46), Length (F1,23 

= 0.12, p = 0.73), Interaction (F2,23 = 0.07, p = 0.93)] and RoRb [Group (F2,32 = 0.08, p 

= 0.92), Length (F1,23 = 4.26, p = 0.06), Interaction (F2,23 = 0.66, p = 0.52)]. 
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Figure 5.5: Representative pictures of EGR1 immunocytochemistry in the PrL and IfL, in Experiment 2. 
Scale bar = 500 μm. CC: container control; LP: large platform; SP: small platform. 
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Figure 5.6: Representative pictures of EGR1 immunocytochemistry in the RoRa and RoRb, in 
Experiment 2. Scale bar = 500 μm. CC: container control; LP: large platform; SP: small platform. 
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Figure 5.7: Representative pictures of EGR1 immunocytochemistry in the CaR, in Experiment 2. Scale 
bar = 500 μm. CC: container control; LP: large platform; SP: small platform. 
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Figure 5.8: Effect of paradoxical sleep deprivation on EGR1 in the cingulate cortex: pre-limbic area – A32D (A); infra-limbic area – A32V (B); rostral region – 
A24a (C); rostral region – A24b (D) and caudal region – A29c (E) (mean ± SEM). CC1: container control – 1 day; CC4: container control – 4 days; LP1: large 
platform – 1 day; LP4: large platform – 4 days; SP1: small platform – 1 day; SP4: small platform – 4 days. * = different from CC group; n = 4 to 5 animals per 
group.
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5.3.2. Amygdala 

 

5.3.2.1. Experiment 1 

 

Main effect of Frequency (F3,32 = 4.33; p < 0.05) was found in the CeA (Fig. 5.10 B). 

EGR-1 expression was lower after repeated exposure compared to single exposure (p < 

0.05). There was no Group (F3,32 = 0.77; p < 0.52), Frequency effects (F1,32 = 2.83, p = 

0.10), or interaction between the factors (F3,32 = 0.38, p = 0.77), in the BLA. 
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Figure 5.9: Representative pictures of EGR1 immunocytochemistry in the BLA and CeA, in Experiment 
1. Scale bar = 500 μm. HC: home cage; C: cold; R: restraint; PO: predator odor. 
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Figure 5.10: Effect of different stressors on EGR1 in the amygdala: basolateral amygdala (BLA) (A) and 
central amygdala (CeA) (B) (mean ± SEM).  HCs: home cage – single; HCr: home cage – repeated; Cs: 
cold – single; C4: cold – repeated; Rs: restraint – single; Rr: restraint – repeated; POs: predator odor – 
single; POr: predator odor – repeated; n = 5 animals per group. 

 

5.3.2.2. Experiment 2 

 

ANOVA revealed no Group effects in the BLA (F2,23 = 0.06, p = 0.94) and CeA 

(F2,23 = 1.22, p = 0.31). There was also no effect of Frequency [BLA (F1,23 = 2.29, p = 

0.14), CeA (F1,23 = 0.63, p = 0.43)] nor interaction between the factors [BLA (F2,23 = 

1.25, p = 0.30), CeA (F2,23 = 0.85, p = 0.44). 
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Figure 5.11: Representative pictures of EGR1 immunocytochemistry in the BLA and CeA, in Experiment 
2. Scale bar = 500 μm. CC: container control; LP: large platform; SP: small platform. 
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Figure 5.12: Effect of paradoxical sleep deprivation on EGR1 in the amygdala: basolateral amygdala 
(BLA) (A) and central amygdala (CeA) (B) (mean ± SEM). CC1: container control – 1 day; CC4: container 
control – 4 days; LP1: large platform – 1 day; LP4: large platform – 4 days; SP1: small platform – 1 day; 
SP4: small platform – 4 days; n = 5 to 4 animals per group. 

 

5.3.3. PVN 

 

5.3.3.1. Experiment 1 

 

Main effect of Group (F3,32 = 9.94; p < 0.001) was revealed (Fig. 5.14). C (p < 

0.05) and R (p < 0.001) groups had higher EGR1 expression than CC and PO groups. 
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Figure 5.13: Representative pictures of EGR1 immunocytochemistry in the PVN, in Experiment 1. Scale 
bar = 200 μm. HC: home cage; C: cold; R: restraint; PO: predator odor. 
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Figure 5.14: Effect of different stressors on EGR1 in the paraventricular nucleus of the hypothalamus 
(PVN) (mean ± SEM).  HCs: home cage – single; HCr: home cage – repeated; Cs: cold – single; C4: 
cold – repeated; Rs: restraint – single; Rr: restraint – repeated; POs: predator odor – single; POr: 
predator odor – repeated; * = different from HC group; £ = different from PO group; n = 5 animals per 
group. 

 

5.3.3.2. Experiment 2 

 

There was a main effect of Group (F2,23 = 12.36, p < 0.001) (Fig. 5.16). SP 

showed higher EGR1 expression compared to LP and CC groups (p’s < 0.001). 
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Figure 5.15: Representative pictures of EGR1 immunocytochemistry in the PVN, in Experiment 2. Scale 
bar = 200 μm. CC: container control; LP: large platform; SP: small platform. 
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Figure 5.16: Effect of paradoxical sleep deprivation on EGR1 in the paraventricular nucleus of the 
hypothalamus (PVN) (mean ± SEM). CC1: container control – 1 day; CC4: container control – 4 days; 
LP1: large platform – 1 day; LP4: large platform – 4 days; SP1: small platform – 1 day; SP4: small 
platform – 4 days. * = different from CC group; # = different from LP group; n = 4 to 5 animals per group. 

 

5.4. Discussion 

 

The present study investigated the expression of EGR1, an indirect marker of 

neuronal activation, in the cingulate cortex, amygdala and PVN after exposure to 

different stimuli, applied in different frequencies/lengths. No changes were found in C, 

R and PO groups, after single or repeated exposure, in the cingulate cortex and 

amygdala, whereas exposure to LP and SP reduced EGR1 expression in the cingulate 

cortex (infra-limbic area). Moreover, exposure to cold, restraint and PSD increased 

EGR1 expression in the PVN. 

There is no data in the literature showing EGR1 expression in the brain after 

exposure to cold or predator odor, but exposure to single or repeated session of cold 

results in low activation of the cingulate cortex and no amygdala activation, assessed 

by c-fos (Baffi & Palkovits, 2000; Miyata et al., 1995, Pacák & Palkovits, 2001). 

Therefore, the present results of EGR1 expression after cold stress seem to replicate 

the findings with c-fos. Interestingly, 30 min of exposure to TMT (5-dihydro-2,4,5-

trimethylthiazoline), a component present in fox faeces (natural rodent predator), 

increases the expression of c-fos in the cingulate cortex (PrL and IfL) and amygdala 

(BLA and CeA) (Day et al., 2004). In our experiments, no change in EGR1 expression 

in the limbic system was observed after predator odor exposure. Rosen and co-
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workers (2005) showed that rats exposed to a cat show no change in EGR1 mRNA 

expression in the amygdala. Furthermore, knocking down the EGR1 levels in the 

amygdala does not affect the freezing response to TMT exposure, as with fear 

conditioning (Malkani et al., 2004). These results suggest that EGR1 in the amygdala 

does not participate in the unconditional fear response to predator odor, which would 

explain why we did not find any difference in its expression.  

Unlike cold and predator odor stressors, several studies have evaluated the 

effect of restraint on EGR1 expression in the brain. Some of them indicate that single 

exposure to restraint (Kim et al., 2018; Morinobu et al., 1995) or immobilization (Briand 

& Blendy, 2013) increases EGR1 mRNA expression in the frontal cortex. Melia e co-

workers (1994) found no difference in EGR1 mRNA levels in the cortex of rats 

restricted for 2 h, whereas repeated restraint for 4 or 9 days reduced EGR1 mRNA 

levels. Immobilization for 15 min is sufficient to increase the EGR mRNA expression in 

CeA (Briand & Blendy, 2013), while 1 h of restraint does not change EGR1 levels in 

BLA (Novaes et al., 2017). The divergence of our results with the literature can be 

explained by the differences in species studied (Kim et al., 2018 used mice), EGR1 

expression measured (Morinobu et al., 1995 measured mRNA) and mainly the stress 

duration (Briand & Blendy, 2013 used 15 min; Morinobu et al., 1995 used 45 min; Melia 

et al., 1994 used 2 h). It appears as though short-term restraint stress increases EGR1 

expression in the frontal cortex and amygdala, while longer durations do not cause 

changes. 

In experiment 2, the animals submitted to LP and SP showed lower expression 

of EGR1 in the IfL, regardless of the length of the protocol. Pompeiano and co-workers 

(1997) found increased EGR1 mRNA expression in many cortical areas of rats sleep-

deprived for 3, 6 or 12 h, but no changes were observed in the amygdala. The major 

changes in EGR1 mRNA expression occurred with 6 h of sleep deprivation, while 24 h 

resulted in few alterations. Mice deprived of sleep for 6 h had increased EGR1 

expression in the cerebral cortex and after 4 h of sleep rebound the EGR1 levels no 

longer differ from control (Terao et al., 2003). On the other hand, 10 days of total sleep 

deprivation did not result in differences on EGR1 expression in several rat brain 

structures, including cingulate cortex and BLA (Landis et al., 1993). Thus, EGR1 

expression seems to be more affected by shorter than longer periods of sleep 

deprivation. The controversy in our results may be related to the platform methodology 
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(Pompeiano et al., 1997 and Terao et al., 2003 used total sleep deprivation by gentle 

handling), since the LP animals also show a reduction in EGR1 expression in the IfL. 

Studies show an increase in EGR1 expression in the PVN after exposure to the 

predator (Rosen et al., 2005), restraint (Girotti et al., 2007; Pace et al., 2005), 

immobilization (Umemoto et al., 1997) and forced swimming (Cullinan et al., 1995). 

EGR1 in PVN has a positive correlation with ACTH and corticosterone secretion (Pace 

et al., 2005). We found similar response pattern between EGR1 in the PVN and 

corticosterone levels after C, R, PO and PSD stress (Chapter 3). These results 

demonstrate that the increase in EGR1 expression in PVN occurs regardless of the 

nature of the stimulus, being a way to evaluate the activity of the HPA axis. 

In addition, Umemoto and co-workers (1997) showed that immobilization (2 h) 

increases EGR1 mRNA expression in the PVN throughout the whole session, either 

during the single or after repeated exposures (7 days). C-fos and other IEGs 

expression is reduced after repeated, compared to single exposure (Umemoto et al., 

1994), returning to basal values before the end of the stimulus (Umemoto et al., 1997). 

EGR1 expression in the PVN does not appear to be affected by the frequency of the 

stressor. In fact, repeated/longer length exposure to C, R and PSD maintained high 

EGR1 expression. Thus, EGR1 seems to be a good tool to assess repeated stress 

response. Some evidence indicates that c-fos, but not EGR1, expression in the PVN 

is regulated by corticosterone. Thus, adrenolectomized animals show higher c-fos 

expression after 15 min restraint stress than sham-stressed group, whereas EGR1 

expression is not altered (Girotti et al., 2007). Likewise, administration of corticosterone 

for 7 days reduces the expression of c-fos, fos B, jun B and NGFI-B in PVN after 1 h 

of immobilization, but not of EGR1 (Umemoto et al., 1997). This effect can be observed 

in the restraint groups: Rr caused a reduction in corticosterone levels compared to Rs 

(Chapter 3), however EGR1 expression between these groups was the same. 
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Table 5.1: Qualitative comparison of EGR1 expression between different stressor stimuli 

 

Cold Restraint 
Predator 

odor 
PSD 

s r s r s r 1 4 

Cingulate cortex 

PrL = = = = = = = = 

IfL = = = = = = ↓ ↓ 

RoRa = = = = = = = = 

RoRb = = = = = = = = 

CaR = = = = = = = = 

Amygdala 

BLA = = = = = = = = 

CeA = = = = = = = = 

Hypothalamus 

PVN ↑↑ ↑↑ ↑↑ ↑↑ ↑ = ↑ ↑ 

Table 5.1: Abbreviations: s: single exposure; r = repeated exposure; PrL = pre-limbic; IfL: infra-limbic; 
RoRa = rostral region (A24a); RoRb = rostral region (A24b); CaR = caudal region; BLA = basolateral 
amygdala; CeA = central amydala; PVN = paraventricular nucleus of the hypothalamus. 

 

A summary of EGR1 expression is presented in table 5.1. There was no change 

in EGR1 expression in the limbic system after exposure to stressors with a 

psychological component (restriction, predator odor), perhaps due to the fact that it is 

highly expressed in basal conditions (HC and CC groups) (Mack et al., 1990; 

Schlingensiepen et al., 1991). Thus, EGR1 does not seem to be indicated for 

assessing neuronal activity of these structures of the limbic system. We will evaluate 

EGR1 expression in the hippocampus, since studies show changes in this structure 

after restraint (Olsson et al., 1997) and PSD (Pompeiano 1997; Ravassard et al., 

2015a; Ravassard et al., 2015b). It is important to highlight that the increase in the 

IEGs expression in some structures of the limbic system after stress exposure does 

not reflect stress intensity of the stimulus, since the IEGs mRNA expression in the 

hippocampus and several cortical regions is higher in novel environments that elicit 

lower ACTH and corticosterone responses (Pace et al., 2005). The increase of EGR1 

expression in the PVN demonstrates that this IEG can be used as a marker of the 

stress response. To assist in distinguishing the nature of stressors, we will also check 

EGR1 expression in other hypothalamic nuclei (ventromedial, dorsomedial, arcuate 

nucleus), nucleus of the solitary and locus coreuleos, structures that have differences 

in c-fos response (Pacák & Palkovits, 2001). 
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6. CONSIDERAÇÕES FINAIS E CONCLUSÃO 

 

6.1. Considerações finais 

 

Esse estudo avaliou as respostas ao estresse que envolvem 1) o eixo HPA 

(Capítulo 3), 2) as monoaminas centrais (Capítulo 4) e 3) a ativação neuronal (Capítulo 

5), em ratos expostos a estressores de naturezas distintas (frio = físico, odor de 

predador = psicológico, restrição de movimento = misto) e à privação de sono 

paradoxal (PSP), buscando caracteriza-la como um modelo de estresse, bem como 

classificar sua natureza. 

As respostas de estresse entre os estímulos físico e psicológico foram 

diferentes. Todos os estressores aumentaram as concentrações plasmáticas de 

ACTH e corticosterona, embora em diferentes magnitudes. A exposição repetida aos 

estressores resultou em menor resposta de corticosterona, comparada à exposição 

única. As principais alterações na resposta monoaminérgica central ocorreram após 

exposição repetida ao odor de predador, incluindo redução das concentrações de 

noradrenalina e serotonina no hipocampo ventral, o que sugere uma resposta mal 

adaptativa ao estresse. Apesar de não termos encontrado aumento na expressão de 

EGR1 no córtex cingulado e amígdala após a exposição ao estressor psicológico, a 

ativação neuronal no PVN foi diferente entre os estímulos, apresentando um padrão 

semelhante à resposta de corticosterona. 

A PSP, por sua vez, resultou em alterações na resposta ao estresse em todos 

os parâmetros avaliados (hormônios do eixo HPA, neuroquímica, ativação neuronal). 

Mais do que isso, esse estudo mostrou que as respostas de estresse são decorrentes 

da PSP per se, e não dos estressores associados à metodologia das plataformas, 

uma vez que os animais submetidos à plataforma larga (grupo controle do ambiente 

da PSP) não apresentaram as alterações (ou apresentaram em uma intensidade 

menor). A tabela 6.1 descreve um resumo das respostas de estresse nos grupos 

plataforma larga e plataforma estreita (PSP). 
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Tabela 6.1: Comparação das respostas de estresse entre os grupos plataforma larga 

e plataforma estreita 

 
Plataforma larga (Controle) Plataforma estreira (PSP) 

1 dia 4 dias 1 dia 4 dias 

Ganho de peso ↓ ↓↓ ↓↓ ↓↓↓ 

Eixo HPA 

AVP – PVN = = ↓ ↓ 

AVP – ME = = ↑ ↑ 

ACTH = = = ↑ 

Corticosterona ↑ ↑ ↑ ↑↑ 

Noradrenalina 

Córtex frontal = = ↓ ↓ 

Hipocampo dorsal = = ↓ ↓ 

Hipocampo ventral = = ↓ ↓ 

Dopamina 

Amígdala = = ↑↑ ↑ 

Turnover de serotonina 

Córtex frontal ↑ ↑↑ ↑↑ ↑↑↑ 

Hipotálamo = = ↑ ↑ 

Hipocampo dorsal ↑ ↑ ↑↑ ↑↑ 

EGR1 

PVN = = ↑ ↑ 

Tabela 6.1: Abreviações: ACTH = hormônio adrenocorticotrófico; AVP = arginina vasopressina; EGR1 
= early growth response protein 1; ME = eminência mediana; PVN = núcleo paraventricular do 
hipotálamo paraventricular. 

 

6.2. Conclusão 

 

Apesar da metodologia da PSP envolver associação de estressores 

tipicamente físicos (contato com a água e restrição de movimento), as respostas de 

estresse observadas são decorrentes da falta de sono paradoxal. Dessa forma, 

podemos concluir que a PSP é de fato um estímulo estressante e sua natureza se 

assemelha a um estressor psicológico. 
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7. DIFICULDADES 

 

Nessa sessão serão descritas as dificuldades encontradas durante o 

desenvolvimento deste trabalho, bem como as soluções propostas para as mesmas. 

Essas informações poderão ser úteis para aqueles que desejarem replicar algum dos 

nossos experimentos ou mesmo ajudar a quem esteja enfrentando os mesmos 

desafios. 

 

7.1. Modelo de exposição ao odor de predador 

 

Inicialmente, o protocolo de exposição ao odor de predador (modelo de 

estresse psicológico) seria realizado com a exposição ao 2,5-diidro-2,4,5-

trimetiltiazolina (TMT), componente presente nas fezes da raposa (predador natural 

do roedor). Este composto vem sendo citado na literatura como um forte indutor de 

estresse em roedores (Burwash et al., 1998; Day et al., 2004; Fendt et al., 2005). Sua 

vantagem frente a outros modelos de estresse por apresentação ao odor de predador 

é a possibilidade de mensuração da quantidade de odor ao qual cada animal é 

exposto. Porém tivemos dificuldade para adquirir este produto, pois a empresa 

fornecedora do TMT, citada na grande maioria dos artigos (Phero Tech, Canada) 

fechou, mudou de nome e não apresenta mais esse produto para venda em seu 

website. Além disso, o TMT (PM: 129,22; C6H11NS) é comumente confundido com 

outra molécula odorífera, o 2,4,5-Trimetiltiazole (PM:127,21; C6H9NS), que possui 

uma instauração a mais no anel tiazólico, fazendo com que apresente odor diferente 

daquele que procurávamos (Yabuki et al., 2011). Dessa forma, muitas empresas que 

diziam vender o 2,5-diidro-2,4,5-trimetiltiazolina, na verdade vendiam o 2,4,5-

Trimetiltiazole. Poucas empresas possuíam de fato esse item em seu catálogo de 

vendas, dentre as quais, apenas uma empresa retornou nosso contato (Tractus, 

China). Realizamos a compra do TMT e aguardamos cerca de um mês para que a 

empresa sintetizasse o composto. Após esse período, recebemos a informação de 

que não conseguiram sintetizá-lo e assim tivemos de encontrar uma alternativa.  

Outro modelo de estresse por odor de predador consiste na exposição do rato 

ao odor de gato. Este odor pode ser oriundo de um objeto (por exemplo uma flanela) 

que permaneceu em contato com o gato por um período de tempo ou de sua urina. 
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Optamos por utilizar a urina do gato, uma vez que na literatura este protocolo tem 

mostrado eficácia em gerar resposta de estresse, sendo utilizado até mesmo como 

modelo de estresse pós-traumático (Cohen & Zohar, 2004; Cohen et al., 2012). Dessa 

forma, realizamos um experimento piloto para verificar se a urina de gato serviria como 

modelo de estresse para nossos animais. Quatro ratos (duas fêmeas e dois machos) 

foram expostos à areia contendo urina de gato por cerca de 30 minutos. Dois dias 

antes do teste, os animais foram individualizados em gaiolas plásticas e cada um foi 

exposto a uma placa de petri contendo areia limpa durante 30 minutos diários, para 

adaptação dos animais ao novo objeto. Durante os dois dias de adaptação nenhum 

animal apresentou qualquer alteração de comportamento. No dia do teste, cada 

animal foi exposto a uma placa de petri contendo aproximadamente 60 g de areia com 

urina de gato (a areia foi utilizada por dois gatos domésticos machos durante dois 

dias, sem a presença de fezes), por 30 min, durante os quais, os animais foram 

filmados para avaliação comportamental. O primeiro animal testado foi uma fêmea, 

que não exibiu nenhum comportamento que indicasse aversão à urina de gato, pelo 

contrário, a rata por muitas vezes transitou por cima da placa de petri e chegou a ficar 

dentro da placa por algum tempo. Para a segunda fêmea, realizamos a exposição ao 

odor de predador em uma nova caixa (não na caixa moradia como foi feito com a 

primeira), pois acreditávamos que o odor do próprio animal impregnado na caixa 

pudesse ofuscar o odor da urina. Mais uma vez não foram observadas alterações 

comportamentais indicativas de estresse, aversão ou medo; desta vez a rata explorou 

muito mais o novo ambiente e transitou sobre a placa contendo urina de gato. A 

exposição de ratos machos deu-se dentro da própria caixa moradia dos animais. 

Durante o período de exposição, os ratos evitaram a extremidade da caixa que 

continha a placa, com pouca exploração do objeto, e também apresentaram o 

comportamento de enterrar a placa/areia com a forragem da gaiola, comportamento 

característico de animais expostos a objetos estressores/aversivos (De Boer et al., 

1990; Diamant et al., 1991; Modaresi, 1982). Além disso, o segundo rato chegou a 

virar a placa do avesso. Assim, ficou claro que para ratos machos, a areia com odor 

de gato gerou aversão e serviu como modelo de estressor psicológico para nosso 

estudo. 
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7.2. Padronização do HPLC 

 

Apesar do HPLC (High Performance Liquid Chromatography) ser uma 

excelente técnica para quantificação de analitos, com alta sensibilidade, esse método 

possui alguns pontos negativos. O principal deles é o processo de estabilização do 

equipamento, que demanda muito tempo. Foi exatamente nesse ponto que 

encontramos dificuldade, pois apesar do sistema estar montado e pronto para a 

quantificação das monoaminas e seus metabólitos, toda vez que iniciamos uma nova 

determinação com uma fase móvel nova é necessário ajustar o tempo de retenção 

dos padrões de acordo com as condições da coluna e das amostras. Esse ajuste é 

realizado por alterações no pH, na polaridade ou aumento/redução da quantidade de 

octil-sulfato de sódio (agente pareador de íons) da fase móvel (Kontur, 1984; Ikarashi 

& Maruyama, 1985). Trabalhamos com a recirculação da fase móvel (devido à grande 

quantidade de amostras), de modo que 1 L de fase móvel é suficiente para quantificar 

aproximadamente 100 amostras sem que haja alterações na linha base ou na 

resolução dos picos. Assim, quando ocorre a saturação da fase móvel ou seu tempo 

de uso ultrapassa quatro semanas, devemos troca-la e realizar uma nova 

padronização. O método que utilizamos para a detecção dos neurotransmissores é o 

eletroquímico, no qual as moléculas são oxidadas em um eletrodo de vidro/carbono a 

um potencial de +0,85 V em relação a outro eletrodo de referência Ag-AgCl. Dessa 

forma, qualquer alteração na fase móvel produz variação no detector. O detector deve 

estar sempre estável, para que não ocorram variações na linha de base, que 

prejudicam a análise do cromatograma, o que pode demorar horas, ou até mesmo 

dias, para acontecer. O conjunto desses fatores torna o processo de padronização 

trabalhoso e prolongado. 

Demos início à padronização e após algumas tentativas obtivemos uma boa 

separação dos picos dos padrões (Figura 7.1). Procedemos assim à realização da 

primeira corrida, com amostras do Experimento 2. Após finalizar todas as leituras da 

placa (uma placa completa demora cerca de 48 h para ser lida), observamos alguns 

problemas nos cromatogramas das amostras, como por exemplo: flutuação da linha 

de base, picos enormes de 5-hidroxiindolacético (5HIAA), perda da leitura da 

noradrenalina e baixa recuperação do controle interno (DHBA), devido aos extensos 
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volumes mortos da coluna (void) e pico de substâncias não retidas presentes nas 

amostras (Figura 7.2). 

   

Figura 7.1: Cromatograma do padrão geral. Sequência dos picos: noradrenalina, dopamina, 3,4-
diidroxifenilacético, serotonina, ácido 5-hidroxiindolacético e ácido homovanílico. 
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Figura 7.2: Cromatograma de uma amostra da primeira corrida. Pode-se observar flutuação da linha de 
base, pico enorme de 5HIAA e extenso pico de substâncias não retidas, resultando em perda da leitura 
de noradrenalina e baixa recuperação do DHBA. 

  

Dessa forma, não demos continuidade à leitura das amostras e começamos a 

trabalhar na solução desses problemas. O primeiro passo foi substituir a fase móvel 

antiga por uma nova fase móvel, eliminando a flutuação da linha de base. Em seguida 

focamos em obter a leitura da noradrenalina e aumentar a recuperação do DHBA. 

Alguns dos fatores que podem causar aumento da extensão do void e do pico de 

substâncias não retidas são: 1) desgaste da pré-coluna, 6.2) excesso de impureza 

nas amostras e 3) desgaste da coluna. Substituímos a pré-coluna antiga por uma nova 

e testamos uma amostra. O pico de noradrenalina continuou fundido ao void e a taxa 

de recuperação do DHBA foi baixa (Figura 7.3). Tentamos reduzir as impurezas da 

amostra, adicionando 2 µL de ácido perclórico, para cada 100 µL de amostra, em 

tubos com filtro acoplado e repetimos a centrifugação a 20.000 g por 25 min. O 

resultado não foi satisfatório, além de não antecipar a eluição das substâncias não 

retidas, que continuou demasiadamente prolongado, englobando o pico de 

noradrenalina, além de o ácido perclórico ter fragmentado os picos dos 

neurotransmissores e diminuído suas amplitudes (Figura 7.4). Optamos então por 
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tentar estender a corrida e aumentar o tempo de retenção dos analitos, para “fugir” do 

void. Para isso, mexemos na polaridade da fase móvel, através da adição de água ou 

tampão, em diferentes proporções. Após inúmeros testes conseguimos aumentar o 

tempo de retenção do DHBA e sua recuperação, porém ainda não conseguimos 

detectar noradrenalina (Figura 7.5). Além disso, a mudança na polaridade da fase 

móvel provocou variações na linha de base e achatamento dos últimos picos.  

 

 

Figura 7.3: Cromatograma de uma amostra após a troca da pré-coluna. Pico de noradrenalina continuou 
próximo ao void e a recuperação do DHBA baixa. 

 

 

 



142 
 

 
 

Figura 7.4: Cromatograma de uma amostra após a tentativa de purificação da amostra. Não houve 
redução do void e os demais picos se fragmentaram. 



143 
 

 
 

 

Figura 7.5: Cromatograma de uma amostra após alterarmos a polaridade da fase móvel. Melhor 
recuperação do DHBA, porém a noradrenalina não foi detectada. 

  

Nossa última alternativa foi verificar o desgaste da coluna. Retiramos a pré-

coluna e realizamos a recuperação da coluna. Essa recuperação consistiu em lavar a 

coluna com solventes orgânicos de polaridades crescentes (Metanol 50% > Metanol 

100% > Acetonitrila 100% > Acetonitrila 75% + Isopropanol 25% > Isopropanol 100% 

> Cloreto de metileno 100% > Hexano 100%) (Majors, 2003). Após a recuperação da 

coluna, conseguimos obter o pico de noradrenalina na amostra, porém a recuperação 

do DHBA continuou baixa (Figura 7.6). Então trocamos a coluna antiga por uma coluna 

nova. Com a mudança da coluna, tivemos que padronizar a faze móvel novamente e 

dessa vez o detector não ficava estável, porém conseguimos obter o pico de 

noradrenalina e boa recuperação do DHBA (Figura 7.7). Preparamos uma nova móvel 
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e reiniciamos o processo de padronização. Diversos testes foram realizados até 

obtermos uma boa separação dos picos dos padrões (Figura 7.8). Iniciamos a 

segunda corrida, dessa vez com amostras do Experimento 1. Verificamos os 

cromatogramas dessa corrida e apesar da presença do pico de noradrenalina e boa 

recuperação de DHBA nas amostras, os picos das outras moléculas estavam com 

uma amplitude muito baixa (principalmente serotonina e 5HIAA) (Figura 7.9). 

 

 

Figura 7.6: Cromatograma de uma amostra após a recuperação da coluna. Presença do pico de 
noradrenalina, porém baixa taxa de recuperação do DHBA. 
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Figura 7.7: Cromatograma de uma amostra após trocarmos a coluna antiga por uma nova. Presença 
do pico de noradrenalina e boa recuperação do DHBA, porém muita instabilidade na linha de base. 

 

 

 

Figura 7.8: Cromatograma do padrão geral com a coluna nova após substituirmos a fase móvel. Ótima 
separação dos picos e linha de base estável. 
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Figura 7.9: Cromatograma de uma amostra da segunda corrida. Presença do pico de noradrenalina e 
boa recuperação do DHBA, porém os picos das indolaminas apresentaram amplitude muito baixa. 

  

Testamos então uma amostra na qual esperávamos encontrar grande 

quantidade de serotonina e 5HIAA (hipocampo de animal privado de sono paradoxal). 

Novamente os picos foram muito baixos. Desconfiamos que o problema poderia estar 

no processo de extração da amostra, então descongelamos a outra metade do 

encéfalo de um animal experimental e realizamos a extração novamente. Corremos a 

amostra no HPLC e o resultado foi o mesmo da amostra que já havia sido extraída. 

Voltamos à coluna antiga, padronizamos a fase móvel e testamos diferentes 

amostras (inclusive amostras de outros alunos que já haviam realizado o HPLC 

anteriormente e que encontraram picos expressivos de serotonina e 5HIAA). Todas 

as amostras testadas apresentaram picos sutis. Desconfiamos que talvez o problema 

fosse o detector. No padrão geral, no qual as concentrações das moléculas são 

elevadas, todos os picos apareciam; então talvez o detector não estivesse 

respondendo às baixas concentrações dessas moléculas. Realizamos testes com 



147 
 

 
 

diluições seriadas do padrão geral e em todas elas os picos estavam presentes, 

mesmo que pequenos. Pensamos também na possibilidade de que algo na amostra 

estava impedindo a leitura dos picos. Para verificar essa hipótese, contaminamos uma 

amostra com uma concentração conhecida do padrão geral e observamos os picos 

na amplitude esperada. 

Uma das explicações para não detectarmos as indolaminas nas amostras 

poderia ser o fato dessas moléculas serem mais instáveis. Talvez elas pudessem ter 

se degradado, tanto na amostra congelada quanto nas metades de encéfalos 

congelados (uma vez que eles já haviam sido descongelados). Como o detector 

também não estava estabilizando, mesmo com fases móveis novas, desmontamos a 

célula do detector eletroquímico e realizamos a limpeza dos eletrodos de trabalho 

(vidro-carbono), de referência (Ag-AgCl) e auxiliar (aço inoxidável). O detector 

continuou instável mesmo após a limpeza da sua célula. Então optamos por trocar a 

célula do detector eletroquímico por outra de um detector que estava com a parte 

elétrica queimada. Somente após a troca da célula o detector voltou a estabilizar, 

possibilitando a leitura das amostras. Entretanto, as amostras que passaram pelo 

aparelho antes do conserto do detector foram perdidas, pois a separação dos picos 

foi afetada pelo mal funcionamento do detector. Além disso, durante a leitura dos 

cromatogramas observamos que a maioria das amostras não apresentaram 

quantidades detectáveis dos metabólitos 3,4-diidroxifenilacético e ácido homovanílico, 

assim, essas análises não foram realizadas. 

 

7.3. Determinação das concentrações plasmáticas de noradrenalina e 

adrenalina 

 

A proposta inicial desse trabalho incluía a determinação das concentrações 

plasmáticas de noradrenalina e adrenalina. Compramos os kits da empresa Abnova 

(catalog number KA1877) para determinação desses hormônios. Infelizmente, os 

ensaios de ELISA (Enzyme-Linked Immunosorbent Assay) não funcionaram. Todas 

as etapas foram seguidas conforme as diretrizes da bula do fabricante, porém cerca 

de 90% das amostras não foram lidas pelo espectrofotômetro e os outros 10% 

apresentaram valores fora da curva padrão (abaixo do menor ponto da curva padrão). 
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7.4. Imuno-histoquímica 

 

Todos os ensaios de imuno-histoquímica foram realizados na Morgan State 

University (Baltimore, MD - EUA), sob supervisão da Dra. Gloria Hoffman. 

Encontramos dificuldade no corte dos cérebros no micrótomo. Antes de iniciar a coleta 

das fatias, os cérebros precisam ser alinhados no aparelho. Entretanto, minhas 

amostras estavam envolvidas por um meio de inclusão (Tissue Tek) fazendo com que 

não tivessemos referência da posição do cérebro dentro do bloco. Assim, muito tempo 

foi despendido para alinhar cada cérebro antes de começar a coletar as fatias. A média 

de tempo para concluir o corte de um cérebro foi de três horas, e em alguns casos, a 

parte posterior (tronco encefálico e cerebelo) foi comprometida no processo de 

inclusão com Tissue Tek, resultando em fatias com cerebelos incompletos (ou 

ausentes) e/ou tronco encefálico desalinhado. Como a quantidade de amostras era 

grande, essa etapa demorou muito mais do que o previsto para ser finalizada. 

Também tivemos problemas na etapa final das reações de imuno-histoquímica 

para a vasopressina. O anticorpo anti-vasopressina (Miles - Cat: 647171) estava 

quase esgotado e nós ainda tínhamos algumas amostras para finalizar. Não era 

possível adquirir mais desse anticorpo pois o mesmo não estava mais disponível no 

mercado e a empresa que o produzia fechou. A solução foi reutilizar o anticorpo 

primário da última reação para concluir as amostras que restavam. Essa alternativa 

funcionou, porém, a marcação para vasopressina deste ensaio ficou um pouco mais 

fraca do que as demais. 

Por fim, houve um problema técnico com o sistema de captura de imagens 

acoplado ao microscópio do laboratório. Isso impossibilitou o término da análise das 

lâminas de vasopressina e a captura das imagens e análise das lâminas de EGR1. 

Essas etapas foram realizadas no Departamento de Psicobiologia da Universidade 

Federal de São Paulo. 
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