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“Stress is life, and life is stress” 
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1. STRESS 
 

It is common knowledge nowadays that stressful situations can lead to many 

physiological and psychological alterations. Maybe the word “stress” is one of the 

most universal ones under the current way of life in developed countries. Some 

people might even consider “stress” as “a trendy word” or as one of the inherited 

“new diseases” from the last part of the twentieth century. Nonetheless, it is not stress 

“per se” that may lead to disease, but the disruptions in the ability of the organisms to 

respond to stressful situations. 

 

The concept of stress cannot be understood without first introducing that the 

organisms have physiological mechanisms to maintain an internal balance. Living 

organisms are not isolated, but in a constant interaction with a changing, and 

sometimes challenging, environment. The existence of complex regulatory 

mechanisms allows the survival and adaptation of the organisms to different external 

situations. The French physiologist Claude Bernard, back in 1870, already introduced 

the idea that the organisms have an “internal environment” and control systems to 

maintain an internal equilibrium: 

 

“The constancy of the internal environment is the condition that life should be free 

and independent… So far from the higher animal being indifferent to the external 

world, it is on the contrary in a precise and informed relation with it, in such a way that 

its equilibrium results from a continuous and delicate compensation, established as by 

the most sensitive of balances”. 

 

At the beginning of the twentieth century, this idea was taken further by Walter B. 

Cannon, who introduced the word “homeostasis”, defined as “the many regulatory 

processes that maintain the stability of various constituents of extracellular fluids within 

multicellular organisms”. The word “stress” was initially borrowed from physics (Hooke’s 

equation, 1635-1703) by Cannon and others [127] to picture a state of threatened 

homeostasis [257, 279]. Cannon also described the “fight or flight” sympathetic 

adrenal-medullary response as the natural animal reaction to threatening situations. 

But it was Hans Selye, back in 1936, the one who really popularised the concept of 

“stress” through his numerous scientific studies leading him to define the “stress 

syndrome” or “general adaptation syndrome” as “the non-specific response of the 

organism to any demand upon it” [245]. He studied the response of the organisms to 

various threatening situations such as cold, surgical injury, spinal shock, muscular 
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exercise and intoxications. This syndrome was generally characterised by adrenal 

enlargement, gastrointestinal ulceration and thymico-lymphatic involution. 

 

Since Selye’s initial definition, there have been many attempts to redefine or broaden 

the concept of stress [149]. It is generally agreed that the term “stress” comprises a 

wide range of physiological and/or behavioural changes that have evolved along 

phylogeny and that take place in the organisms under different challenging situations 

[289]. This wide range of situations can be either a real, anticipated or symbolic 

threaten for the integrity of the organism, and cannot be coped by means of normal 

homeostatic mechanisms [289]. The stress response, regarded as a positive 

adaptative process, comprises a set of functional and behavioural reactions to cope 

with these challenging situations. A coordinated and adequate set of responses to 

stress is crucial for the survival of the organisms in front of these situations. However, 

exaggerated responses to stress appear to be closely related to a wide range of 

physiological and psychological dysfunctions such as cardiovascular [29, 256] and 

sleep disorders [120], infertility [183], anxiety-related disorders such as depression [87] 

or anorexia [33, 67], and neurodegeneration [228]. It has also been shown that stress 

increases the susceptibility of the organisms to immune-mediated diseases [186], 

cancer [255] or addiction to drugs [202]. All these important pathological features of 

the stress response have triggered an intense study of the different systems activated 

by stress. 

 

In mammals, very different kinds of stressful situations are able to activate the 

response of two main physiological systems: the sympathomedulloadrenal (SMA) 

system and the hypothalamic-pituitary-adrenal (HPA) axis, the latter being 

considered to play an important role in the pathological consequences of stress. 

 

2. CATEGORISATION OF STRESSFUL STIMULI 
 

Even if the concept of stress implies a non-specific response to any kind of 

challenging situation, the fact is that there is also a very important component of 

specificity of the stress response depending on the nature of the stressful stimulus or 

“stressor”. It is generally acknowledged that, depending on the characteristics of 

each stressor, the brain routes involved in the activation of the stress response and the 

final pattern of this response will be different. Thus, the “non-specificity” of Selye’s 

stress concept has been subject of discussion and it is still a controversial issue. 

Nonetheless, most authors agree that each stressful stimulus has its own central 
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neurochemical and peripheral neuroendocrine “signature” (e.g. [197], see [196, 225] 

for a review). 

 

Depending on the main characteristics of each stressful stimulus, they have been 

classified in two main categories: emotional stressors (also described as neurogenic, 

psychological or processive) and systemic stressors (also labelled as physical, 

homeostatic or physiological). This categorisation is not always clear or easy to make, 

since some stressful situations have a mixed emotional/physical component. The 

general criterion is to classify different stressors depending on the main component 

that characterizes them. Examples of psychological stressors are social stressors 

(novelty, social defeat, social isolation), and other mainly emotional stressors with a 

physical component (noise, footshock, forced swim, restraint, immobilisation (IMO)). 

Physical stressors would range from immunological (endotoxin and cytokine 

administration) to metabolic and osmotic challenges (insulin and 2-deoxiglucose 

administration, hypertonic saline injection), among others (ether exposure, exercise, 

cold exposure, hypoxia, haemorrhage). 

 

2.1. Central stress pathways 

The routes converging to the stress-induced brain activation are very different 

depending on each stressor. In order to be able to describe this differential activation 

depending on the category of the stressful stimulus, first we need to illustrate the main 

routes involved in the stress response. Stressful stimuli are processed by the brain and 

convey information into the paraventricular hypothalamic nucleus of the 

hypothalamus (PVN), one of the key elements of the hypothalamic-pituitary-adrenal 

axis (see below). Based on cytoarchitectural, cytochemical and connectional 

features, the PVN is divided in two main regions: the magnocellular (mPVN) and 

parvocellular (pPVN) divisions [259]. The mPVN consists of large neurons projecting to 

the posterior pituitary and mainly synthesizing arginin-vasopressin (AVP) and oxitocin. 

The pPVN can be further divided into five subdivisions: periventricular and anterior, 

medial (divided in dorsal and ventral), dorsal and lateral parvocellular regions. 

Neurons located in the periventricular and medial dorsal divisions of the pPVN project 

to the external lamina of the median eminence (ME). Medial dorsal pPVN neurons 

mainly synthesize corticotropin-releasing factor (CRF), the principal origin of HPA axis 

activation (see below). In addition, periventricular and medial dorsal pPVN 

subdivisions synthesize other neuropeptides (somatostatin, growth hormone releasing 

hormone, thyrotropin-releasing hormone) and also neurotransmitters (dopamine), 

thus regulating the release of other hormones (e.g. growth hormone, thyrotropin, 
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prolactin) from the anterior pituitary [260]. The remaining subdivisions of the pPVN 

project mainly to the spinal chord and/or dorsal vagal complex, and play an 

important role in the regulation of the autonomic nervous system. 

 
 

Figure 1. Schematic representation of the main central pathways involved in the activation of 
the PVN after stress. As explained in the text, the main afferents to the PVN originate from the 
limbic system, brainstem and circumventricular organs. Abbreviations: AMYG, amygdala; AP, 
area postrema; BST, bed nucleus of the stria terminalis; HIP, hippocampal formation; LC, locus 
coeruleus; LS, lateral septum; NTS, nucleus of the solitary tract; ME, median eminence; MPOA, 
medial preoptic area; Pit, pituitary; PVN, paraventricular hypothalamic nucleus; OVLT, organum 
vasculosum of the lamina terminalis; PFC, prefrontal cortex; SFO, subfornical organ; VLM, 
ventrolateral medulla. Modified from [47, 201, 231]. 
 

The activity of the PVN is regulated by inputs originating from different areas of the 

brain such as the brainstem, the limbic system, the hypothalamus and the 

circumventricular organs (CVOs) (summarised in Figure 1, for reviews see [47, 96]), 

with different neurotransmitter systems involved in this regulation. The afferents 

originating from the brainstem involve mainly catecholaminergic pathways from 

ventrolateral medulla (VLM, A1/C1), nucleus of the solitary tract (NST, A2/C2), locus 

coeruleus (LC, A6) and dorsomedial medulla (DMM, C3) [49, 50]. The noradrenergic 

inputs to the PVN are generally acknowledged to be stimulatory [261], and whereas 

the A1 projection innervates primarily the mPVN, the major projection to the medial 

dorsal division of the pPVN originates from the A2 and, to a lesser extent, from the A6 

cell groups [50]. Although all the adrenergic cell groups cited before have direct 

projections to the pPVN [49], their exact role on stress-induced PVN activation is still 

controversial, since mainly stimulatory [262, 298] but also inhibitory [181] effects have 
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been reported. There is also a modest serotoninergic projection from B7-B9 cell 

groups [143, 236], although their importance in PVN activation has not been yet 

clearly determined [65]. Finally, there are also some mesopontine afferents to the PVN 

and they are thought to be important in the relay of somatosensory information to the 

PVN, although the main neurotransmitter system involved is still under discussion 

(reviewed in [47]).   

 

Although it has been widely demonstrated that different components of the limbic 

system (medial prefrontal cortex (mPFC), hippocampus, lateral septum (LS) and 

amygdala) have a very important influence on stress-induced PVN activation, the 

fact is that they lack substantial direct inputs to the PVN. There are only modest 

afferents to the PVN originating from the central amygdala (CeA) and possibly the 

medial amygdala (MeA) [84]. Instead, it is generally acknowledged that limbic 

influence on PVN activity is mediated by neuronal relays, and the main candidate for 

this role is the bed nucleus of the stria terminalis (BST), as suggested from multiple 

experiments (e.g. [70, 78, 98]). In fact, there are numerous interconnections between 

this nucleus and some of the components of the limbic system (hippocampus, LS and 

amygdala) [296], and the BST sends important projections (mainly GABAergic) to the 

medial dorsal division of the pPVN [48]. Nonetheless, the exact role of the projections 

of the BST to the PVN (excitatory or inhibitory) is thought to change, depending on 

the particular division of this nucleus [96]. 

 

In addition to the BST, the hypothalamus itself is also regarded as a candidate to relay 

limbic information to the PVN (see [101] for a review). There are numerous 

hypothalamic areas that receive afferents from different regions of the limbic system 

(ventral subiculum, prefrontal cortex (PFC), MeA, LS, paraventricular thalamic 

nucleus) and project to the medial dorsal division of the PVN [233, 274]. The main 

hypothalamic areas involved in this relay are the anterior pPVN, anterior 

hypothalamic area, perinuclear region of the supraoptic nucleus (SO) and 

dorsomedial hypothalamus. Apart of functioning as a limbic relay, this local 

hypothalamic circuit is also thought to convey information from ascending brainstem 

pathways (see review [101]). Although GABA is the main neurotransmitter involved in 

this hypothalamic innervation [31], it is thought that a fine interplay between 

glutamate (Glu) and GABA neurotransmission through multisinaptic connections 

would be determining the final output (stimulatory/inhibitory) to the PVN, depending 

on multiple factors such as the nature of the stressor [101]. Finally, other 

neurotransmitter systems have also been involved in the PVN regulation by other 

hypothalamic nuclei. For instance, the arcuate nucleus (Arc) sends both putative 
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inhibitory (β-endorphin) [124, 235] and stimulatory (neuropeptide Y) [20, 291] 

projections to the PVN. In addition, substance P afferents to the PVN have also been 

described and are thought to play and inhibitory role [77]. The main source of 

substance P afferents is the lateral hypothalamic area (LH) and, to a lesser extent, the 

anterior periventricular (PeV), dorsomedial (DM) and ventromedial hypothalamic 

nuclei (VMH) [27]. 

 

The other group of afferents to the PVN originates from CVOs (organs devoid blood-

brain barrier (BBB)) such as the subfornical organ (SFO) and forebrain regions 

associated with the lamina terminalis (medial preoptic nucleus (MPO), organum 

vasculosum of the lamina terminalis (OVLT)) [193]. Although these areas principally 

innervate the mPVN (presumably through GABA and angiotensin II projections), they 

also seem to influence the activity of the medial dorsal pPVN [79, 133]. These 

projections are thought to mediate the effects of blood-borne signals on the activity 

of the PVN, being involved in the control of water balance, cardiovascular regulation 

and neuro-immune interactions [38, 248]. 

  

2.2. Processive versus systemic stress pathways 

We have seen that there are many routes converging to the activation of the PVN, 

suggesting that very different levels of the brain (sensory, autonomic and integrative) 

are involved in the coordination of the stress response. Nonetheless, as previously 

advanced, each particular stressor activates the PVN through a particular set of 

these pathways. These different stress pathways have been generally classified 

following the same nomenclature as in stressor categorisation: processive and 

systemic [96]. In general, processive stimuli would first be processed by higher 

structures of the brain and would activate the PVN through limbic pathways, whereas 

systemic stressors have been suggested to be “limbic-insensitive” and would follow 

more direct and rapid PVN-activating pathways, such as the ones originating from 

the brainstem. This has been observed following different experimental approaches: 

lesion studies and immediate-early gene (IEG) expression  (for a summary, see [96]), 

the first approach being the more direct in order to elucidate the brain routes 

involved in PVN activation. Study of the stress responses affected or unaffected after 

lesioning specific brain areas has shown that lesions of different forebrain nuclei (e.g. 

amygdala, BST) mainly modify the response to processive stressors (e. g. conditioned 

fear, restraint, IMO), whereas brainstem lesions principally affect the response to 

systemic stressors (e.g. ether, haemorrhage, cytokines, hypoglycaemia) [96]. Studies 

of IEG activation have also shown a differential activation depending on the 
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category of the stressor: a widespread activation of brain nuclei, including forebrain 

regions, has been found following processive stressors, whereas a more restricted IEG 

activation, mainly in areas of the brain related to autonomic regulation, has been 

described after systemic challenges [231, 246].  

 

However, even if this general classification is very comprehensive, it also tends to 

simplify the real picture. That is, each specific stressor follows its own and 

characteristic pathways depending on its many intrinsic characteristics, and there are 

some differences in the pathways or brain centres activated within the same 

category of stressor. For example, two psychological stressors such as forced swim 

and restraint elicit a similar pattern of IEG activation, but also differ in some of the 

areas activated: a higher number of regions involved in sensorimotor processing were 

activated after swim, since it involves movement, whereas restraint does not [46]. 

There are also differences within systemic stressors, since both the sensory systems 

involved in each particular stressor and the routes for the transduction of the 

peripheral information to the brain are quite specific for each particular challenge. 

For example, hypoxia is detected by sensory elements in the carotid body or carotid 

sinus, relaying the information to the PVN through the NST or the VLM. On the other 

hand, immunological stimuli such as lipopolysaccharide (LPS) or cytokine 

administration, although triggering the activation of brainstem nuclei, are believed to 

activate the brain by means of transduction signals in both the CVOs and endothelial 

cells of the brain [212, 213]. Overall, the different pathways involved in the response of 

the organisms to stressful situations suggest that both the mechanisms of activation 

and the pattern of the stress response are very much dependant on the type of 

stressor applied. 

 

3. THE HYPOTHALAMIC-PITUITARY-ADRENAL AXIS AND STRESS  
 

One of the main physiological systems involved in the response of the organisms to 

stressful situations is the HPA axis. This system has been very well characterised from 

both nervous and hormonal points of view, due to the fundamental role it plays 

regarding the pathophysiological and pathopsychological consequences triggered 

by the exposure of the organisms to stress [182]. 

 

The general mechanisms of HPA activation in response to stress are shown in Figure 2. 

As previously described, stressful stimuli are processed by the central nervous system 

(CNS) and converge information to the hypothalamus, where they are able to 

stimulate the synthesis of CRF from the parvocellular neurosecretory neurons of the 
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PVN [47, 51, 116]. CRF is the main molecule driving the HPA axis response to stress [12], 

but there are also other factors involved in HPA axis control, such as AVP and other 

hypothalamic neuropeptides, AVP being considered the most important of these 

cosecretagogues [203]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. General view of the functioning of the hypothalamic-pituitary-adrenal (HPA) axis, 
including the negative feedback exerted by glucocorticoids (see text for details). 
Abbreviations: CRF, corticotropin-releasing factor; AVP, arginin-vasopressin; ACTH, 
adrenocorticotropic hormone. Adapted from [174]. 
 

CRF is released into the hypophyseal portal blood of the ME, reaching the anterior 

pituitary, where it stimulates both the transcription and cleavage of 

proopiomelanocortin (POMC), the precursor molecule, among other peptides, of 

adrenocorticotropin hormone (ACTH). CRF, together with the other hypothalamic 
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factors released into the ME, is also able to stimulate the release of ACTH into the 

peripheral circulation. ACTH, in turn, stimulates the synthesis and release of 

glucocorticoids (cortisol in humans, corticosterone in rat) from the adrenal cortex. 

Finally, glucocorticoids, apart from exerting multiple metabolic actions on the 

organism and being the main factor involved in the negative consequences of stress 

(e.g. infertility, immunosupression, psychopathology), are also able to regulate the 

activity of the HPA axis by means of retroinhibitory mechanisms acting mainly at the 

hippocampal, hypothalamic and pituitary levels [61] (see below). 

 

3.1. Corticotropin-releasing factor 

The role of CRF in the overall control of the organism response to stress has been 

extensively studied since its characterisation more than 20 years ago [280], and 

nowadays the most abundant and relevant data about stress neurochemistry 

correspond to CRF [276]. As previously described, this 41-aminoacid peptide, 

synthesised in the medial dorsal pPVN in response to a wide variety of stressors, is 

considered the key component of the HPA axis by being the principal stimulator of 

the synthesis and release of ACTH from the anterior pituitary. In addition, CRF is also 

one of the most widely distributed peptides throughout the CNS [232], being found 

both in the hypothalamus (e.g. medial preoptic area (MPOA), SO, LH) and other 

areas of the brain including the limbic system (e.g. BST, CeA, hippocampus) and the 

brainstem (e.g. Barrington´s nucleus, parabrachial nucleus (PB), inferior olivary 

complex). Interestingly, the PVN itself receives CRFergic inputs originating from the 

hypothalamus (dorsal hypothalamic and perifornical areas, DM), limbic system (BST) 

and brainstem (Barrington´s nucleus, dorsal raphe nucleus (DR)) [43]. However, 

whereas there is also a wide and abundant distribution of CRF mRNA throughout the 

brain, the CRF primary transcript, a much more sensitive and reliable index for 

determining the activity of the CRF gene [99], has only been detected in the PVN 

[68]. 

 

In this regard, the measure of the CRF primary transcript by using probes directed 

against the intronic sequence of the CRF gene (illustrated in Figure 3) is a newly 

developed methodology [99] that has been shown to be a more powerful and 

sensitive tool than the measure of CRF mRNA to study the HPA axis response to stress 

(see also Chapter 3, Introduction). In the last few years, the number of studies 

describing the early transcriptional activity of the CRF gene after stress has increased 

dramatically, showing that a wide range of stressful stimuli are able to induce CRF 

primary transcript. These include (i) immunological or immunological-related 
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challenges [137, 139, 145, 146, 214, 281, 282]; (ii) pharmacological manipulations [138, 

273], including CRF administration [170]; (iii) glucocorticoid depletion and/or 

manipulation [99, 158, 162]; (iv) physical stimuli such as hypertonic saline injection [13, 

159, 164], hypovolemia [264-266], ethanol administration [147, 192, 218], exposure to 

ether vapor [129, 131, 132] or exercise [210]; and (v) neurogenic stimuli like restraint 

[95, 107-110, 160, 161, 163] or footshock [146]. 
 
 

 
Figure 3. Schematic view of two of the probes directed against the CRF gene. The classical 
exonic probe (CRF ex) detects principally the mature transcript (CRF mRNA), whereas the 
intronic probe (CRF in) is directed against the intronic sequence of the rat CRF gene, thus 
detecting only the primary CRF transcript (before being processed), also named hereronuclear 
RNA (hnRNA). The pictures below display the classical localisation of the signal in the CRFergic 
neuron: whereas mRNA is located around the nucleus of the cell (cytoplasm), the signal for 
hnRNA is overlapping the nucleus, indicative of its immature state. Adapted from [99, 110]. 
 

The action of CRF is mediated through two types of receptors: CRF1 and CRF2 (with 

two subtypes: CRF2α and CRF2β) (see [55] for a review), which are very differently 

distributed in the CNS [42]. The CRF1 receptor is widely distributed throughout the 

brain, including the olfactory bulb, cerebral cortex, limbic system (amygdala, 

hippocampus), red nucleus, central gray (CG), cerebellum and pituitary [205]. On the 
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other hand, the CRF2α receptor is generally restricted to limbic structures (LS, VMH, 

amygdala), whereas the CRF2β receptor is found in non-neuronal elements of the 

brain (choroid plexus, cerebral blood vessels) and in the periphery (cardiac and 

skeletal muscle, lung, intestine) [155]. CRF has a higher affinity for the CRF1 than for 

the CRF2 receptor, whereas urocortin (UCN), a new mammalian member of the CRF 

peptide family [288], displays a similar affinity for both receptors. Two more CRF-

related peptides have been recently identified (UCN II and III), and both of them bind 

preferentially the CRF2 receptor [150, 208]. An interesting study has described the IEG 

activation after an icv administration of either CRF or UCN reporting that, in general, 

the areas displaying IEG activation after CRF or UCN are very close to the areas 

expressing the CRF1 or CRF2 receptors, respectively [28] and, more recently, the 

distribution of UCN III immunoreactive projections has been found to be partially 

overlapped with the distribution of CRF2 receptor [151]. 

 

A high expression of CRF1 receptor has been observed throughout the brain and 

found to be insensitive to stress. In contrast, low to undetectable levels have been 

observed in the PVN, but different kind of stressful stimuli have been found to trigger 

the transcriptional activation of the CRF1 receptor quite exclusively in the PVN and, to 

a lesser extent, in the SO [157, 168, 215]. In addition, exogenous CRF has been found 

to trigger the transcription of both CRF [200] and CRF1 receptor [170], but not CRF2 

receptor [169], in the PVN. On the basis of these data and together with the selective 

transcription of CRF in the PVN, the existence of an ultrashort positive feedback loop 

within the PVN has been suggested, by which CRF would modulate both its own 

biosynthesis and that of its CRF1 receptor [68, 106]. In contrast, a stress-induced 

decrease of CRF1 receptor transcript in the anterior pituitary has also been described, 

and it has been found to be partially blocked by experimental removal of 

corticosteroids, suggesting an alternative mechanism of glucocorticoid negative 

feedback on the HPA axis [168]. Nonetheless, the regulation of the binding and 

expression of CRF1 receptor in the pituitary during exposure to chronic (prolonged 

and/or repeated) stressful situations is highly more complex (for a review, see [1]). In 

this regard, during repeated stress, an increase of pituitary CRF1 receptor mRNA, 

probably through AVP stimulation, together with a decrease of CRF1 receptor binding 

has been described. It is suggested that changes in the efficiency of translation 

and/or desensitisation and internalisation of the receptors would explain this 

dissociation, and that the elevated CRF1 receptor mRNA levels would serve as a 

mechanism to maintain permissive levels of this receptor in the pituitary. 
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Finally, compatible with the widespread distribution of CRF in the CNS, the function of 

CRF is not only restricted to its hypophysiotropic action, but it is also involved in the 

control of a wide range of autonomic and behavioural responses to stressful stimulus, 

including anxiety-like behaviours, food intake, arousal, learning and memory [45, 69, 

195, 243]. In this respect, it has been suggested that CRF1 receptors would be related 

to cognitive aspects of behaviour including attention, executive functions, emotions 

and possibly, learning and memory, whereas CRF2 receptors would influence survival-

related processes such as feeding, reproduction and defence [249]. Recently, it has 

been found that acute blockade of CRF1 or CRF2α receptors within the CeA or LS, 

respectively, decreases stress-induced defensive behaviour (freezing) [21], suggesting 

that both receptor types would play parallel roles in the regulation of stress-related 

behaviour, and that this regulation might take place through different brain regions. 

 

CRF1 receptors are positively coupled to adenilate ciclase (AC), and the stress-

induced activation of these receptors in the corticotroph pituitary cells provokes the 

increase of intracellular cAMP that leads to PKA activation and the subsequent 

phosphorilation of molecules stimulating the synthesis of ACTH. In addition, stimulation 

of these receptors also leads to increases in intracellular Ca2+, stimulating the release 

of ACTH into the circulation (see [119, 123] for reviews). 

 

3.2. Arginin-vasopressin 

AVP is a 9-aminoacid peptide that is principally produced by the posterior-pituitary 

projecting magnocellular neurons of the PVN and SO of the hypothalamus, playing 

an important role in the regulation of fluid and volume balance. It has been 

suggested that AVP originating from PVN and SO magnocellular neurons passing 

through the internal lamina of the ME may play a role in HPA axis modulation [104]. 

Nonetheless, it is generally assumed that the main source of this peptide in relation to 

the HPA axis is found in a subset of CRFergic neurons coexpressing AVP in the 

parvocellular region of the PVN [297]. Both AVP mRNA and its primary transcript in the 

pPVN have been found to increase in response to different stressful stimuli (e.g. [22, 

132, 159, 160, 299]). More importantly, different types of stressors stimulate the release 

of AVP into the ME and, in turn, AVP targets the anterior pituitary to stimulate the 

release of ACTH (for a review see [125]). The actions of AVP are mediated through its 

receptor of V1b subtype, expressed in the pituitary and positively coupled to 

phospholipase C, stimulating the increase in intracellular Ca2+ that leads to AVP-

induced ACTH release [123]. It is important to note that AVP does not stimulate ACTH 

sythesis, but only its release from pituitary corticotrophs. However, although AVP alone 
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is not a powerful secretagogue of ACTH, it plays an important role in HPA axis activity 

because of its powerful synergistic effects on CRF activity [81, 221]. The role of AVP in 

ACTH release has been reported to gain importance under prolonged stress 

situations, when the ratio of AVP-expressing cells in the PVN has been found to 

increase substantially [58, 59]. 

 

3.3. Peripheral stress hormones: ACTH and corticosterone 

As introduced previously, the stress-induced activation of pituitary corticotroph cells 

results in the synthesis (from its precursor POMC) and release into the peripheral 

circulation of the 39-aminoacid peptide ACTH, considered to be the primary 

peripheral stress hormone, which synthesis and secretion is triggered by a wide range 

of stressful situations. As previously pointed out, CRF, but not AVP, has been shown to 

stimulate ACTH synthesis [103], whereas both CRF and ACTH are able to stimulate its 

secretion [222]. In addition, CRF or AVP antagonists [222, 223], CRF or AVP 

immunoneutralisation [219, 221] and PVN lesions [216] have been found to reduce or 

abolish stress-induced ACTH release, confirming the main role CRF and AVP as 

secretagogues of ACTH. Once in the circulation, ACTH acts in the adrenal cortex 

through its specific cell membrane receptor from the family of melanocortin (MCN) 

receptors MC2-R, which is positively coupled to AC [267]. The cAMP subsequent 

increase and PKA activation initiate a cascade of events leading to both synthesis 

and release of glucocorticoids from the adrenal cortex (corticosterone in rat). The 

main effects of ACTH in this regard are mediated by driving cholesterol obtaining 

from the cell and stimulating the limiting step of steroidogenesis (conversion of 

cholesterol to pregnenolone). In addition to the stimulatory actions on glucocorticoid 

synthesis and release, ACTH exerts trophic effects on the adrenal gland. In this regard, 

high doses of ACTH have been shown to provoke adrenal hypertrophy and 

hyperplasia, whereas ACTH depletion induces the atrophy of the adrenal glands. 

 

As previously described, glucocorticoids exert multiple actions on the organisms. To 

further understand the role of glucocorticoids on the response to stress, their actions 

have been classified in two main categories: modulating and preparative [229]. 

Modulating actions of glucocorticoids are those altering the response of the 

organisms to a stressor, and are further divided into three more categories: permissive, 

suppressive and stimulating actions. Permissive actions are manifested during the 

initial phase of the stress response and prepare the mechanisms of defence of the 

organism to cope with stress. Suppressive actions take place after one hour or more 

after the onset of stress, and prevent the organism from the negative consequences 
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of an excessive response to stress. On the contrary, stimulating actions, also taking 

place from about one hour or more after the beginning of stress, enhance the effects 

of the hormones released after stress, thus helping to mediate the stress response. 

Finally, glucocorticoid preparative actions, which can be either mediating or 

suppressive, are those modulating the future response of the organisms to stress. 

 

Most of the multiple metabolic effects of glucocorticoids on the periphery appear to 

provide a redirection of energy (for a review see [186]). These effects include the 

stimulation of liver gluconeogenesis, inhibition of insulin secretion and stimulation of 

lipolysis to increase blood glucose levels. Glucocorticoids also induce a wide number 

of enzymes and proteins including the protein metallothionein, which is believed to 

play an important role in glucocorticoid-mediated detoxification. In addition, 

glucocorticoids have an important role in inhibiting inflammatory and immune 

activity. Finally, glucocorticoids play an important role in regulating the HPA axis 

activity by means of retroinhibitory mechanisms. 

 

3.4. Glucocorticoids and feedback 

The classical regulation of the HPA axis activity by glucocorticoids is mediated by their 

interaction with specific receptors [51, 61]: type I or mineralocorticoid type (MR) and 

type II or glucocorticoid type (GR). Glucocorticoid receptors have a similar structure, 

with both DNA and steroid-binding domains, and non-occupied receptors are 

located predominantly in the cytoplasm, forming large heterocomplexes with heat 

shock proteins, which dissociate after hormone binding. The activated hormone-

receptor complex can then translocate into the nucleus and target glucocorticoid 

response elements found in the promoter region of different genes, thus modulating 

their transcription. Glucocorticoid receptors can also modulate gene transcription by 

direct binding to transcription factors [83] such as activator protein-1 (AP-1), cAMP 

responsive element binding protein (CREB) and nuclear factor-κB (NF-κB).    

 

The binding properties and distribution of the two types of glucocorticoid receptors 

are quite different [60]. MRs have a high affinity for corticosterone, and their brain 

expression is abundant in the hippocampal formation, layer II of the cortex, lymbic 

system (LS, MeA, CeA, olfactory nucleus) and brainstem sensory and motor neurons. 

On the other hand, GRs, with a lower affinity for corticosterone, are widely distributed 

throughout the CNS and also in the pituitary. The higher levels of GR are found in the 

limbic system (hippocampal formation, septum), pPVN and SO, and, to a lesser 

extent, in ascending monoaminergic neurons of the brainstem. Moderate GR levels 
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are also found in many thalamic nuclei, striatal areas, CeA and throughout the 

cerebral cortex. 

 

On the basis of the differential binding properties and distribution of glucocorticoid 

receptors, each subtype has been suggested to play a differential role in HPA axis 

regulation. Due to their high affinity for glucocorticoids, MRs display more than an 80% 

of occupancy throughout the diurnal cycle of the HPA axis. On the other hand, GRs 

are partially occupied during the phase of maximal corticosterone secretion of the 

circadian rhythm (afternoon/evening in the rat) and, more importantly, when there 

are elevated concentrations of glucocorticoids provoked by exposure to stressful 

situations [60, 61]. In general, MRs are thought to mediate the tonic inhibitory control 

of the HPA axis to control its basal activity throughout the circadian circle, whereas 

GRs are assumed to be the main contributors to the retroinhibitory effects exerted by 

glucocorticoids in the pPVN and anterior pituitary to switch-off the HPA axis activity 

after stress. In addition, the two receptors are thought to mediate coordinately the 

hippocampal regulation of the HPA axis activity, and it has been suggested that an 

adequate MR/GR balance is critical for determining the effects of glucocorticoids on 

cellular homeostasis, behavioural adaptation and susceptibility to disease [60]. 

 

The effects of glucocorticoids through these two types of receptors necessarily 

involve gene transcription, and therefore cannot account for some rapid effects 

taking place within 15 minutes after the onset of stress. To explain these rapid effects 

of glucocorticoids, some alternative mechanisms have recently been suggested, 

such as the existence of putative glucocorticoid membrane receptors and/or the 

modulation of membrane channels or neurotransmitter receptors through 

glucocorticoid binding [167]. 

 

Depending on their speed of action, feedback mechanisms on the HPA axis have 

been divided into three categories: fast, intermediate and slow [122]. Fast feedback 

includes the actions of corticosterone on the control of the release of ACTH 

secretagogues in the ME, and takes place within 10 minutes after the onset of stress. 

Intermediate feedback mechanisms, developping within 30-60 minutes after the 

onset of stress, involve gene-mediated glucocorticoid effects on the coupling of 

stimulus and secretion, excitability and intracellular signal transduction pathways. 

Finally, slow feedback also develops within 30-60 minutes after the onset of stress and, 

in contrast to intermediate feedback, may last for several hours. The effects of slow 

feedback include the blockade of stress-induced CRF, AVP and POMC gene 

expression. 
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4. LONG-TERM EFFECTS OF STRESS ON THE HPA AXIS ACTIVITY 
 

4.1. Effects of chronic stress: overview 

There is a wealth of studies regarding the consequences of chronic exposure to stress 

on the HPA axis activity because of its implications in stress-related pathology. The 

changes observed after chronic stress depend on multiple factors such as the type of 

stimulus or the intensity/duration of the stressor, making it difficult to generalize them. 

Nonetheless, it is generally acknowledged that the main changes include [172, 173]: 

(i) reduction of food intake and body weight gain; (ii) adrenal hypertrophy and 

enhanced adrenocortical response to ACTH; (iii) increased basal levels of 

corticosterone, generally with normal levels of ACTH; (iv) enhanced expression of 

POMC in the anterior pituitary; (v) down-regulation of CRF receptors and increased 

response to exogenous CRF; (vi) enhanced expression of CRF and AVP in the PVN; 

and (vii) down-regulation of type II, but not type I, glucocorticoid receptors in the 

hippocampal formation. 

 

One of the most characteristic phenomena of chronic stress is the progressive 

reduction of the stress response after repeated exposure to the same stressor [173]. 

Depending on the subjacent mechanisms believed to be involved in this 

phenomenon, it has been termed adaptation or habituation. Whereas the concept 

of adaptation does not assume any particular process, that of habituation assumes 

that the process involved in the reduced response follows the rules of habituation as 

defined by Groves and Thompson [86]. However, it is unclear whether or not 

adaptation to stress is a habituation process. Regardless of this theoretical discussion, 

the reduced response to repeated stress may either involve biochemical mechanisms 

(e.g. receptor down-regulation) or, in contrast, could be more related to the 

cognitive processing of the stressful situation, involving a reduced emotional 

activation of the animal in front of the same stimulus. Therefore, it is crucial to 

determine if the reduced response to stressful stimuli observed after chronic exposure 

to stress is more likely to be explained by a phenomenon of biochemical adaptation 

or by some kind of learning mechanism. To this end, the best experimental strategy is 

the study the stress-specificity of the phenomenon, consisting on the characterisation 

of the HPA axis response to a different (heterotypic) stressor after the chronic 

exposure to the same (homotypic) stressor. If the response to the superimposed 

heterotypic stressor is still reduced after chronic stress, we are presumably dealing 

with a phenomenon of biochemical adaptation (cross-desensitisation), whereas if 
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there is a normal response, it would be generally regarded as a learning-like process 

related to the experience of the animal with stress. 

 

There is also another phenomenon caused by chronic stress exposure different from 

adaptation/habituation and termed as facilitation [26, 52]. It consists of a normal or 

even enhanced, instead of reduced, response to a novel (heterotypic) stressor after 

chronic stress exposure. It is thought that facilitation involves stimulating (facilitatory) 

mechanisms of stress itself that would balance or even overcome the inhibitory 

control exerted by glucocorticoids on the HPA axis. Although it is generally agreed 

that facilitation is an important phenomenon regarding chronic exposure to stress, 

the exact meaning and adaptative value of this exacerbated response of the HPA 

axis after chronic stress still remain to be fully determined.  

 

4.2. Long-term effects of stress in young animals: general features 

It is relatively well established that exposure of laboratory animals to different kind of 

manipulations during the neonatal period can induce different alterations in the CNS, 

which are persistent in the adult stages [180]. Among these changes, the most 

prominent ones include the modification of anxiety and the alteration of the HPA axis 

response to stress. The exact direction of these changes (increased/reduced anxiety 

or HPA axis response) depends on the nature of the manipulations that the animal 

received during early life [154, 180]. It has been shown that both postnatal handling 

and maternal care provoke a reduced HPA axis response to stress in adult stages. In 

contrast, early-life traumatic events such as maternal separation, physical trauma or 

endotoxin administration enhance the future HPA axis response to stress in adult life. 

 

Independently of the direction of these changes, they persist throughout the life of 

the animal and are also accompanied by permanent alterations in the HPA axis 

[180]. Postnatal handling induces a reduction of basal CRF mRNA levels in the 

hypothalamus and of CRF and AVP levels in the ME, in accordance with the 

described reduction of the HPA axis response to stress. In contrast, early traumatic 

events induce a permanent increase of basal hypothalamic CRF and/or AVP mRNA 

and of CRF and/or AVP in the ME, in line with the enhanced HPA axis response to 

stress found in these animals. It is thought that the alterations of hypothalamic CRF 

mRNA levels and of CRF and AVP levels in the ME are partially related with a 

differential regulation of the expression of glucocorticoid receptors in the 

hippocampal formation. In this respect, an inverse relationship between type II 

receptors in the hippocampus and the magnitude of HPA axis response to stress has 
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been described [180]. All these changes are considered a good example of synaptic 

plasticity in young animals. 

 

4.3. Long-term effects of stress in adult animals: an emerging field of study 

4.3.1. The beginning of the story: initial reports 

In contrast to the long-term effects provoked by manipulations in the early-life of the 

organisms, the degree of CNS plasticity in adult animals has not been so widely 

studied. The first evidences in this regard are related to the phenomenon known as 

learned helplessness [165, 166], in which the animals show relatively long-lasting 

motivational and associative deficits after being exposed to uncontrollable stressful 

situations (e.g. electric shock). Later on, Antelman and co-workers described a very 

interesting although complex phenomenon. It consists on the drug-induced 

modification, days to weeks later, of the behaviour and/or survival of the organisms to 

a new administration of the same or a different drug [5, 6, 8, 9, 11]. Interestingly, the 

effects described are thought to be triggered by the stressful component of the 

different drugs tested rather than by their pharmacological actions, since the drugs 

they administered (e.g. amphetamine, haloperidol, diazepam, fluphenazine 

hydrocloride, amitriptyline, cocaine) had very different properties. In addition, they 

found that a previous drug administration is able to modify the drug-induced HPA axis 

response in the long-term [3]. They also studied the effects of a single exposure to 

stress (e.g. IMO, 2-deoxy-D-glucose, ethanol, novelty) on the action of different drugs 

(e.g. cocaine, amphetamine, haloperidol, diazepam) on the organism [4, 5, 7, 10], 

showing that stress is able to modulate the multiple effects of drugs in the long-term 

(weeks to months). Interestingly, both the intensity of the stressor and the time elapsed 

between the stress session and the administration of the drug have been shown to be 

of particular importance to determine the detection and direction of the changes 

observed (sensitisation/desensitisation). For instance, they showed that stressors of low 

or high intensity, as determined by the plasma corticosterone response, were able to 

sensitise or desensitise, respectively, the cataleptic response induced by haloperidol 

injection 2 weeks, but not 1h, after this single stress experience [4]. 

 

After these initial studies, there has been a growing interest on the study of the long-

term effects of a single stress experience on the organism, because of its potential 

relevance regarding some human pathologies such as post-traumatic stress disorder 

[303]. Many of these studies have been published along the elaboration of the 

experimental work corresponding to this thesis, which is indicative of the importance 

and implication of these effects.  
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4.3.2. Long-term stress-induced sensitisation 

The first studies, leaded by Tilders and co-workers (for a review see [271]), have been 

focused two main aspects: (i) the stress-induced changes on the future behavioural 

response of the animals to either a new stress session or a drug administration [241, 

285-287] and (ii) the alteration of the HPA axis activity, both under resting conditions 

or in response to a new stress session, weeks after a single stressful experience [237-

241, 285, 287]. One of their first reports showed that a single exposure to a 

psychological stressor with a pain component such as electric shock is able to modify 

the future behavioural and HPA axis responses to a novel emotional stimulus [285]. 

Briefly, rats receiving a single session of footshock displayed, two weeks later, an 

increased immobility in a novel environment (noise test), which is regarded as a sign 

of increased fear/anxiety. These changes at the behavioural level were 

accompanied by a sensitised initial plasma ACTH response to the new stressor (noise), 

together with a faster reduction of both ACTH and corticosterone levels in the post-

stress period. In addition, there was a tonic increase of the AVP content in the 

external zone of the ME (ZEME) in previously stressed rats. In the same experiment, CRF 

stores in the ZEME were not altered by a previous footshock experience, although the 

same researchers have reported an increase of CRF levels in the ZEME both 7 and 11 

days after a single footshock experience [237]. 

 

This apparent discrepancy about the effects of footschock might be caused by the 

slight differences in the application of the stressful paradigm. Whereas in their earliest 

report the animals received a total of 10 footshocks of 1 mA, which were irregularly 

distributed over a 15 min period [285], in the second one they received a total of 20 

footshocks of 0.5 mA in a regular pattern (4 shocks/min) during 5 min [237] inducing, 

respectively, either no effect or an increase of resting CRF levels in the ZEME. This 

suggests that the intensity and/or regularity of the initial stressor might be important in 

determining the direction of the changes observed in the long-term, as previously 

pointed out by Antelman and co-workers [4]. Additionally, the first experiment was 

carried out during the dark period, when the animals have a greater activity, and the 

second one was performed with lights on. Very recently, other authors have reported 

that the expression of footshock-induced long-term behavioural sensitisation to mild 

stressors is more clearly expressed at the beginning of the dark phase [253], indicating 

that the circadian period is an additional factor that can affect at least the intensity 

of the changes observed, in this case, at the behavioural level. 
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Another example of the complexity of this phenomenon is the recent finding 

regarding the long-term effects of a single drug challenge. For instance, a single dose 

of amphetamine has been shown to exert long-term sensitisation on the behavioural 

(locomotor activity) and neuroendocrine (ACTH, corticosterone) responses to a new 

amphetamine challenge 1 or 3 weeks later [287]. However, this is not accompanied 

by an increase of AVP levels in the ZEME, but rather by a decrease of CRF levels 22 

(but not 11 or 3) days later [240]. Finally, morphine administration for 14 days induces, 

3 weeks later, behavioural sensitisation (locomotor activity), but neuroendocrine 

desensitisation (ACTH, corticosterone) in response to an amphetamine challenge 

[241], suggesting that behavioural and neuroendocrine sensitisation are not always 

associated. 

 

In addition to these studies on long-term stress- and drug-induced behavioural and 

neuroendocrine changes, other researchers have also described autonomic 

changes provoked by a single stress situation. In this respect, Wiegant and co-workers 

(for a review see [251]) have found that a single session of footshock is also able to 

enhance both colonic spike burst frequency [252], a measure of intestinal activity, 

and blood pressure [36] in response to a novel stress situation (electrified prod in the 

cage) two weeks later. Interestingly, these autonomic changes are accompanied by 

a sensitisation of the CRF response to the novel stressor in the PVN, ME and CeA [35]. 

Furthermore, the same experimental paradigm induced a greater expression of Fos-

like immunoreactivity (FLI) in a wide variety of cortical and subcortical areas generally 

agreed to be involved in fear/anxiety, neuroendocrine and autonomic responses to 

stress [34]. They have also attempted to elucidate the possible mechanisms involved 

in this phenomenon, suggesting that metabotropic Glu receptors (mGlu2/3) could play 

at least a partial role in the expression of long-term stress-induced sensitisation at the 

behavioural level [37]. Finally, they have recently described some of the factors that 

can affect the intensity and direction of the long-term behavioural changes 

observed after a single footshock session. As previously introduced, these factors 

include the intensity of the superimposed novel stressor, the circadian phase when 

the study is performed and the sex of the animals [253]. 

 

After their first studies with a mainly psychological stressor such as footshock, Tilders 

and co-workers showed that long-term stress-induced sensitisation could be 

generalised to stressors of different nature. In this regard, a stressful stimulus with a 

clear immune component such as interleukin-1β (IL-1β) administration, increases, two 

weeks later, tonic AVP immunoreactivity in the ZEME and enhances ACTH and 

corticosterone responses to another IL-1β administration or to a completely different 
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stressful situation such as electric shock [239]. These data suggest that a single 

exposure to different stressors sensitises the HPA axis thus resulting in an enhanced 

HPA response after a further exposure to the same (homotypic) or to a novel 

(heterotypic) stressor. The fact that the effects of a single stress exposure could be 

generalised to stressors of such a different nature was an important finding and an 

indication of the importance of this phenomenon. Nonetheless, further studies with 

other stressors have suggested that long-term effects of stress on the HPA axis appear 

to depend, at least to some extent, on the nature of the stressors. 

 

Apart from footshock and IL-1β, other stressors such as LPS and brain surgery result in 

increased AVP content in the ZEME weeks after the stressful situation [237]. In contrast, 

social-defeat or amphetamine, both eliciting a quantitative HPA response similar to 

some of the above-mentioned stressors, do not increase AVP content in the ZEME [39, 

240]. Similarly, a much more intense stimulus such as IMO, although inducing long-

lasting increases in AVP mRNA in the PVN (at least 4 days after the single stress 

experience), does not increase AVP content in the ZEME in the long-term [19]. All 

these studies further support the idea that the intensity and/or nature of the stressors 

are important factors in the determination of the future changes in the HPA axis 

activity. Additionally, other experimental conditions, such as the housing of the 

animals (individually or grouped) have also been suggested to be important in 

determining the intensity of the behavioural and neuroendocrine changes observed 

in the long-term [227]. 

 

Following the initial report on the long-term effects of an immunological stressor such 

as IL-1β [239], an increasing interest has recently emerged regarding the effects of 

cytokines and other immune-related factors on the future response of the organisms 

to a new immune or emotional challenge. In this regard, a single injection of tumor 

necrosis factor-α (TNF-α) induces a progressive sensitisation of sickness behaviour, 

corticosterone release and noradrenaline (NA) utilisation in the PVN in response to a 

new injection of TNF-α. Interestingly, the corticosterone response was desensitised at 1 

day after the first TNF-α administration, normal response at 1 week and sensitised at 2 

weeks, being maximal 4 weeks after the initial treatment [91]. A progressive increase 

of AVP and CRF immunoreactivity and their colocalisation in the ZEME was also found 

both 7 and 14 days after TNF-α injection, returning to normal levels 28 days after the 

initial stress exposure. Additionally, a single TNF-α experience induces a marked 

sensitisation of the c-fos mRNA response to a new TNF-α injection in the PVN, SO and 

CeA 7 to 14 days later [93]. After these studies with TNF-α, the same authors have 

reported that a previous LPS administration sensitises the sickness behaviour caused 
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by an injection of TNF-α or IL-1β and the corticosterone response to TNF-α or restraint 

[92]. Nonetheless, these effects were evident 1, but not 28, day after LPS injection, 

suggesting that the development of sensitisation induced by LPS and TNF-α involve 

different time frames. 

 

Very recently, the effects of emotional stressors on the future HPA axis response to a 

superimposed stressor of immunological nature have also been reported. Prior 

exposure to inescapable tailshock increased the initial corticosterone, ACTH and 

cytokine responses to a low dose of LPS one day later [117, 118]. Nonetheless, the 

duration of these sensitisation effects differed depending on the parameter under 

study. Plasma IL-1β response to LPS in previously stressed rats was still sensitised 4 days 

after the tailshock, but vanished thereafter. Additionally, the initial corticosterone 

response to LPS (1 hour post-injection) was still increased 10, but not 21, days after the 

initial challenge, whereas the effects on the ACTH response were not studied with 

these inter-stress intervals. 

 

Finally, it has been suggested that long-term stress-induced sensitisation would be 

independent of the stimulus used, since peripheral administration of a CRF antibody is 

able to induce slowly-developing and long-lasting increases in tonic AVP levels in the 

ZEME [238], similarly to the previously reported results with stress. These authors suggest 

that long-term sensitisation would be caused by the blockade of the negative 

feedback exerted by CRF at the level of the ME, facilitating the release of CRF 

independently from the stimulation of PVN neurons. At the same time, a transient 

suppression of resting corticosterone levels provoked by the administration of 

metyrapone, an inhibitor of glucocorticoid synthesis, caused similar sensitising effects 

on AVP levels in the ZEME [238]. This also suggests that the transient blockade of 

glucocorticoid-mediated feedback on CRF/AVP neurons can induce long-term 

sensitisation of the HPA axis, and the selectivity of these effects on AVP is in 

accordance with the reported greater sensitivity of AVP, in comparison to CRF, to 

glucocorticoid feedback [131]. Nonetheless, the hypothesis that long-term 

sensitisation of the HPA axis activity would only be dependent on the activation of 

CRF neurons is not in accordance to other reports of the same and other groups 

where they failed to find any sensitising effects on the levels of AVP at the ZEME of 

other stressors such as insulin, ether or social defeat [39, 237], in spite of the known 

activation of the synthesis and release of CRF by these stressors. 

 

In sum, a single stress experience with stressors of low intensity is able to sensitise the 

response of different parameters at neuroendocrine, autonomic and behavioural 
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levels to a new stress situation. The stressors exerting these effects can be of either 

emotional or immunological nature, and it seems that these effects are not specific 

for the stressor used since many cross-sensitisation effects have been reported. In 

addition, these changes are generally, but not always, accompanied by an increase 

of the tonic HPA activity, as shown by the increased AVP, and sometimes CRF, 

immunoreactivity in the ZEME. Nonetheless, the nature and intensity of the stress 

experience seem to be important in order to detect this long-term sensitisation. The 

dynamics of the changes appears to depend on the stimulus used and the variables 

studied, some changes appearing but also disappearing very rapidly, whereas others 

develop slowly but are extremely long-lasting. 

 

4.3.3. Long-term stress-induced desensitisation 

Most of the previously exposed reports have described sensitising effects of a single 

stress experience on the HPA axis response to a further stress situation. Nonetheless, 

some studies have also reported desensitisation effects. For instance, a three-day 

treatment with ethanol was able to reduce the tonic HPA activity 7 days later, as 

shown by a reduction of CRF and AVP stores in the ZEME [147]. Those changes were 

accompanied by a desensitisation of the peripheral (ACTH, corticosterone) and 

central (PVN CRF heteronuclear RNA (hnRNA), CRF1 receptor mRNA, NGFI-B mRNA 

and c-fos mRNA) HPA axis responses to a new ethanol injection 7 days later [144, 

147]. This phenomenon was stressor-specific since there was a normal response to 

footshock or LPS in previously alcohol-injected animals [144, 217]. 

 

Similarly, our group has also reported that a single exposure to an emotional stressor 

of high intensity such as IMO accelerates the recovery of ACTH and corticosterone 

levels after the termination of exposure to the same stressor applied weeks later and 

also decreases CRF mRNA response in the PVN [175]. Interestingly, the desensitisation 

effects at the peripheral level of the HPA axis (ACTH, corticosterone) are already 

detected at least 1 week after the first stressful experience, whereas an incubation 

period of at least 4 weeks is needed in order to observe any changes at the central 

(CRF mRNA) level. This phenomenon seems to be abolished in adrenalectomised 

animals, suggesting that stress-induced release of glucocorticoids might be one of 

the mechanisms involved in the induction of these effects [54]. In addition, this 

desensitisation of the HPA axis also appears to be stressor-specific so far as a previous 

exposure to IMO did not modify the HPA response to a novel stressor (forced 

swimming) [175]. Forced swimming reduced the levels of hypothermia and struggling 

after a new exposure to the same stimulus two weeks later [53]. However, these 
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modifications were not accompanied by major neuroendocrine changes at the level 

of the HPA axis, except for a slight enhancement the recovery of basal 

corticosterone, but not ACTH, levels in the post-stress period. Very recently, other 

researchers have reported that two sessions of social defeat reduce the 

corticosterone response to a high, but not to a low, dose of LPS one week later [41]. 

Finally, a single LPS injection, but not footshock, reduces the future susceptibility of the 

animals to adjuvant-induced arthritis (AA), although the HPA activity in control and 

previously LPS-injected AA remains unchanged [88].  

 

At present, the studies on long-term stress induced desensitisation are less numerous 

than those reporting sensitising effects of a previous stress exposure. Nonetheless, the 

reports from our and other groups are quite consistent and it appears that the 

intensity, and may be the nature, of the stressor, are important factors to take into 

account. Furthermore, whereas sensitisation is not a specific phenomenon for the 

stimulus applied, it is not completely clear if desensitisation is a stressor-specific 

phenomenon, since there are some contradictory results. Finally, all these studies on 

the long-term effects of a single stress exposure, involving either sensitising or 

desensitising effects, suggest the existence of an important degree of synaptic 

plasticity in adult animals. Due to the complexity and important functional and 

pathological implications of this phenomenon, the further study of the factors and 

mechanisms involved are of great conceptual importance.  
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Previous data from our laboratory have shown that a single exposure an emotional 

stimulus such as IMO induces a slowly developing and long-lasting desensitisation of 

the central (CRF mRNA) and peripheral (ACTH, corticosterone) HPA axis response to 

the same stimulus. The characteristics of the phenomenon do not fit with any current 

theory about stress and adaptation and, therefore, we suspect that it represents a 

new learning-like type of synaptic plasticity. The main purposes of the present study 

have been to define more precisely the long-term changes caused by stress at the 

level of the PVN and define the brain areas putatively involved in this desensitisation 

of the HPA axis. More specifically, the objectives of the present study were the 

following: 

 

1. To demonstrate whether the long-term effects of stress on the HPA axis are or not 

restricted to emotional stressors. To this end, we studied the long-term effects of a 

single exposure to a systemic stressor of immune characteristics (LPS administration) 

on the central and peripheral HPA axis. 

 

2. To demonstrate that long-term effects of stress are specific for the homotypic 

stressor and therefore, the HPA response to other stressors is essentially maintained 

intact. 

 

3. To further characterise the long-term effects of stress at the level of the PVN by 

measuring the transcriptional activity of c-fos and that of the two main 

hypothalamic secretagogues of ACTH (CRF and AVP). 

  

4. To explore the brain areas sensitive to a single previous experience with the 

stressors (IMO or LPS) using the induction of c-fos as a marker of neuronal 

activation.  
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1. ANIMALS 
 
Adult (approximately 55-60 day-old) male Sprague-Dawley rats were obtained from 

the Animal Breeding Centre of the Universitat Autònoma de Barcelona. They were 

housed one or two per cage, depending on the experiment, under standard 

conditions of light (lights on from 07:00 to 19:00 h) and temperature (22 ± 1 °C). Food 

and water were provided ad libitum. The animals were allowed to acclimate to the 

animal rooms in our laboratory for a period of at least one week before the beginning 

of the experiments. All the experimental procedures described below were previously 

approved by the Ethical Committee in Animal and Human Research of the Universitat 

Autònoma de Barcelona. 

 

2. STRESS PROCEDURES 
 
2.1. Immobilisation in wooden boards (IMO) 

Animals were immobilised as previously described [134] by taping their four limbs to 

metal mounts attached to a wooden board; their forelimbs were protected with 

plastic tubes to prevent the animals from biting themselves. Their head movements 

were restricted by means of two metal loops around their neck attached to the 

board. It is accepted that IMO is a severe stressor with a mainly psychological 

component, being able to activate the HPA axis in a very consistent manner [15-17]. 

 

2.2. Lipopolysaccharide administration (LPS) 

LPS (Escherichia coli, 055:B5, Sigma, Spain) was dissolved in sterile saline and injected 

intraperitoneally (ip) in a volume of 2 ml/kg at a dose of 1 mg/ml. Many studies have 

shown that LPS is a very powerful HPA axis activator [214, 263, 275], being considered 

as a mainly physical stressor and an immune activator [277]. 

 

3. SAMPLING 
 
3.1. Decapitation 

Animals were sacrificed within 30 s from being removed from the animal rooms and 

trunk blood was collected in 10 ml plastic tubes in an ice-cold bath. Brains were 

rapidly removed, placed in a recipient containing isopentane (Fluka, Spain), frozen 

by dipping it in liquid nitrogen, and then stored at – 80 °C until being processed. 

Serum was obtained by centrifugation (1600 g, 15 min, 4 °C) and aliquots were made 

and stored at –20 °C until being processed. 
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3.2. Transcardiac perfusion 

Animals were anaesthetised with a mixture of ketamine (Ketolar 50, Parke-Davis, 

Spain) and xilazine (Rompun 2%, Bayer, Germany) injected ip in a volume of 2.3 ml/kg 

to obtain a dose of 90:10 mg/kg. Once anaesthetised, they were transcardiacly 

perfused for 1-2 mins with ice-cold 0.9% saline and then for approximately 10 min with 

an ice-cold fixative containing 4% paraformaldehyde (Electron Microscopy Sciences, 

USA) and 3.8% borax (Sigma, Spain) (PFA+Borax). Brains were then removed and 

stored at 4 °C in the same fixative buffer before being processed. 

 

3.3. Tail-nick 

Repeated blood samples were taken by tail-nick, by wrapping the animal with a 

cloth and performing a 2 mm incision at the end of one of the tail arteries, and then 

massaging the tail of the animal while collecting 300 µl of blood in an EDTA-coated 

capillary tube (Sarstedst, Germany). After obtaining the blood, plasma was obtained 

by centrifugation (5000 g, 25 min, 4 °C) and aliquots were made and stored at –20 °C. 

 

4. ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA): TNF-α  
 
Plasma TNF-α levels were determined by immunoassay using a commercial kit 

(Biotrak, Amersham Pharmacia Biotech, UK). The assay is based on a solid phase 

ELISA, using a rTNF-α antibody bound to a microtitre plate. rTNF-α standards ranging 

from 31 to 2500 pg/ml and plasma samples (diluted 1/1, 1/2 or 1/10 depending on the 

expected concentration) were added into each well. After 1h of incubation at room 

temperature (RT), the wells were thoroughly washed and a biotinilated antibody 

against rTNF-α was added and incubated for 2 h at RT. The wells were washed again 

and a streptavidin-horseradish peroxidase conjugate was added and incubated for 

30 min at RT. After washing it, the plate was developed by adding 

tetramethylbenzidine (TMB) substrate and incubating it for 30 min at RT in the dark. 

The reaction was then stopped and the optical density was determined at 450 nm 

using a spectrophotometer (Labsystems Multiskan Bichromatic, Finland). The sensitivity 

of the assay was <10 pg/ml and the average intra-assay coefficient of variation (CV) 

was 10%. 
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5. RADIOIMMUNOASSAY (RIA) 
 
5.1. ACTH RIA 

ACTH concentration was determined by a double-antibody RIA in non-equilibrium 

following the protocol described by Dr. W. C. Engeland (personal communication, 

University of Minessota, Minn, USA), slightly modified in our laboratory. The RIA buffer 

contained 50 mM sodium phosphate, 25 mM dissodium EDTA, 0.1% Triton X-100 and 

0.25% BSA (Sigma, Spain) diluted in MilliQ water, pH 7.4. All the procedure was carried 

out at 4 ºC to avoid ACTH degradation. We used rat synthetic ACTH 1-39 (Sigma, 

Spain) as the standard, 3-[125I]iodotirosyl 23-ACTH 1-39 (specific activity 2000 Ci/mmol, 

Amersham Pharmacia Biotech, UK) as the tracer and an antibody raised against rat 

ACTH (Ab Rb 7), generously provided by Dr. W. C. Engeland. The free and bound 

fractions of the hormone were separated with a second antibody (donkey anti-rabbit 

IgG, Chemicon, USA) diluted in RIA buffer containing 1.2% normal rabbit serum (NSR). 

The radioactivity of the pellets was measured with a gamma counter (Wallac 1272 

Clinigamma, Finland) and calculations to determine ACTH concentration were done 

using a logit transformation. The average inter- and intra-assay CV were 10%. 

  

5.2. Corticosterone RIA 

Serum corticosterone levels were determined by RIA as previously described by 

Lahmame et al [142]. The RIA buffer was prepared with 0.01 M phosphate buffer, 0.9% 

NaCl, and 0.1% gelatine (Merck, Germany) in bidistilled water, and adjusted to pH 

8.2. Corticosterone (Merck, Germany) was used as the standard and 1, 2, 6, 7-[3H]-

corticosterone (specific activity 72-93 Ci/mmol, Amersham Pharmacia Biotech, UK) as 

the tracer. Samples were incubated at 70 ºC for 30 min to denature the 

corticosteroid-binding globulin (CBG) and thus avoid interferences between this 

protein and the antibody. After incubating 18-24 h at 4 ºC, the free and bound 

fractions of the hormone were separated with charcoal (Merck, Germany) diluted in 

RIA buffer. Corticosterone concentration was determined by measuring the 

radioactivity remaining in the supernatant in a beta counter (Wallac 1409 Liquid 

Scintillation Counter, Finland) and applying logit transformations. The average inter- 

and intra-assay CV were 10% and 8%, respectively. 
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6. IN SITU HIBRIDISATION 
 
6.1. Oligoprobes 

Frozen brains were allowed to thaw from – 80 to – 20 °C before being cut in a cryostat 

(Frigocut 2800, Leica, Germany). Coronal brain sections from the medial part of the 

PVN were sectioned at a thickness of 12 µm. Stereotaxic coordinates were obtained 

according to the atlas of Paxinos and Watson [201]. The sections were collected onto 

gelatine-coated slides, which were prepared by submerging pre-cleaned 

microscope slides twice into 0.25% gelatine (Merk, Germany) dissolved in 

diethylpyrocarbonate- (DEPC, Sigma, Spain) treated MilliQ water containing 0.025% 

CrK(SO4)2 (Sigma, Spain). All the sections obtained were stored at – 80 °C until being 

further processed. 

  

A synthetic 48-base oligonucleotide complementary to an exonic part of CRF mRNA 

(courtesy of Dr. M.S. Harbuz, Bristol, UK) was used as the probe, its sequence being as 

follows: 

 

CRF 5’ GCCAGGGCAGAGCAGTTAGCTCAGCAAGCTCACAGCAACAGGAAACTG 3’ 

 

The probe was radioactively labelled using terminal deoxinucleotidyl transferase 

(Roche, Switzerland) to add a [α-35S]dATP tail (specific activity >1000 Ci/mmol, 

Amersham Pharmacia Biotech, UK) to the 3’OH end of the probe. The excess of label 

was removed using a commercial kit (QIAquick nucleotide removal kit, Qiagen, USA). 

 

In situ hybridisation histochemistry using oligoprobes was performed as previously 

described [244]. All buffers were prepared with DEPC-treated MilliQ water and 

autoclaved before use in order to avoid RNA degradation. Once defrosted and 

dried, sections were prefixed with 4% formaldehyde in PBS (pH 7.4) for 5 min. They 

were rinsed twice in PBS, acetylated (0.25% acetic anhydrous in TEA-HCl 0.1M/0.9% 

NaCl) for 10 min, dehydrated with ethanol (70% (1 min), 80% (1 min), 95% (2 min) and 

100% (1 min)), defatted in chloroform for 5 min and partly re-hydrated (ethanol 100% 

(1 min) and 95% (1 min)). Slides were air-dried and then 70 µl of hybridisation buffer 

(50% formamyde, 4 X SSC, ssDNA 500 µg/ml, yeast tRNA 250 µg/ml, 1 X Denhardts, 10% 

dextrane sulphate and 10 mM DTT) containing the labelled probe (150000 to 200000 

cpm/70 µl) were spotted onto each slide and coverslipped with parafilm. Sections 

were incubated for 16-18 h in a humid chamber at 37 ºC. After hybridisation, 

coverslips were removed in 1 X SSC, and each slide was briefly washed 3 X in 1 X SSC. 

Then sections were washed in 1 X SSC (3 x 15 min at 55 ºC), 0.5 X SSC (1 X 15 min at 55 
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ºC and 1 X 30 min at RT) and 0.01 X SSC (1 X 30 min at RT), rinsed twice in distilled 

water and air-dried. Finally, sections were exposed to Hyperfilm-MP autoradiography 

film (Amersham Pharmacia Biotech, UK) for 3 or 14 days for AVP or CRF mRNA, 

respectively. 

 

6.2. Riboprobes 

Fixed brains were post-fixed for at least 24 h in PFA+Borax at 4 ºC before being 

cryoprotected by placing them in PFA+Borax containing 10% sucrose (Merk, 

Germany) for at least 24 h more at 4 ºC. They were frozen in dry ice, mounted onto a 

cryostat (Frigocut 2800, Leica, Germany) and cut into 30 µm coronal sections. 

Sections were collected in cryoprotectant solution (0.05 M sodium phosphate buffer, 

pH 7.3, 30% ethyleneglycol, 20% glycerol) and stored at – 20 ºC. 

 

The protocol used for in situ hybridisation histochemistry using riboprobes was 

adapted from Simmons et al [247]. All the solutions were pre-treated with DEPC and 

sterilised before use. One every sixth section of the entire brain (from the olfactory 

bulb until the end of the medulla) were mounted onto gelatine and poly-L-lysine-

coated slides. The slides were prepared by submerging pre-cleaned slides into 10% 

gelatine (Merk, Germany) containing 1% CrK(SO4)2 (Sigma, Spain) for 2 min, letting 

them dry overnight at 37 ºC and then submerging them into 0.1 mg/ml poly-L-lysine 

(Sigma, Spain) for 30 min and dried overnight at 37 ºC. Mounted sections were 

desiccated and stored under vacuum before further processing. 

 

The GR probe was obtained by linearisation of a pGem3 plasmid with Bam HI 

(Amersham Pharmacia Biotech, UK). The c-fos probe was generated from the Eco RI 

fragment of rat c-fos cDNA (Dr. I. Verma, The Salk Institute), subcloned into pBluescript 

SK-1 (Statagene, USA) and linearised with Sma I. pGem3 plasmid containing a pure 

CRF intronic piece was linearised with Hind III (530 bp) to detect specifically CRF 

hnRNA (Dr. S. Watson, The University of Michigan, Ann Arbor, USA [99]). AVP intronic 

probe (Dr. T. G. Sherman, University of Pittsburgh, PA, USA) was constructed from a 

pGem3 vector containing a Sprague-Dawley rat AVP gene fragment of intron I 

(pGem3-sdAVPgInI), and a 700-bp Pvu II fragment contained within intron I was 

subcloned into the Hinc II site of pGem3 and linearised with Hind III. The GR plasmid 

and the c-fos, hnCRF and hnAVP plasmids were generously provided by Dr. E. R. de 

Kloet (Leiden University, Leiden, The Netherlands) and Dr. S. Rivest (Laval University, 

Québec, Canada), respectively. 
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Radioactive antisense cRNA copies were generated using a transcription kit 

(Promega, USA). Once digested, 250 ng of linearised plasmid were incubated in 

transcription buffer (40 mM Tris-HCl pH 7.9, 6 mM MgCl2, 2 mM spermidine, 10 mM 

NaCl), 10 mM DTT, 0.2 mM GTP/ATP/CTP, 200 µCi [α-35S]UTP (Specific activity 1300 

Ci/mmol, NEN Life Science Products, USA), 40 U RNasin and 20 U of SP6 (GR) or T7 (c-

fos, hnCRF and hnAVP) RNA polymerase for 60 min at 37 ºC. The DNA template was 

then digested with RNase-free DNase (Promega, USA; 1 U DNase in 0.25 µg/µl tRNA 

and 9.4 mM Tris/9.4 mM MgCl2) for 10 min at RT and extracted with phenol-

chloroform-isoamilalcohol 25:24:1 (Sigma, Spain). The cRNA was precipitated with 80 

µl of 5 M ammonium acetate and 500 µl of 100% ethanol for 20 min at – 80 ºC. The 

pellet was obtained by 15 min centrifugation at 15000 g, dried, ressuspended in 100 µl 

of 10 mM Tris/1 mM EDTA, pH 8.0, and stored at – 20 ºC. 

  

Sections were post-fixed in 4% PFA+Borax for 30 min, rinsed twice in KPBS for 5 min, 

then digested with proteinase K (Roche, Switzerland; 0.01 mg/ml in 100 mM Tris-HCl pH 

8.0 and 50 mM EDTA pH 8.0) for 25 min at 37 ºC, rinsed in DEPC-treated water and 0.1 

M trietanolamine pH 8.0 (TEA, Sigma, Spain) and acetylated in 0.25% acetic 

anhydride in 0.01 M TEA. Finally, they were washed for 5 min in 2 X SCC, dehydrated 

through graded concentrations of ethanol (50, 70, 95 and 2 X 100%, 3 min each) and 

air-dried. Thereafter, 90 µl of hybridisation buffer (50% formamide, NaCl 0.3 M, Tris-HCl 

10 mM pH 8.0, EDTA 1 mM pH 8.0, 1 X Denhardts, 10% dextrane sulphate, yeast tRNA 

500 µg/ml and 10 mM DTT) containing the labelled probe (1 X 106 cpm/90 µl) were 

pre-heated at 60-65 ºC, spotted onto each slide and sealed with a coverslip. Sections 

were incubated for 16-18 h in a humid chamber at 60 ºC. 

 

After hybridisation, the slides were dipped for 20-30 min in 4 X SSC, and then coverslips 

were removed before washing the slides 4 X 5 min in 4 X SCC containing 1 mM DTT 

(Sigma, Spain). Both the unspecifically hybridised and the excess of probe were 

removed by digestion with RNase A (Amersham Pharmacia Biotech, UK; 0.02 mg/ml in 

0.5 M NaCl, 10 mM Tris-HCl pH 8.0 and 1 mM EDTA pH 8.0) for 30 min at 37 ºC to 

reduce non-specific binding. Thereafter, the sections were washed in descending 

concentrations of SSC containing 1 mM DTT (2 X 5 min 2 X SCC, 5 min 1 X SSC, 10 min 

0.5 X SSC, 30 min 0.1 X SSC at 60-65 ºC and a short rinse in 0.1 X SSC at RT), dehydrated 

through a series of ethanol solutions containing 1 mM DTT (50, 70, 95 and 2 X 100%, 3 

min each) and air-dried. The slides were then exposed to a XAR-5 Kodak Biomax MR 

autoradiography film (Kodak, Spain) for 24 h for AVP hnRNA and c-fos mRNA, 3 days 

for GR mRNA or 3-6 days for CRF hnRNA. After developing the films, the slides were 

cleaned and defatted with a series of ethanols and xylene (5 min 95%, 3 X 5 min 
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100%, 10 min xylene, 30 min xylene and 3 X 5 min 100%) and they were dipped into 

NTB2 nuclear emulsion (Kodak, Spain). After being exposed for 7, 21 or 21-42 days, 

depending on the probe, they were developed at 14-16 ºC in D19 developer (Kodak, 

Spain) for 3.5 min, rinsed in MilliQ water, and fixed in rapid fixer (Kodak, Spain) for 5 

min. The slides were rinsed under running tap water for 1-2 h and then counterstained 

with 0.25% thyonin (Sigma, Spain) for 30-45 sec, dehydrated through increasing 

concentrations of ethanol, cleared in xylene and coverslipped with DPX (Electron 

Microscopy Sciences, USA). 

 

6.3. Image analysis 

Semiquantitative analysis of the hybridisation signal for CRF mRNA was carried out on 

the developed films. Densitometric analyses for GR and c-fos mRNA and CRF and 

AVP hnRNA were done on nuclear emulsion-dipped slides using dark-field illumination 

in an inverted microscope (Olympus IX70, Japan). Magnification used varied 

depending on the area under analysis. The sections to be analysed were digitalised 

and quantified using Image software (W. Rasband, NIH, USA; available on the web at 

http://rsb.info.nih.gov/nih-image or http://www.scioncorp.com) by setting up the best 

threshold to avoid detecting any background signal and obtaining measures in 

arbitrary units (pixel area x average sum grey). In general, the measured area was the 

whole nucleus under analysis or an average of different measures along the area 

under analysis. In the case of AVP hnRNA, densitometric analysis was performed in 

the pPVN, the area generally acknowledged as being the most relevant source of 

AVP for the control of the HPA axis. The pPVN area was identified on an anatomical 

basis (medial location in the PVN), since parvocellular and magnocellular AVP 

hnRNA-containing neurons cannot be distinguished on the basis of grain density, 

differently from AVP mRNA [95]. All samples to be statistically compared were 

processed in the same assay to avoid inter-assay variability. 

  

7. STATISTICAL ANALYSIS 
 
Depending on the design of the experiment and the groups to be compared, data 

were analysed using the Student’s t-test, one-way or two-way analysis of variance 

(ANOVA). In the case of one-way ANOVA, when appropriate, data were further 

analysed with the post-hoc Student-Newman-Keuls (SNK) test at the 0.05 level of 

significance. Similarly, in the case of two-way ANOVA, post-hoc analyses were 

performed when necessary. In some cases logarithmic transformation was used in 

order to obtain homogeneity of variances. 
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INTRODUCTION 

A single exposure to a severe stressor such as IMO has been shown to cause desensitisation 

of the HPA response to the same stressor applied days or weeks later [175]. As evaluated by 

its physiological consequences, IMO is a severe stressor [14, 16, 18], in which emotional 

components predominate over physical ones [198]. Because of the particular characteristics 

of this stressor, it may well be that the previously described effects of a single IMO exposure 

on the long-term would only be triggered by this specific neurogenic stimulus. 

 

In order to know whether the long-lasting effects of stress on the HPA axis are or not restricted 

to emotional stressors such as IMO, we decided to study whether a similar long-lasting 

desensitisation of the HPA axis may develop after exposure of animals to a systemic stressor. 

Bacterial endotoxins are lipopolysaccharides located in the outer membrane of Gram-

negative bacteria, and they have been widely used to mimic the acute response to 

bacterial infection without actually infecting the host (see [270] for a review). The specific 

effects of endotoxin administration depend on different factors such as the dose, route of 

administration, and bacterial strain, although, in general, LPS can induce a wide range of 

physiological changes that include fever, sickness behaviour and activation of the HPA axis 

[270]. Endotoxin appears to be an ideal candidate in order to generalise the study of the 

long-term effects of stress, since it is considered a physical/immunological stressor that causes 

CNS changes very different from those of mainly psychological stressors such as restraint or 

IMO and activates the HPA axis following different mechanisms and pathways, as indicated 

by brain mapping of c-fos mRNA activation [30, 214]. In fact, during these last few years 

there has been a wealth of studies trying to elucidate how circulating LPS and peripheral 

cytokines released after endotoxin administration can trigger the activation of the HPA axis 

(see [212, 213, 277] for reviews). The mechanisms of HPA axis activation by LPS are highly 

complex and involve many different factors. The key appears to be the transduction of 

signals through different cells located both outside (around the CVOs) and inside the BBB, 

where information from both LPS and peripherally-released cytokines would trigger a central 

immune response and, in turn, the activation of the HPA axis [212, 213, 277]. 

 

We will try to make a brief description of these mechanisms after an intraperitoneal (ip) 

injection of LPS (thoroughly reviewed in [212, 213]), a summary of which is depicted in Figure 

4. Once in the bloodstream, LPS binds to the LPS-binding-protein (LBP) [242] and this complex 

is able to activate the production of different cytokines (mainly TNF-α, IL-1β and interleukin-6 

(IL-6)) from peripheral monocytes/macrophages expressing the membrane LPS receptor 

mCD14 [301]. Until very recently, the mechanisms involved in the activation of the 

proinflammatory transduction pathways after binding of LPS-LBP to CD14 were not 
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completely understood, since this receptor is not able to discriminate LPS from host lipids and, 

in addition, does not have a cytoplasmic signalling domain. Studies with mutant mice 

showing hyporresponsiveness to LPS together with the characterisation of the family of Toll-

like receptors (TLRs) has lead to the conclusion that Toll-like receptor 4 (TLR4) is the main 

receptor involved in both (i) the specific recognition of pathogen-associated molecular 

patterns (PAMPs) of Gram-negative bacteria such as LPS, and (ii) the consequent activation 

of proinflammatory signalling pathways [105, 300]. It is thought that LPS-LBP, once bound to 

mCD14, would reach adjacent TLR4 and this newly formed complex would then be able to 

activate the signal transduction through the adaptor protein Myd88, leading to the 

production of cytokines from peripheral myeloid cells [25, 121]. 

 

Apart from binding peripheral monocytes/macrophages, it is thought that the complex LPS-

LBP could also enter the brain through the CVOs and trigger cytokine production (mainly 

TNF-α) from the macrophages/microglia located there. Peripherally generated TNF-α would 

also access these myeloid cells located around the CVOs and trigger its own production 

there. This centrally produced TNF-α would then be able to access parenchymal cells 

(microglia) to trigger both its own production and also mCD14 expression in cells located in 

deeper parts of the brain. It is thought that centrally-produced mCD14 could play a role as 

an opsonic receptor, enhancing the clearance of LPS that has been able to enter the brain 

and thus avoiding possible neurotoxic effects of the endotoxin [213]. 

 

It has been suggested that centrally-produced TNF-α might trigger HPA axis activation 

through stimulation of both pPVN CRF-expressing cells and the ME, since the administration of 

CRF antibody as well as bilateral lesions of the PVN inhibit the TNF-α-induced HPA axis 

activation [24, 130]. Nonetheless, the effects of centrally produced TNF-α on the PVN do not 

seem to be direct, since the PVN only depicts very low amounts of the transcript for its 

specific receptor TNFR1 (also named as p55 subtype) [188]. Instead, it has been suggested 

that intermediary molecules produced by the endothelium of blood vessels penetrating the 

PVN would directly mediate the effects of TNF-α in the PVN, taking into account the 

profound stimulatory effects of TNF-α in these cells [188]. In this regard, it has been shown that 

brain endothelial cells express constitutively the soluble form of the LPS receptor (sCD14) and 

also receptors for TNF-α (TNFR1) and IL-1β (IL1R) (see reviews [212, 213]). The brain 

endothelium could be activated by peripheral LPS-LBP, TNF-α and IL-1β, triggering the 

production of more IL-1β (thus functioning as a positive feedback) and of prostaglandins, 

mainly of the E2 type (PGE2). PGE2 would be able to diffuse through the brain parenchyma, 

having access to different areas of the brain, among them the pPVN, and inducing the 

expression of the prostaglandin receptor EP4R in these nuclei. PGE2 would then be able to 

activate c-fos and CRF transcription in pPVN neurons and, in turn, the activation of the HPA 
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axis. Nonetheless, PGE2 does not seem to be the only mediator of cytokine-induced PVN 

activation, since administration of indomethacin, an inhibitor of prostaglandin synthesis, only 

reduces LPS-induced c-fos mRNA activation in selective brain areas after a medium (0.25 

mg/kg) but not a high (2.5 mg/kg) dose of LPS [136]. The role of IL-6 in this story is not 

completely clear yet, but it seems that centrally-produced IL-6 would contribute to the 

maintenance of CRF stimulation during the late phases of endotoxemia, since the expression 

of its receptor IL6R is also induced in the pPVN after LPS injection (see review [212]). Finally, 

the vagus nerve could also play a role in HPA axis activation by peripheral cytokines released 

after ip LPS injection, but only at very low doses of LPS (reviewed in [75]). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Summary of the mechanisms involved in the activation of the PVN by LPS and cytokines. 
Briefly, the complex LPS-LPB binds to its specific receptors in the surface of myeloid cells located both in 
the periphery and in the brain (in the vicinity of the CVOs) triggering the synthesis and release of 
different cytokines both in plasma and in the brain. This leads to a cascade of events that will ultimately 
activate CRFergic neurons in the pPVN, leading to the transcription of c-fos, CRF and CRFR1 (see text 
for details). Adapted from the information reviewed in [212, 213]. Abbreviations: AC, adenilate cyclase; 
BBB, blood-brain barrier; cAMP, cyclic AMP; chp, choroid plexus; COX-2, ciclooxigenase-2 (PG 
endoperoxide H synthase isoform 2); CRE, cAMP responsive element; CRF, corticotropin-releasing 
factor; CVOs, circumventricular organs; EP4R, PG receptor, type 4; IL-1β, interleukin 1β; IL-6, interleukin 6; 
IL1R, IL-1β receptor type 1; IL6R, IL-6 receptor; IκBα, inhibitory factor κBα; LBP, LPS-binding protein; LPS, 
lipopolysaccharide; MAPK, mitogen-activated protein kinase; mCD14, LPS receptor (membrane form); 
ME, median eminence; NF-κB, nuclear factor κB; PCREB, cAMP responsive element binding protein 1, 
phosphorilated form; PGE2, prostaglandin of E2 type; pPVN, paraventricular hypothalamic nucleus, 
parvocellular; sCD14, LPS receptor (soluble form); TLR4, toll-like receptor 4; TNF-α, tumor necrosis factor 
α; TNFR1, TNF-α receptor type 1; vWF, von Willebrand factor (specific marker of endothelial cells).  
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When speaking about the possible long-term effects of a single LPS injection on the HPA axis, 

the concept of tolerance to bacterial endotoxin, a well-studied phenomenon of highly 

clinical relevance, should be taken into account. This term was coined to conceptualise the 

finding that previous exposure of animals to endotoxin reduces the immune and metabolic 

impact as well as lethality after a new endotoxin challenge hours or even weeks later [85]. 

Although tolerance to endotoxin has been extensively studied and has been found to be a 

more complex phenomenon than previously believed [148, 305], the possible active role of 

the CNS in the development of tolerance has not been addressed. The fact that tolerance 

to endotoxin of some CNS-mediated functions is not a passive consequence of changes in 

the responsiveness of blood cells to endotoxin and could be, at least in part, brain-mediated 

is of great conceptual importance. 

 

In contrast to the well-established concept of tolerance, it has been reported that previous 

IL-1β or LPS administration results in enhanced AVP content in the ZEME 7 to 11 days later 

[237, 239]. Similarly, IL-1β induces long-term sensitisation of the ACTH and corticosterone 

responses to heterotypic stimuli such as an amphetamine challenge or novelty stress [240]. A 

single TNF-α injection has also been shown to induce a progressive sensitisation of sickness 

behaviour, plasma corticosterone, NA utilisation in the PVN and FLI in specific brain nuclei 

after a new TNF-α administration days to weeks later, together with an increased tonic AVP 

and CRF immunoreactivity in the ZEME [91, 93]. Very recently, a low dose of LPS has also 

been shown to sensitise the corticosterone response to LPS or TNF-α administered one, but 

not 28, days later [92]. Therefore, it is clear that LPS may exert long-term effects on those HPA 

parameters that have been found to be sensitive to previous stress (IMO) exposure, such as 

ACTH, corticosterone and CRF mRNA [175]. However, the direction of the changes 

(sensitisation vs desensitisation) is difficult to predict and the protracted effects of a high dose 

of endotoxin on the HPA axis have not been studied. This is important because we believe 

that long-term effects of a single exposure to stress are dependent on the intensity (dose) of 

the stressor used, since sensitisation effects have been detected with stressors of low intensity 

(e.g. [237, 285]), whereas we and others have described desensitisation effects with a stressor 

of high intensity such as IMO or alcohol injection [144, 175]. In this study, we wanted to assess 

the effects of a previous high dose of LPS on the future HPA response to the homotypic 

stimulus. We consider that these experiments using LPS as a stressor are of great importance 

in order to extend our previous findings with IMO to systemic stressors. 
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EXPERIMENTAL DESIGNS AND RESULTS 

Experiment 1-1 

Since we have previously reported that the effect of a single exposure to IMO on the HPA 

axis response is enhanced with the time elapsed between the first and the second exposure 

to the stressor, the purpose of this experiment was to study whether or not a single exposure 

to LPS would be able to modify the HPA axis response to another exposure to LPS and the 

time-course of the effect. On their arrival, rats were assigned to two experimental groups: 1/ 

rats injected with saline (vehicle, Veh) and 2/ rats injected with LPS (LPS). Two or 4 weeks 

later, rats from all groups were sacrificed 3 h after saline or LPS administration. 

 

T-test showed that acute LPS increased CRF mRNA levels in the PVN of the two groups of rats 

previously injected with Veh 14 or 28 days before (p<0.05 and p<0.01, respectively) and also 

in those previously treated with LPS 14 days before (p<0.01). However, the CRF mRNA 

response was abolished in the rats previously treated with LPS 28 days before (Figures 5 and 

6A). One-way ANOVA of groups given LPS the last day further confirmed these results, since 

CRF mRNA levels after LPS injection were significantly lower in the animals with previous LPS 

experience 28, but not 14, days before (p<0.03, SNK). Acute LPS increased corticosterone 

levels in all groups (t-test, p<0.001 in all cases) and one-way ANOVA revealed no effect of 

previous LPS treatments 28 or 14 days before (Figure 6B). 
 

 

 

 

 

 

 

 

 

 
Figure 5. Negative images of some representative autoradiographs of the in situ hibridisation for CRF 
mRNA in the PVN, corresponding to experiment 1-1. Rats received saline (Veh) or 1 mg/kg of 
lipopolysaccharide (LPS) and were sacrificed, 4 weeks later, 3 h after receiving a new Veh or LPS 
injection. The legend should be read as “treatment received 4 weeks before-treatment received on 
the day of sacrifice”. 
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Figure 6. Effect of previous LPS administration on PVN CRF mRNA (A) and corticosterone (B) responses to 
another LPS administration 2 or 4 weeks later. Stress-naïve animals received saline (Veh) as the previous 
treatment. Results are expressed as mean ± SE (n = 6-8 per group). * at least p<0.05 vs respective day 28 
Veh (Student’s t-test); # p<0.05 vs the groups receiving the same treatment on day 28 (one-way 
ANOVA, SNK). 
 

Experiment 1-2 

The objective of this experiment was two fold: firstly, we wanted to assess whether a previous 

LPS administration would be able to alter a physiological response other than the HPA axis, 

such as rectal temperature changes provoked by LPS injection in our specific experimental 

conditions. Secondly, we wanted to perform a more detailed analysis of the peripheral HPA 

axis response to a second LPS administration in previously LPS-injected rats, since the single 

time-point studied in experiment 1-1 might not be informative enough. Rats were assigned to 

the following experimental groups: 1/ rats injected with saline on day 1 and with LPS on day 

28 (Veh-LPS), 2/ rats injected with LPS on days 1 and 28 (LPS-LPS), and 3/ rats injected with 

saline on day 28 (∅-Veh). On day 28, rectal temperature was measured 30 min before 

injection and then for 4 h at 30 min intervals after injection. Repeated blood samples were 

taken by tail-nick at 4, 6, 8, 10, 12, 18 and 24 h after injection, since it is known that LPS elicits 

a sustained activation of the hormones of the HPA axis [82].    
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Figure 7A shows the effect of LPS administration on rectal temperature in previously LPS-

injected and stress-naïve rats. Two-way ANOVA for repeated measures of rectal temperature 

after LPS administration (groups Veh-LPS and LPS-LPS) showed significant effects of sampling 

time (p<0.001), no effects of treatment and a significant interaction between these two 

factors (p<0.05). One-way ANOVAs for each sampling time, now including rats given Veh the 

last day (∅-Veh), revealed that LPS administration to stress-naive rats caused hypothermia 

from 1h 30 min to 4h post injection (p at least <0.05, SNK), when compared to the ∅-Veh 

group. However, this hypothermic response to LPS was abolished in rats administered LPS 4 

weeks before, since no differences were found between ∅-Veh and LPS-LPS treated rats at 

any of the time points studied. In addition, rectal temperature in LPS-LPS animals was 

significantly higher than in Veh-LPS rats at 1h 30 min and 4h post-injection (p<0.02 and 

p<0.03, respectively, SNK). When the area under the curve (AUC) for rectal temperature was 

calculated from 1h to 4h post-injection (Figure 7B), the comparison of AUC between the 

different groups displayed significant differences (one-way ANOVA, p<0.03), the AUC of Veh-

LPS animals being lower than that of the other two groups (SNK). 
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Figure 7. Effects of Veh or LPS administration on the dynamics of rectal temperature (A) in stress-naïve 
and rats previously given LPS 4 weeks before; the arrow indicates the time of injection. The area under 
the curve (AUC) of rectal temperature levels from 60 to 240 min after injection was also calculated (B). 
Results are expressed as mean ± SE (n = 3-6 per group). The groups are as follows: 1/ ∅-Veh (animals 
receiving no treatment on day 1 and injected with Veh on day 28), 2/ Veh-LPS (animals receiving Veh 
on day 1 and 1 mg/kg of LPS on day 28) and 3/ LPS-LPS (animals receiving 1 mg/kg of LPS on day 1 and 
the same dose of LPS on day 28).  * p<0.05 vs ∅-Veh group; & p<0.05 vs ∅-Veh and LPS-LPS groups 
(one-way ANOVA, SNK). 
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Figure 8A shows corticosterone levels from 4h to 24h post-injection. Corticosterone levels in ∅-

Veh rats were relatively high 4 h after saline injection due to repeated handling and rectal 

temperature measurements, but showed thereafter a consistent circadian rhythm with a 

peak at the beginning of the dark period. Two-way ANOVA for repeated measures after LPS 

administration (groups Veh-LPS and LPS-LPS) displayed significant effects of sampling time 

(p<0.001), no effects of treatment and a marginal interaction between these two factors 

(p=0.093). Although at some sampling times corticosterone levels in LPS-LPS rats were below 

those in Veh-LPS rats, the differences did not reach statistical significance. AUC for 

corticosterone levels was also calculated (Figure 8B), including the ∅-Veh group, but no 

significant effects were detected (one-way ANOVA). 
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Figure 8. Effects of Veh or LPS administration on corticosterone levels (A) in stress-naïve rats previously 
given LPS 4 weeks before. The area under the curve (AUC) of total corticosterone levels was also 
calculated (B). Results are expressed as mean ± SE (n = 3-6 per group). The groups are as follows: 1/ ∅-
Veh (animals receiving no treatment on day 1 and injected with Veh on day 28), 2/ Veh-LPS (animals 
receiving Veh on day 1 and 1 mg/kg of LPS on day 28) and 3/ LPS-LPS (animals receiving 1 mg/kg of 
LPS on day 1 and the same dose of LPS on day 28). (&) denotes marginal significance vs ∅-Veh group 
(one-way ANOVA, p<0.1, SNK). 
 

Experiment 1-3 

In the previous experiments we were not able to detect any statistical differences in the 

peripheral HPA axis response to LPS between previously LPS-treated and control rats. In 
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experiment 1-1 there was only a single and early sampling time point, and in experiment 1-2 

the sustained activation of corticosterone partially coincided with the peak of the normal 

circadian corticosterone rhythm [176], thus greatly masking the response to LPS. In this 

experiment we decided to inject LPS very early in order to avoid this possible masking effect 

of the HPA axis circadian rhythm. In addition, we wanted to extend our study on two 

additional aspects. First, we studied if there was any influence of the time elapsed between 

the first and second exposure to LPS on the peripheral HPA axis response to this stressful 

stimulus. In this regard, it should be noted that the time of inter-stress interval seems to be a 

critical factor, when using IMO, in order to detect a blunted CRF mRNA response at the PVN 

level [175]. Second, having found an effect of a previous LPS injection on a parameter not 

directly related to the HPA axis itself (rectal temperature), we wanted to extend our findings 

by studying circulating levels of TNF-α, one of the primary cytokines released in response to 

LPS [213, 277] and very sensitive to tolerance [226, 306].  

 

Rats were assigned to the following experimental groups: 1/ rats injected with saline on days 

1, 21 and 28 (Veh-Veh), 2/ rats injected with saline on days 1 and 21 and with LPS on day 28 

(Veh-LPS), 3/ rats injected with saline on day 1 and with LPS on days 21 and 28 (LPS1wk-LPS) 

and 4/ rats injected with saline on day 21 and with LPS on days 1 and 28 (LPS4wk-LPS). On 

day 28 blood samples were taken by tail-nick 0, 2, 5, 8 and 11 h after saline or LPS 

administration for corticosterone and ACTH measurements. In order to avoid the interference 

of the peak of the circadian rhythm of ACTH and corticosterone [176] with the response to 

LPS on day 28, administration of saline or LPS was done at 03:00 AM. 

 

Two-way ANOVA for repeated measures (of the groups receiving LPS on the day 28) for both 

ACTH (Figure 9A) and corticosterone (Figure 9B) revealed significant effects of sampling time, 

treatment, and an interaction between the two factors (p<0.001 in all cases and for both 

hormones). For each sampling time, ACTH and corticosterone data from the four 

experimental groups (Veh-Veh, Veh-LPS, LPS1wk-LPS and LPS4wk-LPS) were analysed with 

one-way ANOVA and post-hoc comparisons with the SNK test. There were no differences 

among groups in basal levels of the two hormones. One-way ANOVAs revealed that ACTH 

differed among groups at 2, 5, 8 and 11 h after the injections (p<0.001, p<0.001, p<0.003 and 

p<0.002, respectively). Similarly, corticosterone differed among groups at all time points after 

the injections (p<0.001 in all cases). Post-hoc comparisons showed that all groups receiving 

LPS the last day had higher ACTH and corticosterone levels at 2 h after the injection than 

those receiving Veh and no effect of previous LPS administration 1 or 4 weeks before was 

observed. ACTH levels were still higher than in Veh-treated rats in all groups 5h after LPS 

injection, but the two previously LPS-treated groups displayed lower ACTH levels than LPS-

naïve rats. Both at 8h and 11h after injection, ACTH levels in the two previously-stressed 
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groups were comparable to Veh-treated rats, but in those animals having no previous 

experience with the stressor higher ACTH levels 8h post-injection were observed when 

compared to the other groups. Corticosterone dynamics was parallel but delayed when 

compared to ACTH profile: 5 h after injection, corticosterone levels were still higher in all 

groups receiving LPS as compared to the Veh-Veh group, although the levels in LPS1wk-LPS 

group were lower than in Veh-LPS and LPS4wk-LPS groups. At 8 h post-injection, a similar 

pattern was observed, with the LPS1wk-LPS group reaching the values of Veh-Veh rats and 

the LPS4wk-LPS displaying lower levels than Veh-LPS group. Finally, 11 h after injection, the 

only group maintaining higher corticosterone levels was the one having no previous 

experience with LPS (Veh-LPS). 
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Figure 9. Effect of previous LPS administration on ACTH (A) and corticosterone (B) responses to another 
LPS injection 1 or 4 weeks later. Values are the means ± SE (n = 6-8 per group). The groups are as follows: 
1/ Veh-Veh (animals receiving Veh on days 1, 21 and 28), 2/ Veh-LPS (animals receiving Veh on days 1 
and 21 and 1 mg/kg of LPS on day 28), 3/ LPS 1wk-LPS (animals receiving Veh on day 1 and 1 mg/kg of 
LPS on days 21 and 28) and 4/ LPS 4wk-LPS (animals receiving Veh on day 21 and 1 mg/kg of LPS on 
days 1 and 28). * p<0.05 vs Veh-Veh; # p<0.05 vs Veh-Veh, LPS 1wk-LPS and LPS 4wk-LPS; & p<0.05 vs 
Veh-Veh, Veh-LPS and LPS 4wk-LPS (one-way ANOVA within each particular sampling time, followed by 
SNK). 
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One-way ANOVA revealed significant effects of previous LPS treatment on the plasma TNF-α 

response to the acute dose of LPS (p<0.003 at 2 h post-injection and p<0.001 at 5 h after LPS) 

(Figure 10). Further post-hoc comparisons showed a reduction of TNF-α response to LPS in rats 

given LPS 1 or 4 weeks before, with no effect of the time elapsed between the two injections 

(SNK test). 
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Figure 10. Effect of a final LPS administration on plasma TNF-α in rats given a single LPS injection 1 or 4 
weeks before. Stress-naïve animals received saline (Veh) on days 1 and 21. Basal samples were taken 
before the LPS challenge. Values are the means ± SE (n = 6-8 per group). Note that the scale changes 
dramatically in function of the sampling time. The changes with respect to basal levels were always 
significant in all experimental groups at both 2 and 5 h post-injection. Only comparisons within the same 
sampling time period are indicated. # p<0.05 vs rats receiving Veh as pre-treatment.   
 

 
DISCUSSION 

We have recently shown that a severe, mainly psychological, stressor such as IMO is able to 

exert long-term effects on the response of the HPA axis to the same stressor, consisting of a 

faster termination of the ACTH and corticosterone responses, and an abolition of the CRF 

mRNA response in the PVN to a second exposure to the same stressor [175]. In the present 

study, we aimed at studying if such effects could be extended to a physical-immunological 

stressor such as LPS [277]. 

  

Since our previous results with IMO showed that the long-term effects in the PVN were 

delayed with respect to the peripheral changes [175], in experiment 1 we chose 2 and 4 

weeks as the intervals between the first and last exposure to stress to be able to detect 

changes in both the peripheral and the central levels of the HPA axis. Three hours after LPS 

injection serum corticosterone levels were significantly higher than in Veh-treated rats, with 

no differences between control (previously injected with Veh 2 or 4 weeks before) and 

previously LPS-injected rats. In contrast, the CRF mRNA response in the PVN was abolished in 
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the group previously injected with LPS 4, but not 2, weeks before. These results demonstrate 

that LPS is able to exert a long-term desensitisation of the central HPA response to another 

LPS injection although a period of incubation of more than 2 weeks is needed, in agreement 

with our previous findings using IMO [175]. The fact that the effects are only apparent 4 

weeks after the first exposure to stress would suggest that a minimum amount of time is 

needed for the development of the long-term effects of stress at the level of the PVN. The 

present results are also in accordance with those of Lee and Rivier [144] who found that 

three days of exposure to ethanol did not modify the HPA response to a further ethanol 

administration on day 4, but did reduce both the c-fos mRNA expression in the PVN and the 

peripheral HPA response to ethanol 3-7 days after the last administration.  

 

It remains to be explained why previous exposure to IMO reduced 4 weeks later both the 

central and peripheral responses to the same stressor, whereas previous exposure to LPS only 

affected the central response to LPS. There are some alternative hypotheses. Firstly, IMO is a 

mainly emotional stressor [198], whereas LPS is a systemic stressor that activates the HPA axis 

through not yet well-known mechanisms. Briefly, the effects of LPS are long-lasting and 

depend on the clearance rate of the endotoxin in the organism and also on the secondary 

immune activation it elicits [214, 277, 278]. It is thought that LPS would activate the CRF 

neurons in the PVN in different phases; in the early stages, this activation would be 

independent of cytokines, involving binding of LPS-LBP to its receptor complex (CD14/TLR4) 

located in the surface of myeloid cells present both in the bloodstream and CVOs, whereas 

later in time cytokines would contribute to sustain the HPA axis response (see Introduction, 

[212, 213]). Finally, some of the cytokines released in response to LPS could have direct 

effects on the pituitary and the adrenal glands [277], thus explaining a normal peripheral 

HPA axis response despite no central activation of the PVN. 

 

Taking into account the sustained activation of the HPA axis produced by the high dose of 

LPS used, it could be that we were not able to detect a faster termination of the 

corticosterone response to LPS in previously LPS-injected rats because the sampling time 

point chosen (3 hours after injection) was too short. To test this possibility, we designed a 

second experiment in which blood samples were obtained throughout a 24-hour period after 

LPS administration in LPS-naïve and LPS-injected rats 4 weeks before. We decided to measure 

also rectal temperature during the 4 hours following the injection, to test if changes in rectal 

temperature provoked by LPS were affected by prior LPS injection. LPS administration to 

stress-naive rats caused hypothermia for at least 4 h, in accordance with previous results 

using similar experimental conditions [63, 89, 224]. However, this response to LPS was 

abolished in rats administered LPS 4 weeks before. These results indicate that LPS is able to 

exert long-term effects on the rectal temperature changes triggered by another LPS 
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injection, since hypothermia caused by LPS in our experimental conditions was no longer 

observed in rats pre-challenged with LPS. Similarly, recent data from our group show that 

prior single exposure to the forced swimming test reduces the degree of hypothermia 

produced by another exposure to the test 2 weeks later [53]. If rectal temperature response 

to endotoxemia is detrimental for the organism, then the lower hypothermia in LPS-LPS 

treated animals would be protective and might have an adaptative value. More 

importantly, these results indicate that the long-term effects of a single LPS injection are not 

only restricted to the central HPA axis response to another exposure to the stressor, but can 

be generalised to other physiological parameters, not directly related to the HPA axis, such 

as rectal temperature. 

 

In the same experiment we measured corticosterone levels from 4 h to 24 h after injection. 

However, no significant effects of the final LPS administration or the previous LPS treatment 

were found, likely for two reasons: (i) the interference of the handling associated to 

temperature measurements and (ii) the interference of the normal circadian rhythm of 

corticosterone, peaking at the beginning of the dark phase of the light-dark cycle [176]. 

 

To try to avoid the masking effects caused by the light-dark cycle and the circadian rhythm 

of the HPA axis, we designed another experiment in which LPS administration on the last day 

started very early (03:00 AM). In this experiment (experiment 1-3), ACTH and corticosterone 

measurements displayed significant differences in the response to LPS depending on the 

treatment received 1 or 4 weeks before. All the groups receiving LPS on day 28 showed 

increased ACTH and corticosterone levels 2 hours after the injection when compared to the 

Veh-Veh group. Nonetheless, a previous LPS injection increased the rate of recovery of both 

ACTH and corticosterone levels after a second challenge, the effect being greater in those 

receiving LPS 1 week before than in those receiving LPS 4 weeks before. 

 

Two main conclusions can be reached from the present data. Firsly, the primary reason for a 

shortened peripheral HPA response to a second LPS challenge is not a defective CRF mRNA 

response, since the latter was not observed in rats administered LPS 2 weeks before. 

Secondly, the possible direct effects of cytokines released after LPS injection on pituitary and 

adrenal glands are not masking central desensitisation. TNF-α, mainly produced by 

macrophages in response to LPS, is exquisitely sensitive to tolerance [226, 306]. It is however 

unlikely that reduced responsiveness of the HPA axis was merely due to a reduced release of 

TNF-α (and presumably other cytokines) for two main reasons. Firstly, macrophages are the 

main source of circulating cytokines and the activation of the HPA axis by a high dose of LPS 

is observed in macrophage-depleted animals [62]. Secondly, desensitisation of the 

peripheral TNF-α, ACTH and corticosterone responses to LPS were similar both 1 and 4 weeks 
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after the first LPS challenge, whereas the reduction of the CRF mRNA response was only 

observed with a 4-week interval between LPS injections. 

   

It is noteworthy that the effects of a single exposure to LPS (present study) and IMO [175] on 

the peripheral HPA response to the same stressor were already observed 1 week after the first 

stress session, whereas the central response was affected only after 4 weeks. It is therefore 

clear that there is a dissociation between central and peripheral levels of the HPA axis as a 

consequence of previous exposure to a stressor. There are at least two alternative 

hypotheses to explain these apparent discrepancies. Firstly, peripheral changes in the HPA 

axis might be related to ACTH secretagogues other than CRF, such as AVP [12, 119]. 

However, preliminary results from our laboratory suggest that long-term stress-induced 

desensitisation of the HPA axis primarily involves changes in the mRNA for CRF, but not for 

AVP (data not shown). Secondly, it should be taken into account that, in terms of underlying 

intracellular mechanisms, release of hypothalamic corticotropin-releasing factors into the ME 

(CRF, AVP) and the subsequent release of ACTH is a parallel but distinct phenomena than 

the enhanced expression of CRF mRNA after stress. In fact, release of ACTH and 

corticosterone is more sensitive to stressors than changes in CRF hnRNA or CRF and c-fos 

mRNA [264]. From the above considerations, it appears that long-term changes caused by 

stress on the activation of PVN neurons (leading to release of stimulatory factors to the ME) 

develop faster in time and appear to be, at least, partially independent of changes in gene 

expression. In fact, the latter changes might be an anticipatory and adaptative response for 

the possibility of a prolonged exposure to the present stressor or future exposures stressors 

rather than the determinant of the initial response to the stressor. 

 

Our present data with LPS and our previous observations with IMO [175] indicate that these 

two greatly differing stressful stimuli are able to induce long-term effects on the response of 

the HPA axis to the same stressor. In apparent contrast with the above results, it has been 

reported that a single exposure to some stressors such as footshock causes long-term 

sensitisation of the HPA response to further exposure to a different stressor such as noise or an 

amphetamine challenge [241, 285]. Similarly, a single IL-1β injection sensitises the HPA 

response to a new IL-1β administration or to a different stressor such as footshock [239], and a 

single TNF-α administration sensitises the future HPA response to a new TNF-α injection [91]. A 

single administration of amphetamine also exerts long-term sensitisation of the HPA response 

to a new injection of the same drug, although it desensitises the HPA response to an injection 

of a different drug such as morphine [241]. The exact reason for the discrepancies between 

our results and those cited above is unclear. One possibility is that the direction of the long-

term effects might depend on the nature of the stressor. However, this appears to be unlikely 

since footshock, like IMO, is mainly an emotional stressor and IL-1β, like LPS, is a systemic 
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stressor. Another possibility is that the genetic background of the animals or some 

environmental rearing conditions might be important to explain these discrepancies, 

although preliminary studies from our laboratory do not seem to indicate this (unpublished 

observations). Nonetheless, it may well be that the intensity and/or duration (or the dose) of 

the first exposure to the stressor would be the key factor in determining the exact direction of 

the changes caused by a single exposure to stress. A recent study has described sensitising 

effects of a single low dose of LPS on the behavioural and neuroendocrine responses to a 

new stressor [92], whereas clear desensitising effects have been observed with a high dose of 

LPS (present results) and with IMO [175], a severe stressor [171]. In addition, the intensity of the 

last stressor might be determinant for the detection of the long-term stress-induced changes, 

since two sessions of social defeat exert long-term desensitisation of the corticosterone 

response to a high dose of LPS, whereas no significant changes were detected after a lower 

dose [41].  

 

In summary, it appears that exposure to a high dose of LPS allows the development and 

progressive consolidation of some kind of memory about the previously encountered stressor, 

thus leading to a reduced HPA activation after a second exposure to LPS. That this is not 

restricted to the HPA axis and might have an adaptive value for the animals is reflected by 

the finding that LPS-induced hypothermia was blunted and TNF-α response was reduced in 

animals having a previous experience with the stressor. The phenomenon observed with both 

LPS (present results) and IMO [175] represents a good model of synaptic plasticity in adult 

animals characterised by some kind of maturational process that affects the peripheral HPA 

response before the central one. The full adaptive consequences of this phenomenon and 

its implications in understanding adaptation to repeated stress remain to be established. 
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INTRODUCTION 

A myriad of classical studies using chronic (daily repeated) stress exposure using the 

same (homotypic) stimulus have brought a wealth of data generally reporting 

adaptation of many different neurochemical and hormonal responses to stress (see 

[173] for a review). Nevertheless, the mechanisms accounting for this adaptation to 

stress may relay at least on two very different factors: 1/ a reduced emotional 

activation of the animals by getting used to the same daily stress situation or 2/ a pure 

biochemical adaptation such as down-regulation of receptors or other 

neurochemical counter-regulatory mechanisms. A single challenge using a different 

(heterotypic) stressor after chronic stress exposure has been found to be useful in 

order to elucidate which is the main of the above-mentioned mechanisms taking 

part in the adaptation to chronic stress exposure. If the response to the heterotypic 

stressor is also adapted in chronically stressed rats, a general biochemical adaptation 

may be taking part, whereas if this response is found to be maintained intact or even 

enhanced, emotional and not purely biochemical mechanisms are probably 

involved. In this vast amount of studies, all these possibilities have been reported in 

relation to the HPA axis, depending on many different factors such as the nature or 

duration of the stressor/s, although adaptation appears to be generally restricted to 

the homotypic stressor [173]. 

 

We have already introduced that there are different categories of stressful stimuli 

depending on several parameters, and that the routes involved in the activation and 

the final outcome of the stress responsive systems are greatly depending on the 

nature of the stressor (see General Introduction). In the last few years, a growing 

interest has emerged in order to elucidate, using different experimental approaches, 

the routes and signals involved in HPA axis activation depending on the nature of the 

stressor (for reviews, see [96, 231, 246]). One of the most extensively used tools has 

been the description of IEG activation in different brain areas in function of the 

category of stressor used (e.g. [76, 269, 304]). More direct approaches, such as 

selective lesions of brain nuclei or transections of projection fibres, have also been 

used before studying the HPA and/or IEG response to stress in these animals. One of 

these studies used unilateral transection of the ascending/descending projections 

from the medulla to rostral brain and showed that Fos activation in the PVN after 

systemic IL-1β injection was abolished in the side ipsilateral to the medullary 

transection, whereas the IL-1β-induced activation of this IEG remained intact in the 

medullary nuclei studied (VLM and NTS) [152]. In contrast, the Fos response to 

footshock in the PVN was not affected by unilateral transection, whereas there was 
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an abolition of the Fos activation after the same stimulus in the VLM and NTS. This 

elegant report clearly demonstrated that the activation of the PVN after an 

immunological challenge such as IL-1β depends on brainstem activation, whereas 

after a prototypic emotional stimulus such as footshock does not. Overall, these 

studies have confirmed that the routes leading to PVN activation after stress may be 

different depending on the nature of the stressor (see [231, 246] for reviews).     

 

We have so far described that two greatly differing stressful paradigms such as IMO 

[175] and LPS (Chapter 1) are able to modify the HPA axis response to the same 

(homotypic) stimulus days to weeks after the first stressful experience. However, we do 

not know if these long-term effects of stress are specific for the stimulus previously 

applied. In fact, cross-sensitisation of the HPA response has been observed with 

stressors greatly differing in nature (i.e. IL-1β and footshock) [239]. Very recently, a 

long-lasting enhancement of ACTH and corticosterone responses to either emotional 

(pedestal exposure) or systemic (LPS) stressors has been observed in rats previously 

exposed to footshock [117]. Therefore, we decided to study the possible cross-

desensitisation between IMO and LPS not only for theoretical reasons, but because 

the degree of specificity of the protracted changes caused by exposure to stress 

may give us preliminary information about the places or mechanisms more likely to 

be involved in the changes, as it has been shown with chronic stress [173]. In this 

regard, if the main loci of the long-term changes caused by a single stress exposure 

would be within the final common pathways of the HPA axis (e.g. PVN, anterior 

pituitary) or within the areas exerting an overall control of HPA responsiveness (e.g. 

hippocampal formation), then the long-term desensitisation of the HPA axis response 

should be observed in response to both homotypic and heterotypic stressors. In 

contrast, if the mechanisms responsible of the long-term stress-induced changes 

would be laying in some of the brain areas involved in the primary processing of the 

stressor, then the response to a heterotypic stressor widely differing in nature should 

be maintained essentially intact. 

 

EXPERIMENTAL DESIGNS AND RESULTS 

Experiment 2-1 

The purpose of this experiment was to demonstrate the specificity of the long-term 

effects of a single exposure to stress on HPA responsiveness. To this end, rats were 

treated with LPS or exposed to IMO and 28 days later they were exposed to the 

homotypic or the heterotypic stressor. We chose a 4 weeks interval between the first 

and last stress session, since we have previously observed that this is the minimum time 
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lag required for being able to detect changes at the PVN level. On the first day of the 

experiment, three groups of animals were defined depending on the treatment 

received: 1/ saline (Veh), 2/ LPS or 3/ 2h of IMO. On day 28, rats from the three groups 

were subjected to one of the following treatments: 1/ Veh, 2/ LPS or 3/ 1h of IMO. All 

animals were sacrificed 4 hours after the onset of the treatments. Rectal temperature 

was also measured just prior to sacrifice only in the groups receiving LPS on day 28, as 

this time was appropriate to detect tolerance according with the results obtained 

previously (see Chapter 1). 

 

One-way ANOVA revealed differences between groups in rectal temperature 4 h 

after LPS (p<0.001). As shown in Figure 11, rectal temperature was higher in those 

animals previously treated with LPS compared to the other two groups (SNK), 

suggesting protection from LPS-induced hypothermia. 
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Figure 11. Effect of previous stress exposure (LPS or IMO) on rectal temperature changes 4 h 
after LPS injection 28 days later. Stress-naïve animals received saline (Vehicle) on day 1. Results 
are expressed as mean ± SE (n = 8 per group). & p<0.05 vs the other two groups (one-way 
ANOVA, SNK). 
 

Figure 12 (A-C) displays CRF mRNA, ACTH and corticosterone responses to the acute 

stressors (LPS and IMO). Two-way ANOVA indicated significant effects of acute 

treatment (p<0.001 for all variables). There were also significant effects of previous 

treatment for CRF mRNA and ACTH (p at least <0.01), and marginally significant 

effects for corticosterone (p=0.068). Finally, there was a significant interaction 

between the two factors for CRF mRNA (p<0.001), a marginal interaction for ACTH 

(p=0.064), and a significant interaction for corticosterone (p<0.01). Appropriate post-

hoc comparisons showed that previous stress exposure did not modify basal levels of 

the variables studied, except for a small but significant decrease of ACTH basal levels 
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in previously immobilised animals (p<0.05). More importantly, post-hoc analysis 

revealed that previous experience with LPS only reduced the CRF mRNA response to 

the homotypic stressor (p<0.001), whereas previous experience with IMO reduced 

CRF mRNA, ACTH and corticosterone responses to the same stressor (p at least <0.01). 

The fact that no differences were found among ACTH and corticosterone levels 4 h 

after LPS injection between previously LPS-treated and control rats is probably due to 

the sampling time point, since we found previously that later in time (from 5 h post-

injection) both hormones display significantly lower levels when compared to those of 

stress-naïve rats (see Chapter 1). 
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Figure 12. Effect of previous stress exposure (LPS or IMO) on PVN CRF mRNA (A) ACTH (B) and 
corticosterone (C) responses to the homotypic or the heterotypic stressor 28 days later. Stress-
naïve animals received saline (Vehicle) on day 1. Values are the means ± SE (n = 6-8 per 
group). # p<0.05 vs groups receiving the same treatment on day 28 (one-way ANOVA, SNK). 
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Experiment 2-2 

The previous experiment showed no cross-desensitisation between LPS and IMO in the 

long-term at the different HPA axis levels studied. However, we cannot be sure that 

previous IMO exposure did not affect plasma ACTH and corticosterone responses to 

LPS, as we have seen that the sampling time point studied (4 h post-injection) is not 

optimal for detecting a faster shortening of the peripheral HPA response to LPS in 

previously LPS-treated animals (see Chapter 1). For this reason, animals were 

subjected to 2h of IMO or injected with Veh on day 1, and 4 weeks later each of 

these groups received either Veh or LPS. Blood samples were taken by tail-nick 0, 2, 5, 

8 and 11 h after Veh or LPS administration for corticosterone and ACTH 

measurements. On the basis of our previous results (see Chapter 1), on day 28, 

administration of saline or LPS was done at 03:00 AM. 

 

ACTH and corticosterone levels after Veh or LPS administration on day 28 are shown 

in Figure 13 (A-B). Two-way ANOVA for repeated measures (without including the 

groups receiving Veh on day 28 to avoid uninformative interactions) revealed 

significant effects of sampling time (p<0.001 for both hormones), but not of previous 

IMO or the interaction between these two factors. To know the statistical significance 

of the effects of LPS administration on ACTH and B we used one-way ANOVA 

(followed by SNK test) for each sampling time comparing rats given Veh the last day 

(Average Veh) to those receiving LPS (Veh-LPS, IMO-LPS). There were no differences 

among groups in the basal levels of both hormones, but both ACTH and 

corticosterone differed among groups at 2, 5, 8 and 11 h after the injections (p<0.001 

in all cases). Post-hoc comparisons showed that acute LPS injection increased both 

ACTH and corticosterone levels irrespective of previous IMO treatment and that their 

levels, when compared with Veh-treated animals, remained still above control levels 

11 h after LPS injection. 

 

Experiment 2-3 

The HPA axis activity is regulated by means of negative feedback mechanisms 

exerted by glucocorticoids at different levels, mainly in the pituitary, PVN and 

hippocampal formation [60]. These retroinhibitory mechanisms are mediated by the 

interaction of glucocorticoids with specific receptors, the classical ones being MR (or 

type I) and GR (or type II). Whereas MR plays a more significant role in the regulation 

of the circadian rhythm of the HPA axis, it is generally agreed that GR is mainly 

involved in the negative feedback mechanisms taking place after stress exposure. To 

further extend the previous results on the specificity of the long-term effects of a single  
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Figure 13. Effect of previous IMO exposure on ACTH (A) and corticosterone (B) responses to an 
LPS injection 4 weeks later. The group Average-Vehicle corresponds to animals that received 
Veh on day 28, having received either Veh or IMO 4 weeks before. Results are expressed as 
mean ± SE (n = 7-8 per group). Although symbols are not displayed in the figure, ACTH and 
corticosterone levels after LPS injection were above Average-Vehicle group in all the time 
points studied (one-way ANOVA, SNK). 
 
stress exposure, we wanted to study whether LPS or IMO exerted long-term effects on 

the expression of GR in two areas critically involved in the regulation of the HPA axis: 

the PVN and the hippocampal formation. Changes in GR in these areas might be 

important in the negative feedback of glucocorticoids on the HPA axis [60, 100, 131] 

and there is some evidence for long-term changes in MR/GR after a single exposure 

to stress [39, 153, 285]. 

 

To this end, animals received either Veh, LPS or 2h IMO+Veh on day 1, and 4 weeks 

later they were perfused under basal conditions. Basal GR mRNA levels on day 28 in 

both the PVN and hippocampal formation are shown in Figure 14 (A-B). All groups 

displayed similar levels of this transcript in the PVN. A more robust signal was obtained 

in the hippocampus, showing different degrees of GR mRNA expression depending 

on the subfields, as previously described [250]. No differences were found depending 
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on the previous treatment in the CA1-2 and CA3-4 hippocampal subfields, but the 

animals with previous IMO experience displayed significantly higher GR mRNA levels 

in the DG subfield when compared to both control and previously LPS-injected 

groups (one-way ANOVA, p<0.05, SNK). 
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Figure 14. Basal GR mRNA levels in (A) the PVN and (B) the hippocampal formation of rats 
previously exposed to LPS or IMO 4 weeks before. Stress-naïve animals received saline (Vehicle) 
on day 1. Results are expressed as mean ± SE (n = 8 per group). AU: arbitrary units (pixel area x 
sum grey). * p<0.05 vs Control group within the same hippocampal subfield (one-way ANOVA, 
SNK). 
 

DISCUSSION 

Our previous observations with IMO [175] and the present data using LPS (Chapter 1) 

indicate that these two greatly differing stressful stimuli are able to induce long-term 

effects on the response of the HPA axis to the same stressor. Since desensitisation of 

the stress response caused by a previous single stress exposure is a novel and 

challenging finding from an adaptative point of view, it is also crucial to determine 

whether or not this is a stressor-specific phenomenon. To answer this question we 

performed an experiment using the above-mentioned stimuli. The animals received 

saline, 2h IMO or LPS the first day of the experiment, and 28 days later they were 
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sacrificed under basal conditions or 4 hours after the onset of another exposure to the 

homotypic or the heterotypic stressor. In the animals receiving LPS on day 28, rectal 

temperature was measured just before sacrifice. 

  

Acute exposure to both LPS and IMO elicited a robust central and peripheral HPA 

response in stress-naive rats, as evaluated 4 h after the beginning of the stress. 

Whereas the HPA response to the heterotypic stressor was not modified by previous 

exposure to stress 4 weeks before, the CRF mRNA response in the PVN was reduced 

(for LPS) or even abolished (for IMO), in the animals receiving the homotypic stressor 4 

weeks earlier. At the peripheral level, previous exposure to LPS did not modify either 

ACTH or corticosterone response to the same stressor at the time point studied, 

whereas previous exposure to IMO resulted in a greatly attenuated (for ACTH) or even 

absent (for corticosterone) response in those animals that had received IMO on day 

1. All these data confirm the long-term effects of both a single LPS administration 

(Chapter 1) and an exposure to IMO [175] on the HPA response to the same stressor. 

In this latter work, the peripheral HPA response to a novel stressor (forced swimming) 

was also normal in animals previously exposed to IMO [175]. The fact that the 

endocrine response to the heterotypic stressor on day 28 remains intact argues 

against a cross-desensitisation between stressors and also indicates that a single 

exposure to a stressor does not impair the capability of the HPA axis to respond to 

heterotypic stressors despite possible underlying changes in the HPA axis. A similar 

conclusion is usually achieved after exposure to chronic stress [52, 173]. 

 

It is generally assumed that activity of the HPA axis is the result of the balance 

between the stimulatory inputs to the PVN and the negative feedback exerted by 

corticosteroids acting through the concerted action of type I and type II 

glucocorticoid receptors (MR and GR, respectively) [60]. Since the long-term effects 

of LPS and IMO are characterised by a faster termination of the HPA axis response to 

a second exposure to the same stressor, it would be at first glance reasonable to 

propose the existence of increased efficacy of the feedback mechanisms. In fact, an 

increase of GR and MR binding in the hippocampal formation 14 days after a single 

footshock exposure has been described [285]. Similarly, it has also been shown that a 

single prolonged stress session (a single session of combined exposures to restraint, 

forced swim and ether anaesthesia) is able to increase GR mRNA levels in the 

hippocampal formation 7 days later [153]. However, the results are not consistent with 

the fact that a single defeat experience resulted in a decrease in GR binding in the 

hippocampus and hypothalamus 7 days later [39]. Taking into account this variety of 
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results in literature, we wanted to directly assess this item by measuring the tonic status 

of GR mRNA 4 weeks after a single stress (IMO or LPS) experience. 

 

We were not able to find any important change in the levels of this transcript in 

previously LPS-challenged animals, except for a slight increase in GR mRNA levels 

detected in the DG of rats exposed to IMO 4 weeks before. Nonetheless, it is unlikely 

that changes in GR negative feedback mechanisms are relevant to explain the 

present findings for several reasons. Firstly, the HPA response to a heterotypic stressor is 

maintained intact (present results, [175]). Secondly, we have not been able to find 

any changes in the efficacy of dexametasone in inhibiting ACTH and corticosterone 

responses to IMO in rats exposed to the same stressor 1 week earlier (data not shown). 

Thirdly, the speed of post-stress recovery of the HPA axis, the aspect most clearly 

affected by previous experience with the stressor, appears to be regulated by factors 

at least partially independent of negative corticosteroid feedback [80]. 

 

Our results could more likely be explained assuming that previous experience with a 

stressor results in lower stimulatory inputs to the PVN or enhanced inhibitory inputs 

when confronted again with the same stressor. The exact nature and the origin of 

these changes remains to be determined, although the inhibitory inputs may be 

glucocorticoid-independent (e.g. GABA-A, substance P) [96, 114] or related to 

proposed membrane glucocorticoid receptors [167]. Nonetheless, this last possibility 

seems less likely since the non-genomic effects of glucocorticoids take place very 

rapidly (within 5-20 minutes), and we do not detect changes in the response of the 

HPA axis in previously stressed animals until much prolonged post-stress times. Finally, 

the areas most likely to be involved would be those activated by stress and sending 

(directly or indirectly) inhibitory signals to the PVN: hippocampal formation, septum 

and amygdala-BST, among others [96]. Although IMO and LPS, two very different 

stressors, induce similar changes on the HPA axis activity in the long-term, it is unlikely 

that the brain areas sensitive to a previous experience with the stressor would be the 

same for the two stimuli, taking into account the different pattern of brain activation 

they elicit (reviewed in [231, 246]). Since it is now accepted that physiological 

mechanisms underlying memory about past experiences can reside in different brain 

areas, depending on the particular characteristics of the learning task [268], we 

suggest that the brain areas sensitive to memory about past stressors could be 

stressor-dependent. 

 

Despite apparent a similarity in the time course, the present phenomenon is different 

from that described by other researchers since they found a non-specific 
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enhancement of HPA responsiveness to different stressors (e.g. [91, 92, 117, 239, 285]). 

In contrast, our desensitisation process exhibits a marked specificity, in accordance 

with previous studies reporting chronic stress-induced desensitisation [144, 217]. The 

sensitisation observed by other authors is not restricted to the homotypic stressor and 

therefore is probably reflecting changes in the HPA axis at levels proximal to the PVN 

or downstream.  

 

Altogether, the present results indicate that long-term stress-induced desensitisation of 

the HPA axis is stress-specific, since there is no cross-desensitisation between two 

different stimuli such as IMO and LPS. This lack of cross-sensitisation would go against 

an unspecific upregulation of glucocorticoid receptors as the mechanism implied in 

the long-term effects of stress as we have previously discussed, but would suggest 

that other, learning-like, mechanisms would be involved. 
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INTRODUCTION 

We have described so far that a single stressful experience (either psychological or 

immunological in nature) can induce long-term effects on the HPA axis response to 

the same stimulus, characterised by a faster termination of the peripheral HPA axis 

response to the same stimulus and also by a reduced or even abolished CRF mRNA 

response to the homotypic stressor at the PVN level. However, whereas the effects at 

the peripheral level (ACTH, corticosterone) are already noticeable one week after 

the first experience with the stressor, an incubation time of at least four weeks is 

needed for observing any effects at the PVN level (CRF mRNA). 

 

At first sight, those results might seem contradictory and we should consider different 

hypotheses to explain these apparent discrepancies. Firstly, peripheral changes in the 

HPA axis might be related to ACTH co-secretagogues such as AVP [12, 119], being 

recognised as dominant among several ones in promoting CRF actions on anterior 

pituitary corticotropes. However, preliminary results from our laboratory suggest that 

long-term stress-induced desensitisation of the HPA axis primarily involves changes in 

mRNA for CRF, but not for AVP (data not shown). Secondly, it should be taken into 

account that whereas the peripheral HPA response takes place immediately after the 

onset of the stressful stimulus, the response of the central parameter we measured 

(CRF mRNA) is not detectable until 3 or 4 hours after the beginning of stress; therefore, 

these parameters (peripheral vs central) can not be directly related. In fact, 

activation of PVN neurons leading to the secretion of CRF/AVP into the ME and 

therefore to the release of ACTH is not necessarily linked to the intracellular 

biochemical processes leading to mRNA induction. For instance, it has been shown, 

using hypovolemia as a stressor [264], that central (CRF hnRNA, CRF and c-fos mRNA) 

and peripheral (ACTH, corticosterone) HPA axis responses have different thresholds of 

activation, the peripheral response being more sensitive than the central one. 

Furthermore, we should take into account that the measure of CRF mRNA is a reflex 

of both the newly synthesised transcript after stress but, more importantly, of the 

amount previously stored under basal conditions [68, 99], thus resulting, in some 

cases, in non-significant increases after stress because of the already large quantity 

of CRF mRNA in storage. The measure of CRF mRNA is more likely to indicate the 

capability of the HPA axis to respond to further stressful situations rather than being 

related to the immediate and dynamic response during an acute stressful situation. 

 

To assess the latter point, a new in situ hybridisation technique has recently been 

developed, using probes directed against the intronic sequence of the newly 



CHAPTER 3. Early-response markers in the PVN and long-term effects of stress 
 

74 

synthesised transcript [99].  This methodology is thought to be a more reliable tool to 

study the early central HPA response to stress, as shown by an increasing number of 

studies in the last few years measuring its response to different stimuli (see General 

Introduction). All these studies have shown that measurement of CRF and AVP 

primary transcripts, namely heteronuclear RNA (hnRNA), is a very consistent tool to 

investigate the early PVN response during stress; in fact, it is a more direct index of the 

transcriptional activity in this nucleus. Therefore, we decided to measure these 

parameters using the stress models already described in the previous chapters (IMO, 

LPS). 

 

Apart from studying the CRF and AVP hnRNA responses in the PVN using our stress 

paradigm, we also wanted to measure a parameter reflecting neuronal activation in 

this hypothalamic nucleus. We chose the IEG c-fos, since it has been widely used as a 

marker of neuronal activation (see [102, 185] for reviews). Even if its functional role is 

complex and not yet completely understood [128], it is still regarded as a useful tool 

to study the rapid activation of neurons (its transcription does not depend on protein 

synthesis) [230]. Furthermore, since c-fos transcript is not usually expressed under basal 

conditions [185], its measurement is a very sensitive tool to detect stress-triggered 

neuronal activation. Finally, but not less important, it has been shown that the 

response of this transcript in the PVN is able to adapt after repeated exposure to both 

emotional [126, 278, 294] and immunogical [263] stressors, and therefore it would be 

interesting to evaluate if a single stress session might or not be able to exert long-term 

effects on the c-fos mRNA response to the same stressor.   

 

Altogether, these early-activation studies will most probably give us a clearer view of 

what is actually happening at the PVN level in previously stressed rats and might 

clarify the apparent contradictions in the time lag required for observing long-term 

effects peripherally and centrally in the HPA axis. 

 

EXPERIMENTAL DESIGNS AND RESULTS 

Experiment 3-1 

To study the early PVN response to IMO, rats were assigned to the following groups: 1/ 

control (no stress), 2/ 2h of IMO on day 1 (IMO 4wk) and 3/ 2h of IMO on day 21 (IMO 

1wk). On day 28, rats were anaesthetised and perfused either 1/ under basal 

conditions, 2/ just after 1h of IMO or 3/ 1h after the end of IMO for 1h. This temporal 

dynamics was chosen on the basis of the early response of the parameters we 
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wanted to analyse (c-fos mRNA, CRF and AVP hnRNA), but bearing in mind that IMO 

is a very powerful stressor and thus it might trigger a more sustained PVN activation 

when compared to the early PVN response that has been described using other 

neurogenic stressful stimuli like restraint [107-110, 160, 161, 163]. 

 

The peripheral HPA axis response could not be studied using these sampling time 

points since we have previously observed that the long-term effects of IMO on ACTH 

and corticosterone are not detected until post-stress periods longer than 1h [175]. 

Thus, we included a small group of animals receiving the same treatments as above 

but submitted instead to repeated blood sampling at the following time-points: basal, 

just after 1h of IMO and 1 and 2 h after stress. 

 

c-fos mRNA in the PVN (Figures 15 and 18A) was not detectable under basal 

conditions, therefore density measurements were not performed in this group. In 

contrast, a strong signal was obtained just after 1h of IMO, independently of the 

previous treatment received, and a still convincing signal was detected 1h after the 

end of IMO. Two-way ANOVA indicated significant effects of previous treatment and 

time point (p<0.001 in both cases) and a significant interaction between the two 

factors (p<0.005). Post-hoc analysis indicated no effect of previous treatment just 

after 1h of IMO, but an effect at 1h post-IMO: c-fos mRNA levels were greater in the 

control group than in the two previously-stressed groups, with IMO 4wk group 

displaying higher levels than IMO 1wk group (p at least <0.02). 

 

Analysis of the transcriptional activity at the PVN level by measuring CRF hnRNA 

(Figures 16 and 18B) showed barely detectable levels of this transcript under basal 

conditions, as previously described [99]. A more convincing signal was obtained just 

after 1h of IMO. At 1h post-IMO a still detectable but weaker signal was observed. 

Two-way ANOVA revealed significant effects of previous treatment (p<0.005), time 

point (p<0.001) and the interaction between these two factors (p<0.02). Post-hoc 

analysis showed no differences in CRF hnRNA levels under basal conditions in function 

of previous treatment, but significant differences after 1h of IMO and at 1h post-IMO, 

the animals receiving IMO 28 days before showing lower CRF hnRNA levels when 

compared to the other two groups (p at least <0.025). 

 

Two-way ANOVA of the AVP hnRNA levels in the pPVN (Figures 17 and 18C) revealed 

a significant effect of time point (p<0.001) but not of previous treatment or the 

interaction between these two factors. 
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Figure 15. Representative dark-field photomicrographs displaying the effects of a previous 
single exposure to IMO 4 weeks before on PVN c-fos mRNA expression immediately after 1h of 
IMO (IMO) and at 1h post-IMO (REC). Control (CTR, stress-naïve) animals did not receive any 
treatment on day 1. The legend should be read as “previous treatment-day 28 treatment”, e.g. 
CTR-Basal are animals that did not receive any treatment on day 1 and were sacrificed under 
basal conditions on day 28. Magnification: 60X. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Representative dark-field photomicrographs displaying the effects of a previous 
single exposure to IMO 4 weeks before on PVN CRF hnRNA expression immediately after 1h of 
IMO (IMO) and at 1h post-IMO (REC). Control (CTR, stress-naïve) animals did not receive any 
treatment on day 1. The legend should be read as “previous treatment-day 28 treatment”, e.g. 
CTR-Basal are animals that did not receive any treatment on day 1 and were sacrificed under 
basal conditions on day 28. Magnification: 60X. 
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Figure 17. Representative dark-field photomicrographs displaying the effects of a previoussingle 
exposure to IMO 4 weeks before on parvocellular PVN AVP hnRNA expression immediately after 
1h of IMO (IMO) and at 1h post-IMO (REC). Control (CTR, stress-naïve) animals did not receive 
any treatment on day 1. The legend should be read as “previous treatment-day 28 treatment”, 
e.g. CTR-Basal are animals that did not receive any treatment on day 1 and were sacrificed 
under basal conditions on day 28. Magnification: 60X. 
 

 

 

Peripheral HPA activity (Figure 19) was modified by previous stress exposure similarly to 

what has previously been described [175]. Two-way ANOVA for repeated measures 

of plasma ACTH levels revealed significant effects of sampling time (p<0.001), 

previous treatment (p<0.05) and the interaction between the two factors (p<0.01). 

Comparisons of previous treatment groups within each sampling time showed that 

IMO 1wk group displayed significantly lower ACTH levels at 1h post-IMO respect 

control animals (one-way ANOVA, p<0.05, SNK). At 2h post-IMO, ACTH levels were still 

different between control and IMO 1wk groups (one-way ANOVA, p<0.02, SNK). Two-

way ANOVA for repeated measures of plasma corticosterone levels revealed a 

significant effect of sampling time (p<0.001), a marginally significant effect of 

previous treatment (p=0.071) and a significant interaction between the two factors 

(p<0.002). Comparisons of previous treatment groups within each sampling time 

showed that corticosterone levels were elevated to the same extent in all groups 

except for the time 2h post-IMO, when both previously-stressed groups displayed 

substantially lower levels of this hormone than control animals (one-way ANOVA, 

p<0.001, SNK). 
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Figure 18. Effects of a single previous IMO experience on the PVN c-fos mRNA (A) PVN CRF 
hnRNA (B) and parvocellular PVN AVP hnRNA (C) responses to IMO 1 or 4 weeks later. Basal c-
fos mRNA levels were not determined due to the almost undetectable signal. Results are 
expressed as mean ± SE (n = 4-7 per group). AU: arbitrary units (pixel area x sum grey). The 
different letters (a,b,c) indicate differences between the groups within the same time point on 
day 28; # p<0.05 vs the same time point in control and IMO 1wk groups (two-way ANOVA, 
post-hoc analysis). 



CHAPTER 3. Early-response markers in the PVN and long-term effects of stress 

 79

0 1 2 3

0

100

200

300

400

Control
IMO 1wk
IMO 4wk

1h IMO

A
Previous treatment

600
850

1100
1350

#

Time (hours)

A
C

TH
 (p

g/
m

l)

#

0 1 2 3

0

15

30

45

60

1h IMO

B

Time (hours)

C
or

tic
os

te
ro

ne
 (µ

g/
dl

)

#

#

 
Figure 19. ACTH (A) and corticosterone (B) responses to acute IMO in stress-naïve rats (control) 
and rats previously immobilised 1 or 4 weeks before. Results are expressed as mean ± SE (n = 6 
per group). # p<0.05 vs control group within the same sampling time (one-way ANOVA, SNK). 
 

 
Experiment 3-2 

The purpose of this experiment was two fold: (i) to study the PVN response (c-fos 

mRNA, CRF and AVP hnRNA) to LPS and (ii) to further assess if there was any sign of 

cross-desensitisation between IMO and LPS measuring these early-response markers. 

On day 1, animals received 1/ saline (Veh), 2/ LPS or 3/ 2h of IMO+Veh (note that 

animals receiving IMO were also administered with Veh, thus the Veh group served as 

a control for both LPS and IMO groups). After 28 days, rats were anaesthetised and 

perfused after one of the following treatments: 1/ under resting conditions (Basal), 2/ 

2h after LPS injection, 3/ 4h after LPS injection, 4/ just after 20 min of IMO or 5/ 30 min 

after the termination of 20 min of IMO (30 min post-IMO). The group of animals that 

had previously received 2h IMO+Veh did not receive any of the IMO treatments on 
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day 28, since the long-term effects of IMO on early response at the PVN level using 

the homotypic stressor was already studied in experiment 3-1. 

 

On day 28, we chose shorter sampling times for IMO than in experiment 3-1, since it 

has previously been shown that a shorter exposure to another stressor such as restraint 

is already able to trigger CRF transcriptional activity [108-110] and therefore it was not 

necessary to apply longer stress exposures. Furthermore, in a pilot experiment we 

were able to observe a better signal for the CRF primary transcript using shorter rather 

than longer times of stress exposure. 

 

When doing the statistical analysis, the groups were separated depending on the 

treatment received on day 28 (LPS or IMO); thus, animals receiving LPS or IMO on day 

28 were not directly compared, since the design did not allow a biologically 

significant comparison. 

 
 

 
Figure 20. Representative dark-field photomicrographs of PVN c-fos mRNA levels after an LPS 
challenge in stress-naïve and previously LPS-injected animals. The legend should be read as 
“previous treatment-day 28 treatment”, e.g. Veh-Basal are animals that received a Veh 
injection on day 1 and were sacrificed under basal conditions on day 28. The hours (LPS2h, 
LPS4h) indicate the time of sacrifice after LPS injection on day 28. Magnification: 60X. 
 

When measuring the PVN c-fos mRNA response to the acute LPS challenge (Figures 

20 and 23A), a long-lasting activation was observed both 2 and 4 h after the 
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injection, with no detectable levels under basal conditions. Two-way ANOVA of c-fos 

mRNA levels indicated a significant effect of previous treatment (p<0.005) and time 

point (p<0.001), but not of the interaction between these two factors. Post-hoc 

analysis indicated that c-fos mRNA levels in stress-naïve animals were significantly 

different from the other two groups (receiving LPS or IMO 28 days before; p at least 

<0.01). Two-way ANOVA of CRF hnRNA levels after LPS injection (Figures 21 and 23B) 

displayed significant effects of time point (p<0.001), but not of previous treatment nor 

of the interaction between the two factors. Similarly, two-way ANOVA of AVP hnRNA 

levels (Figures 22 and 23C) in the pPVN indicated significant effects of time point 

(p<0.01) but not of previous treatment or the interaction between the two factors. 

 
 

 
 
Figure 21. Representative dark-field photomicrographs of PVN CRF hnRNA levels after an LPS 
challenge in stress-naïve and previously stressed (LPS or IMO 4 weeks before) animals. The 
legend should be read as “previous treatment-day 28 treatment”, e.g. LPS-Basal are animals 
that received an LPS injection on day 1 and were sacrificed under basal conditions on day 28. 
The hours (LPS2h, LPS4h) indicate the time of sacrifice after LPS injection on day 28. 
Magnification: 60X. 
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Figure 22. Representative dark-field photomicrographs of parvoPVN AVP hnRNA levels after an 
LPS challenge in stress-naïve and animals previously injected with LPS 4 weeks before. The 
legend should be read as “previous treatment-day 28 treatment”, e.g. Veh-Basal are animals 
that received a Veh injection on day 1 and were sacrificed under basal conditions on day 28. 
The hours (LPS2h, LPS4h) indicate the time of sacrifice after LPS injection on day 28. 
Magnification: 60 X. 
 

 

As to the c-fos mRNA response to IMO on day 28 (Figure 24A), two-way ANOVA 

revealed a significant effect of time point (p<0.001), but not of previous treatment or 

the interaction between the two factors. Two-way ANOVA of CRF hnRNA levels after 

an acute IMO exposure (Figure 24B) displayed significant effects of time point 

(p<0.001), but not of previous treatment or the interaction between the two factors. 

Finally, acute IMO did not provoke any changes in AVP hnRNA levels at the time 

points studied (Figure 24C), although two-way ANOVA indicated marginally 

significant effects of time point (p=0.06). 
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Figure 23. Effects of previous LPS or IMO experience on the PVN c-fos mRNA (A) PVN CRF 
hnRNA (B) and parvocellular PVN AVP hnRNA (C) responses to LPS 4 weeks later. Stress-naïve 
(control) animals received saline (Veh) on day 1. On day 28, animals were sacrificed under 
basal conditions and 2 or 4 hours after administration of 1 mg/kg of LPS (LPS 2h and LPS 4h, 
respectively). Basal c-fos mRNA levels were not determined due to the almost undetectable 
signal. Results are expressed as mean ± SE (n = 4-7 per group). AU: arbitrary units (pixel area x 
sum grey). # p<0.05 vs control group (two-way ANOVA and post-hoc analysis). 
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Figure 24. Effects of previous LPS experience on the PVN c-fos mRNA (A) PVN CRF hnRNA (B) 
and parvocellular PVN AVP hnRNA (C) responses to IMO 4 weeks later. Stress-naïve (control) 
animals received saline (Veh) on day 1. On day 28, animals were sacrificed under basal 
conditions, just after 20 mins of IMO (IMO 20’) or 30 mins after finished 20 mins of IMO (IMO 20’ + 
30’). Basal c-fos mRNA levels were not determined due to the almost undetectable signal. 
Results are expressed as mean ± SE (n = 4-7 per group). AU: arbitrary units (pixel area x sum 
grey). No differences in function of the previous LPS treatment were observed. 
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DISCUSSION 

The effects of a single stressful experience of both emotional and immunological 

nature have been shown to develop with time, triggering a faster termination of the 

peripheral HPA response and an abolition of the central HPA response to the same 

stressful stimulus. Nevertheless, even if the peripheral response is already modified at 

least 1 week after the first stressful experience, the central parameter we measured in 

the previous chapters (CRF mRNA) was not found to be altered until an inter-stress 

interval of at least 4 weeks. In order to further study this apparent discrepancy, in this 

chapter we wanted to study a closer approach to the transcriptional activity in the 

PVN by measuring only the newly synthesised transcript. We used in situ hybridisation 

with intron-directed probes, a new methodology that has been proved to be a 

reliable tool for this purpose [68, 99]. To complete this early activation study, we also 

measured the AVP hnRNA response in the pPVN as the second main secretagogue of 

ACTH [12, 119] and the c-fos mRNA response, a well-accepted marker of neuronal 

activation [102, 128, 185]. 

 

In the first experiment we used IMO as a stressor of emotional characteristics. 

Measurement of CRF hnRNA levels in the PVN showed an increased transcriptional 

activity of this gene in the control group just after 1h of IMO, with lower, but still 

measurable, CRF hnRNA levels at 1h post-IMO. A similar pattern was observed in the 

group of animals receiving the same stressful stimulus 1 week before. In contrast, the 

group previously exposed to IMO 4 weeks before displayed significantly lower levels 

of this primary transcript both immediately after 1h of IMO and at 1h post-IMO. Those 

findings are in accordance with the previous studies measuring CRF mRNA [175]. 

When measuring AVP hnRNA levels in the pPVN after stress, we were not able to 

detect significant differences depending on the previous stress experience of the 

animals. This is in accordance with preliminary data indicating that a previous LPS 

injection does not compromise the AVP mRNA response to another LPS injection 4 

weeks later (data not shown). Therefore, transcriptional activity of the AVP gene does 

not appear to be sensitive to a previous experience with a stressor, similarly to what 

has been found with chronic stress. In this regard, chronic (daily repeated) exposure 

to another emotional stimulus such as restraint has been shown to abolish the 

response of CRF mRNA and hnRNA to acute restraint, whereas the response of AVP 

mRNA and hnRNA was maintained intact [160]. 

 

The study of neuronal activation in this hypothalamic nucleus by measuring mRNA 

levels of the IEG c-fos brought rather surprising results. Whereas in control animals IMO 
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provoked a powerful and sustained activation of this transcript, with c-fos mRNA 

levels 1h post-stress being as high as just after 1h of IMO, a different pattern was 

observed in the two previously-stressed groups: c-fos mRNA levels were comparable 

to the control group just after stress, but significantly lower levels of this transcript were 

detected 1h post-IMO in the two groups with previous experience with IMO, those 

levels being even lower in IMO 1wk group than in IMO 4wk animals. This finding is of 

interest since it shows a pattern of c-fos mRNA response similar to the peripheral HPA 

data previously described [175] and therefore adds more information about the 

process underlying the consequences of a previous experience with the stressor. 

 

The fact that c-fos mRNA showed a pattern close to the peripheral data but clearly 

distinct from CRF mRNA and hnRNA suggests a dissociation between neuronal 

activation as evaluated by c-fos mRNA and transcriptional activity of the CRF gene. 

This dissociation has been nicely shown before. Briefly, acute ether stress provoked a 

rapid activation of CRF hnRNA in the PVN, which overlapped with the active 

(phosphorilated) form of CREB (pCREB), whereas the response of c-fos mRNA was 

delayed, with an increased FLI detected even later in time, in parallel with an 

activation of the AVP transcriptional activity (AVP hnRNA) [132]. In addition, using 

cycloheximide to block protein synthesis, it has been reported that the drug did not 

modify stress-induced CRF hnRNA but, in contrast, abolished and reduced, 

respectively, Fos and AVP hnRNA responses after stress [129]. The fact that the AVP 

hnRNA response was not affected by a previous stress experience even if the c-fos 

mRNA response was reduced in previously stressed rats is not surprising taking into 

account that complete blockade of Fos activation only reduces, but not abolishes, 

the AVP hnRNA response to stress [129]. In fact, the AVP gene is thought to be 

regulated by transcriptional factors other than Fos [44, 184, 199, 280]. 

 

In the same experiment we included an extra group of animals to study the 

peripheral HPA axis response to IMO both 1 and 4 weeks after a previous exposure to 

the same stressor. This was done to further confirm that previous IMO exposure was 

able to affect the peripheral HPA axis response to a new IMO session, as previously 

described [175]. The present results partly confirmed these previous findings, showing 

an accelerated rate of recovery of corticosterone levels after stress to the same 

extent in the two previously stressed groups. This was not exactly the case of ACTH, 

since the increased speed of recovery was only significant in animals receiving a 

previous IMO session 1, but not 4, weeks before. In fact, corticosterone response has 

been shown to be more sensitive than the ACTH response to a previous single stressful 

experience when using a less intense stressor such as restraint [175]. In addition, a 
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partial dissociation between ACTH and corticosterone cannot be ruled out. This 

phenomenon has been observed after prolonged acute stressors [64, 90, 111, 220], 

after chronic stress [15, 177, 191] and during the recovery period once finished the 

stress exposure [53, 54]. This dissociation might be explained by the existence of 

humoral or neural factors that regulate the sensitivity of the adrenal cortex to 

circulating ACTH [113, 194, 290], and the degree of sensitivity could have been 

modified by previous stress experience, thus explaining this dissociation between 

ACTH and corticosterone. It also appears that the long-term effects of a single 

exposure to IMO on ACTH may evanish before than those on corticosterone.  

 

Previous results (Chapter 2) did not show any cross-desensitisation of the HPA axis 

response to stress, neither at the central (CRF mRNA) nor at the peripheral (ACTH, 

corticosterone) levels. However, in a second experiment we wanted to extend our 

studies on the early PVN transcriptional activation using LPS and also confirm whether 

or not there was any cross-desensitisation between IMO and LPS with the parameters 

measured in this chapter (hnRNA, c-fos mRNA). Since we already observed that the 

minimum time lag required for detecting any effects on the CRF transcriptional 

activity in the PVN was of 4 weeks (experiment 3-1), this was the inter-stress period 

chosen for the present experiment. 

 

Similarly to what has been previously described [214], CRF hnRNA expression was 

triggered in the PVN of control (stress-naïve) rats 4h, but not 2h, after an acute 

endotoxin challenge. In contrast with the results obtained with CRF mRNA (Chapter 

1), the group with previous LPS experience did not show a significant desensitisation 

of the response to a new LPS injection 4 weeks later. In this case, LPS was not able to 

modify the primary transcription of the CRF gene in response to a further LPS injection. 

These results suggest that the reduction of LPS-induced CRF mRNA response in 

previously LPS-injected animals might be dissociated from the primary transcriptional 

activity of the CRF gene. This dissociation could be explained by additional 

regulations at the post-transcriptional level, and further studies should be performed in 

this regard. Similarly to the results obtained with IMO in experiment 3-1, AVP hnRNA 

levels after an acute LPS injection were not modified by a previous LPS injection. In 

fact, acute LPS injection did not cause a very marked AVP hnRNA response, although 

a general analysis indicated a significant increase of this transcript after stress 

independently of the previous treatment. We also determined c-fos mRNA levels, 

observing a very strong response of this IEG after LPS injection in control (stress-naïve) 

animals, with a significant reduction of this response in previously LPS-injected animals. 
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In this case, previous LPS experience affected the neuronal activation of the PVN, 

similarly to our previous results with CRF mRNA (Chapter 1). 

 

When studying the specificity of the phenomenon, we found that previous IMO 

exposure did not modify LPS-induced response of CRF and AVP primary transcripts, 

similarly to the previous results with CRF mRNA (Chapter 2). However, animals 

previously immobilised 4 weeks before showed a reduced c-fos mRNA response to 

LPS when compared to control (stress-naïve) animals. These results with c-fos mRNA 

were at first quite surprising, since we found no cross-desensitisation between IMO 

and LPS when measuring CRF mRNA and HPA hormones (Chapter 2). These non-

specific effects of IMO could be explained in several ways. First, although IMO is 

mainly an emotional stressor, it provokes a weak immune/inflammatory reaction, 

since the limbs of the animals display some inflammation after exposure to this 

stressor, and this could account for the observed cross-desensitisation with an 

immune stimulus such as LPS. Second, in a pilot study in mouse using c-fos mRNA 

mapping to compare the areas activated after an LPS challenge or an exposure to 

restraint we observed a very different profile of expression of this IEG after these very 

different stress paradigms (data not shown), but there are some common areas 

activated after both stimuli such as LS, BST, PVN, CG and LC, and activation of these 

areas could play a role in the non-specific effects previously described, if some of 

these common areas would be the place of synaptic plasticity involved in the long-

term effects of stress. Nonetheless, these non-specific effects of IMO on the LPS-

induced c-fos mRNA response do not seem to affect the HPA responsiveness since no 

effects have been found in the other parameters studied. 

 

The effect of previous LPS challenge on the HPA response to IMO at this level was also 

assessed in this experiment. Both control (stress-naïve) and previously LPS-injected 

animals displayed a rapid but transient CRF hnRNA activation just after 20 min of IMO, 

since very low levels of this transcript were detected at 30 min post-IMO. Giving 

further support to our previous results (Chapter 2), no cross-desensitisation was 

detected between IMO and LPS when measuring, in this case, CRF primary transcript. 

Similarly, AVP hnRNA and c-fos mRNA levels after an acute LPS injection were not 

modified by previous IMO exposure. 

 

When comparing the response of CRF hnRNA to acute IMO in stress-naïve groups of 

experiments 3-2 and 3-1, a substantially different dynamics can be observed. 

Whereas in experiment 3-1 CRF hnRNA levels were increased immediately after 1h of 

IMO and there were still measurable levels of this transcript at 1h post-IMO, in 
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experiment 3-2 20 min of IMO triggered a very powerful CRF hnRNA response but 30 

min after this shorter stress exposure no levels of this transcript were detected. This 

might be at least partially explained by technical reasons, since the threshold we 

used for determining optical density needed to be different for each experiment. In 

fact, in experiment 3-2 the signal for CRF hnRNA 20 min after the onset of IMO was 

very strong when compared to the signal observed at 30 min post-IMO. It might be 

that the optimal threshold for measuring grey levels just after IMO was not so good for 

the other time point, and therefore we were not able to perform accurate enough 

measurements at the post-stress time point. Ideally, a different threshold should have 

been set up for each intensity of signal, but this would not let us compare different 

groups. In experiment 3-1 the signal obtained was lower both 1 and 2h after the onset 

of 1h IMO, probably because there was enough time for the CRF hnRNA to start 

being processed into mRNA, and the threshold chosen in this experiment was ideal 

for both sampling time points. 

 

Overall, these early activational studies indicate that previous IMO or LPS exposure is 

able to compromise the future PVN response (CRF hnRNA and c-fos mRNA for IMO 

and c-fos mRNA for LPS) to the same stressful stimulus, although this is not the case of 

AVP hnRNA response. When an effect on CRF hnRNA was observed, an inter-stress 

interval of at least 4 weeks was needed, similarly to CRF mRNA. Nonetheless, c-fos 

mRNA response in the PVN was already affected 1 week after the first stressful 

experience, similarly to that observed with ACTH and corticosterone. Therefore, it 

appears that c-fos mRNA induction roughly reflects the changes in firing activity 

(electrophysiological stimulation) of PVN neurons, but not the intracellular changes 

controlling CRF gene expression. These differences may result from subtle changes in 

the type of stimulatory inputs reaching the PVN as a consequence of the previous 

experience with the stressor. The knowledge of these kind of signals may be of great 

importance, not only to explain the long-term effects of stress, but also to a better 

characterisation of the relationship between the electrophysiological activation of 

PVN neurons and the biochemical processes leading to an altered transcriptional 

activity.   
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INTRODUCTION 

We have previously described the long-term effects of a single stress exposure on the 

future HPA response to stress ([175], previous chapters). These effects are 

characterised by a reduced or even blunted central HPA axis response and an 

increased rate of return to basal levels of the peripheral HPA hormones. The effect 

develops at least with two stressful stimuli (IMO, LPS administration), and appears to 

be stressor-specific since, in general, no cross-desensitisation was found between IMO 

and LPS. This is not so surprising taking into account the differential mechanisms of 

HPA axis activation by emotional stressors such as IMO and immunological stressors 

such as LPS [96, 231, 246]. 

 

There is an important common feature of these long-term effects of stress: the 

peripheral HPA response (ACTH, corticosterone) is already affected one week after 

the initial exposure to stress, whereas the central HPA axis response is not modified at 

least until 4 weeks after the first experience with the stressor. We have previously 

suggested that these effects might represent a new form of learning linked to 

aversive stimuli that progressively consolidate with time [175], in accordance with the 

progressive process of memory consolidation [178]. The fact that both IMO and LPS 

are able to induce long-term effects on the future HPA activation induced by the 

same stimulus suggests that this phenomenon is not a simple biochemical adaptation, 

but that some kind of memory-like synaptic plasticity is involved.  

 

C-fos mRNA activation throughout the whole brain has been used to characterise the 

areas involved in the HPA axis response to stress [175]. Although some controversies 

have emerged regarding the exact functional meaning of the activation of this IEG, it 

is still a powerful tool to describe the overall activation of the brain after stress [128]. 

As a first approach to elucidate some of the possible brain areas involved in the long-

term effects of stress on the HPA axis, we mapped the c-fos mRNA response to acute 

stress in previously-stressed rats, using the two previously characterised stressors (IMO 

and LPS).   

 

EXPERIMENTAL DESIGNS AND RESULTS 

Experiment 4-1 

The animals used correspond to Experiment 3-1. Briefly, the animals were assigned to 

the following groups: 1/ no stress (stress-naïve), 2/ 2h of IMO on day 1 (IMO 4wk) and 

3/ 2h of IMO on day 21 (IMO 1wk). On day 28, all the animals were anaesthetised and 
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perfused under basal conditions (Basal), just after 1h of IMO (IMO 1h) or 1h after the 

end of IMO for 1h (IMO 1h+1h). 

  

Description of c-fos mRNA activation in the brain after an acute IMO exposure 

Figure 25 and Table 1 summarise the levels of c-fos mRNA across the brain under 

basal conditions, just after 1h of IMO and at 1h post-IMO. In line with previous studies, 

c-fos mRNA was not detectable under basal conditions except for a moderate signal 

in the piriform cortex (Pir) and pontine nuclei (Pn) and a low to very low signal in the 

dorsal endopiriform nucleus (DEn), cerebral cortex (Ctx) and ventral and dorsal 

cochlear nucleus (VC, DC).  

 

Telencephalon – IMO caused a wide and robust activation of c-fos mRNA in different 

telecephalic nuclei. Just after 1h of IMO, there was a strong to very strong c-fos mRNA 

signal in the DEn, Ctx and Pir. A moderate to strong signal was detected in the 

intermediate, ventral and dorsal divisions of the LS (LSi, LSv, LSd), ventral division of the 

medial BST (BSTMv), SFO and MeA. A low to moderate signal was displayed in the 

tenia tecta (TT) and septohypothalamic nucleus (SHy). There was a very low to 

undetectable signal in the acumbens nucleus (Acb), medial septal nucleus (MS), 

striatum (CPu), globus pallidus (GP), ventral pallidum (VP), anterior division of the 

medial BST (BSTMa), parastrial nucleus (PS), anterior amygdaloid area (AAm), anterior 

cortical amygdaloid nucleus (ACo) and the CA1, CA2 and CA3 hippocampal 

divisions. 

 

One hour after the end of IMO, c-fos mRNA remained elevated in the DEn, Ctx and 

Pir. The signal in LSi, LSv, LSd, BSTMv and MeA was diminished but still within low to 

moderate levels. Interestingly, there was a moderate increase of c-fos mRNA levels in 

the CA1, CA2 and CA3 hippocampal divisions. Finally, the rest of the areas described 

before showed very low to undetectable c-fos mRNA levels at that time point. 

 

Diencephalon –Different thalamic nuclei displayed a positive c-fos mRNA signal just 

after 1h of IMO. Nonetheless, a moderate to strong signal was only detected in the 

posterior division of the paraventricular thalamic nucleus (PVp) and medial division of 

the lateral habenular nucleus (LHbM). Many more areas displayed a moderate c-fos 

mRNA signal at that time point, such as the anterodorsal thalamic nucleus (AD), 

anterior division of the paraventricular thalamic nucleus (PVa), central medial 

thalamic nucleus (CM), paracentral thalamic nucleus (PC), rhomboid thalamic 

nucleus (Rh), ventrolateral thalamic nucleus (VL) and medial geniculate nucleus  
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Figure 25. Representative images of the distribution of c-fos mRNA throughout the brain of rats 
immediately after 1h of IMO and 1h after the termination of IMO (post-IMO). Abbreviations: AD, 
anterodorsal thalamic nucleus; AP, area postrema; Arc, arcuate nucleus; AV, anteroventral 
thalamic nucleus; BSTMv, medial bed nucleus of the stria terminals, ventral subdivision; CG, 
central gray; DC, dorsal cochlear nucleus; DEn, dorsal endopirifom nucleus; DM, dorsomedial 
(continues in next page)  
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(MG). A low to moderate signal was displayed in the intermediodorsal thalamic 

nucleus (IMD), reuniens thalamic nucleus (Re), reticular thalamic nucleus (Rt), 

mediodorsal thalamic nucleus (MD), laterodorsal thalamic nucleus (LD), ventral 

posteromedial thalamic nucleus (VPM), lateral posterior thalamic nucleus (LP), dorsal 

and ventral parts of the lateral geniculate nucleus (DLG/VLG) and subparafascicular 

thalamic nucleus (SPF). There was a very low to undetectable signal in the 

anteroventral thalamic nucleus (AV), paratenial thalamic nucleus (PT), posterior 

thalamic nuclear group (Po), lateral division of the lateral habenular nucleus (LHbL) 

and subthalamic nucleus (STh). 

 

One hour after finishing IMO, there was still a moderate to strong c-fos mRNA signal in 

the PVa and PVp. A moderate to low signal was detected in the AD, CM, PC, LHbM, 

DLG and MG. The signal was low to undetectable in the AV, IMD, PT, Rh, Re, Rt, MD, 

VL, LD, VPM, Po, LP, LHbL, SPF and STh. 

 

Just after 1h of IMO, there was a strong to very strong c-fos mRNA activation in the 

PVN. At the same time point, the SO displayed moderate to strong c-fos mRNA levels. 

A moderate c-fos mRNA activation was observed in other hypothalamic areas, such 

as the anteroventral preoptic nucleus (AVPO) and supramammillary nucleus (SuM). A 

low to moderate signal was detected in the MPOA and lateral preoptic area (LPOA), 

anterior, lateral and posterior hypothalamic areas (AH, LH, PH), DM, dorsal and 

ventral parts of the premammillary nucleus (PMD/PMV) and the lateral mammillary 

nucleus (LM). There was a very low to undetectable signal in the retrochiasmatic area 

(RCh) and Arc. 

 

At 1h post-IMO, the signal in the PVN remained strong. The PMV and PMD displayed 

moderate to strong c-fos mRNA levels. Low to moderate levels were detected in the 

AVPO, MPOA, LPOA, SO, DM, SuM and LM. The signal in the AH, LH, RCh, Arc and PH 

was low to undetectable. 

 

 
 
 
 
Figure 25 (continues from previous page). hypothalamic nucleus; DR, dorsal raphe nucleus; LC, 
locus coeruleus; LH, lateral hypothalamic area; LPB, lateral parabrachial nucleus; LPO, lateral 
preoptic area; LS, lateral semptum; ME, median eminence; MeA, medial amygdaloid nucleus; 
MG, medial geniculate nucleus; MPOA, medial preoptic area; NST, nucleus of the solitary tract; 
PDTg, posterodorsal tegmental nucleus; Pir, piriform cortex; Pn, pontine nuclei; PP, 
peripeduncular nucleus; PVa, paraventricular thalamic nucleus, anterior division; PVN, 
paraventricular hypothalamic nucleus; PVp, paraventricular thalamic nucleus, posterior 
division; SO, supraoptic nucleus; SP5, spinal trigeminal nucleus; SPO, superior paraolivary 
nucleus; Tz, nucleus of the trapezoid body; VC, ventral cochlear nucleus. 
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Brain Stem – There were some mesencephalic nuclei activated after 1h of IMO. The 

intensity of the signal was low to moderate in the CG and external cortex of the 

inferior colliculus (ECIC) and very low to undetectable in the ventral tegmental area 

(VTA), peripeduncular nucleus (PP), deep mesencephalic nucleus (DpMe) and 

superior colliculus (SC). One hour after IMO, c-fos mRNA levels remained low to 

moderate in the CG and diminished to low in the ECIC. They stayed very low in the 

rest of the areas, except for the SC where c-fos mRNA was undetectable. 

 

In the pons, there were several areas displaying a positive c-fos mRNA signal just after 

1h of IMO. A moderate to strong level was found in the nucleus of the trapezoid body 

(Tz), lateral and medial PB (LPB, MPB) and LC. Low to moderate levels were detected 

in the Pn, DR and posterodorsal tegmental nucleus (PDTg). Very low c-fos mRNA levels 

were found in the median raphe nucleus (MnR), oral part of the pontine reticular 

nucleus (PnO), A5, laterodorsal tegmental nucleus (LDTg), superior paraolivary 

nucleus (SPO), ventral and caudal parts of the pontine reticular nucleus (PnV, PnC), 

abducens nucleus (6), facial nucleus (7) and area postrema (AP). At 1h post-IMO, 

there was a strong to very strong signal in the LC, and the DR and Tz displayed a 

moderate to strong signal. A low to moderate signal was found in the Pn, LPB, MPB 

and PDTg. All the other areas displayed very low to undetectable c-fos mRNA levels. 

 

Some medullary areas were also activated just after 1h of IMO. Moderate to strong 

levels were detected in the VC and DC. Low to moderate levels were found in the 

NST, external cuneate and cuneate nucleus (Ecu, Cu) and lateral reticular nucleus 

(LRt). Only very low levels were detected in the raphe magnus and raphe pallidus 

nuclei (RMg, RPa), medial vestibular nucleus (MVe), lateral paragigantocellular 

nucleus (LPGi), spinal trigeminal nucleus (Sp5), prepositus hypoglossal nucleus (PrH), 

VLM, parvocellular reticular nucleus (PCRt), inferior olive (IO) and hypoglossal nucleus 

(12). At 1h post-IMO, moderate to strong levels were still found in VC and DC, 

whereas moderate levels were seen in the NST. Ecu, Cu and LRt displayed low to 

moderate c-fos mRNA levels, and in the PrH and VLM the levels were low. In the rest 

of the areas, c-fos mRNA levels were almost undetectable.  

 

 
 
 
 
 
 
 



 

TABLE 1. c-fos mRNA activation in the brain after IMO exposure: effects of previous IMO experience

Basal IMO 1h REC 1h Basal IMO 1h REC 1h Basal IMO 1h REC 1h

TELENCEPHALON
Tenia tecta (TT) - +/++ + - +/++ +/- - +/++ +
Dorsal endopiriform nucleus (DEn) + +++ ++/+++ + ++/+++ ++/+++ + ++/+++ ++/+++

+/- +++ ++/+++ +/- ++/+++ ++/+++ +/- ++/+++ ++/+++
Piriform cortex (Pir) +/++ ++++ ++++ +/++ ++++ ++++ +/++ +++/++++ ++++
Accumbens nucleus (Acb) - +/- +/- - +/- +/- - +/- +/-
Lateral septal nucleus, intermediate part (LSi) - ++ + - ++ + - ++ +
Lateral septal nucleus, ventral part (LSv) - ++/+++ +/++ - ++ + - ++/+++ +
Lateral septal nucleus, dorsal part (LSd) - ++/+++ +/++ - ++ + - ++/+++ +
Medial septal nucleus (MS) - +/- - - +/- - - +/- -
Striatum (CPu) - +/- +/- - +/- +/- - +/- +/-
Globus pallidus (GP) - +/- +/- - +/- +/- - +/- +/-
Ventral pallidum (VP) - +/- +/- - +/- +/- - +/- +/-
Bed nucleus stria terminalis, med div, ant (BSTMa) - + + - +/++ + - + +/-
Bed nucleus stria terminalis, med div, ventr (BSTMv) - ++/+++ ++ - ++/+++ ++/+++ - ++ ++
Parastrial nucleus (PS) - +/- +/- - +/- +/- - +/- +/-
Septohypothalamic nucleus (SHy) - +/++ + - +/++ + - +/++ +
Subfornical organ (SFO) - ++/+++ + - ++/+++ +/- - ++ +/-
Anterior amygdaloid area (AA) - +/- +/- - +/- +/- - +/- +/-
Medial amygdala (MeA) - ++/+++ ++ - ++/+++ +/++ - ++/+++ +/++
Anterior cortical amygdaloid nucleus (ACo) - +/- +/- - +/- +/- - +/- +/-

CA1 - +/- +/++ - +/- +/++ - +/- +/++
CA2 - +/- +/++ - +/- +/++ - +/- +/++
CA3 - +/- +/++ - +/- +/++ - +/- +/++
Dentate gyrus (DG) - - - - - - - - -

DIENCEPHALON

Anterodorsal thalamic nucleus (AD) - ++ ++ - ++ ++/+++ - ++ ++/+++

(-) undetectable; (+) low; (++) moderate; (+++) strong; (++++) very strong

Thalamus

Hippocampal formation

AREA

Neocortex (Ctx)

CONTROL IMO 1wk IMO 4wk



 

TABLE 1 (continued). c-fos mRNA activation in the brain after IMO exposure: effects of previous IMO experience

Basal IMO 1h REC 1h Basal IMO 1h REC 1h Basal IMO 1h REC 1h

Anteroventral thalamic nucleus (AV) - +/- - - +/- - - +/- -
Central medial thalamic nucleus (CM) - ++ ++ - ++ ++ - +/++ ++
Paraventricular thalamic nucleus, anterior (PVa) - ++ ++/+++ - ++ ++ - ++ ++
Paraventricular thalamic nucleus, posterior (PVp) - ++/+++ ++/+++ - ++/+++ ++/+++ - ++ ++/+++
Paracentral thalamic nucleus (PC) - ++ ++ - ++ ++ - +/++ ++
Intermediodorsal thalamic nucleus (IMD) - + +/- - + +/- - + +/-
Paratenial thalamic nucleus (PT) - +/- +/- - +/- +/- - +/- +/-
Rhomboid thalamic nucleus (Rh) - ++ + - ++ + - ++ +
Reuniens thalamic nucleus (Re) - + + - + + - + +
Reticular thalamic nucleus (Rt) - + +/- - + +/- - + +/-
Mediodorsal thalamic nucleus (MD) - + + - + + - + +
Ventrolateral thalamic nucleus (VL) - ++ + - ++ + - ++ +
Laterodorsal thalamic nucleus (LD) - + + - + + - + +
Ventral posteromedial thalamic nucleus (VPM) - +/++ + - +/++ + - +/++ +
Posterior thalamic nuclear grup (Po) - +/- +/- - +/- +/- - +/- +/-
Lateral posterior thalamic nucleus (LP) - + + - + + - + +
Lateral habenular nucleus, medial (LHbM) - ++/+++ ++ - ++/+++ ++ - ++/+++ ++
Lateral habenular nucleus, lateral (LHbL) - +/- +/- - +/- +/- - +/- +/-
Lateral geniculate nucleus, dorsal and ventral (DLG, VLG) - +/++ +/++ - ++/+++ ++ - ++ ++
Subparafascicular thalamic nucleus (SPF) - + + - + + - + +
Medial geniculate nucleus (MG) - ++ +/++ - ++/+++ ++ - ++ ++

Anteroventral preoptic nucleus (AVPO) - ++ +/++ - ++ +/++ - ++ +/++
Medial preoptic area (MPOA) - +/++ +/++ - ++/+++ ++ - ++ +/++
Lateral preoptic area (LPOA) - +/++ ++ - ++/+++ ++ - ++ +/++
Supraoptic nucleus (SO) - ++/+++ ++ - ++ +/++ - ++ +/++
Anterior hypothalamic area (AH) - +/++ + - +/++ + - +/++ +
Lateral hypothalamic area (LH) - +/++ + - +/++ + - +/++ +
Retrochiasmatic area (RCh) - +/- +/- - +/- +/- - +/- +/-

(-) undetectable; (+) low; (++) moderate; (+++) strong; (++++) very strong

Hypothalamus

AREA IMO 4wkCONTROL IMO 1wk



 

TABLE 1 (continued). c-fos mRNA activation in the brain after IMO exposure: effects of previous IMO experience

Basal IMO 1h REC 1h Basal IMO 1h REC 1h Basal IMO 1h REC 1h

Paraventricular hypothalamic nucleus (PVN) - +++/++++ +++/++++ - +++/++++ +/++ - +++/++++ ++/+++
Arcuate hypothalamic nucleus (Arc) - + + - + +/- - + +/-
Dorsomedial hypothalamic nucleus (DM) - +/++ +/++ - ++ + - ++ +/++
Posterior hypothalamic area (PH) - +/++ + - +/++ + - +/++ +
Premammillary nucleus, ventral part (PMV) - +/++ ++/+++ - ++/+++ ++/+++ - ++/+++ +++
Premammillary nucleus, dorsal part (PMD) - +/++ ++/+++ - ++/+++ ++/+++ - ++/+++ ++/+++
Suparamammillary nucleus (SuM) - ++ ++ - ++/+++ +/++ - ++/+++ ++
Lateral mammillary nucleus (LM) - +/++ +/++ - ++ ++ - ++ +/++

Subthalamic nucleus (STh) - + + - + + - + +

MESENCEPHALON
Ventral tegmental area (VTA) - +/- +/- - +/- +/- - +/- +/-
Peripeduncular nucleus (PP) - +/- +/- - +/- +/- - +/- +/-
Deep mesencephalic nucleus (DpMe) - +/- +/- - +/- +/- - +/- +/-
Superior colliculus (SC) - +/- - - +/- - - +/- -
Central (periaqueductal) grey (CG) - +/++ +/++ - ++ +/++ - +/++ +/++
External cortex of the inferior colliculus (ECIC) - +/++ + - +/++ + - +/++ +/++

PONS
Pontine nuclei (Pn) +/++ ++ +/++ +/++ ++ ++ +/++ ++ ++/+++
Dorsal raphe nucleus (DR) - +/++ ++/+++ - ++ ++/+++ - ++ ++/+++
Median raphe nucleus (MnR) - +/- +/- - +/- +/- - +/- +/-
Pontine reticular nucleus, oral part (PnO) - +/- +/- - +/- +/- - +/- +/-
A5 - + + - + + - + +
Nucleus of the trapezoid body (Tz) - ++/+++ ++/+++ - ++/+++ ++ - ++ ++/+++
Laterodorsal tegmental nucleus (LDTg) - +/- +/- - +/- +/- - +/- +/-
Lateral parabrachial nucleus (LPB) - ++/+++ +/++ - ++/+++ +/++ - ++/+++ +/++
Medial parabrachial nucleus (MPB) - ++/+++ +/++ - ++/+++ +/++ - ++/+++ +/++
Superior paraolivary nucleus (SPO) - +/- +/- - +/- +/- - +/- +/-

(-) undetectable; (+) low; (++) moderate; (+++) strong; (++++) very strong

AREA CONTROL IMO 1wk IMO 4wk



 

TABLE 1 (continued). c-fos mRNA activation in the brain after IMO exposure: effects of previous IMO experience

Basal IMO 1h REC 1h Basal IMO 1h REC 1h Basal IMO 1h REC 1h

Pontine reticular nucleus, ventral part (PnV) - +/- +/- - +/- +/- - +/- +/-
Pontine reticular nucleus, caudal part (PnC) - +/- +/- - +/- +/- - +/- +/-
Locus coeruleus (LC) - +++ +++/++++ - +++ +/++ - +++ ++/+++
Posterodorsal tegmental nucleus (PDTg) - ++ ++ - ++ ++ - +/++ ++
Abducens nucleus (6) - +/- +/- - +/- +/- - +/- +/-
Facial nucleus (7) - +/- +/- - +/- +/- - +/- +/-
Area postrema (AP) - +/- - - - - - - -

MEDULLA
Ventral cochlear nucleus (VC) + ++/+++ ++/+++ + +++ +++ + +++ +++
Dorsal cochlear nucleus (DC) + ++/+++ ++/+++ + +++ +++ + +++ +++
Raphe magnus nucleus (RMg) - + +/- - + +/- - + +/-
Raphe pallidus nucleus (RPa) - + +/- - + +/- - + +/-
Spinal trigeminal nucleus (Sp5) - +/- +/- - +/- +/- - +/- +/-
Medial vestibular nucleus (MVe) - + +/- - + +/- - + +/-
Lateral paragigantocellular nucleus (LPGi) - +/- +/- - +/- +/- - +/- +/-
Nucleus of the solitary tract (NST) - +/++ ++ - +/++ +/++ - + ++
Prepositus hypoglossal nucleus (PrH) - + + - + + - + +
Ventrolateral medulla (VLM) - + + - + + - + +
Parvocellular reticular nucleus (PCRt) - +/- +/- - +/- +/- - +/- +/-
Inferior olive (IO) - +/- +/- - +/- +/- - +/- +/-
External cuneate nucleus (Ecu) - +/++ +/++ - +/++ + - +/++ +/++
Cuneate nucleus (Cu) - +/++ +/++ - +/++ + - +/++ +/++
Hypoglossal nucleus (12) - +/- +/- - +/- +/- - +/- +/-
Lateral reticular nucleus (LRt) - +/++ +/++ - +/++ +/++ - +/++ +/++

(-) undetectable; (+) low; (++) moderate; (+++) strong; (++++) very strong

AREA CONTROL IMO 1wk IMO 4wk
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Semiquantitative analysis of c-fos mRNA levels in different brain areas after IMO 

exposure: effects of a previous IMO experience 

 
Semiquantification of c-fos mRNA levels using dark field illumination was performed in 

some of the areas described above. The selection of the areas submitted to this 

analysis was done on the basis of a previous qualitative analysis of c-fos mRNA levels 

in control and previously-stressed animals. Those areas potentially interesting or found 

to display a differential c-fos mRNA response depending on the previous stress 

exposure were selected for quantification. Nonetheless, quantification was not 

performed in the areas were c-fos mRNA signal was difficult to measure either 

because it was very low or scattered. 

 

 
Figure 26. Representative dark-field photomicrographs displaying the effects of a single 
previous IMO session 1 week before on c-fos mRNA expression in the ventral division of the 
lateral septal nucleus (LSv) immediately after 1h of IMO (IMO) and 1h after the end of exposure 
to IMO (REC). Control (CTR, stress-naïve) animals did not receive any treatment on day 1. The 
legend should be read as “previous treatment-day 28 treatment”, e.g. CTR-Basal are animals 
that did not receive any treatment on day 1 and were sacrificed under basal conditions on 
day 28. Magnification: 60X. 
 

Figure 27 displays c-fos mRNA levels in the different subdivisions of the LS (LSi, LSv, LSd) 

in control and rats previously immobilised 1 or 4 weeks before. In the LSi, two-way 

ANOVA showed significant effects of time point (p<0.001) but not of previous 

treatment or their interaction. Two-way ANOVA of LSv c-fos mRNA levels (Figure 26) 

indicated significant effects of previous treatment and time point (day 28) (p<0.001 

for both factors) and a marginally significant interaction (p=0.051). Post-hoc analysis 

revealed that just after 1h of IMO, c-fos mRNA levels were lower in IMO 1wk animals 

when compared to control and IMO 4wk groups. At 1h post-IMO, both previously-

immobilised groups 1 or 4 weeks before showed lower c-fos mRNA levels when 

compared to stress-naïve animals. Two-way ANOVA of LSd c-fos mRNA levels only 

CTR-Basal 

IMO1wk-REC IMO1wk-IMOIMO1wk-Basal 

CTR-REC CTR-IMO

LSv 
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showed significant effects of time point (p<0.001) but not of previous treatment or 

their interaction. 
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Figure 27. Effects of a single previous IMO experience on the c-fos mRNA responses to IMO, 1 or 
4 weeks later, in the dorsal, intermedial and ventral divisions of the lateral septal nucleus (LSd, 
Lsi, LSv). C-fos mRNA levels at 1h post-IMO in the different divisions of the hippocampal 
formation are also displayed (bottom, right); note that, in this case, the legend depicted is 
different from the other three graphs. Basal c-fos mRNA levels were not determined due to the 
almost undetectable signal. Results are expressed as mean ± SE (n = 4-7 per group). AU: 
arbitrary units (pixel area x sum grey). @ p at least <0.03 vs the same time point in stress-naïve 
(control) and IMO 4wk groups; p at least <0.004 vs the same time point in the control group 
(two-way ANOVA, post-hoc analysis). 
 

C-fos mRNA levels were analysed in the CA1, CA2 and CA3 divisions of the 

hippocampal formation at 1h post-IMO (Figure 27), since no detectable levels of the 

transcript were found just after 1h of IMO. The DG division did not display a positive c-

fos mRNA signal in any of the time points studied. One-way ANOVA of c-fos mRNA 

levels showed marginally significant differences in the CA1 division (p=0.056), but not 

in the CA2 or CA3 divisions. 

 

C-fos mRNA levels were also quantified in both the LPOA and MPOA (Figure 28). Two-

way ANOVA did not display any significant effects of previous treatment, time point 

or their interaction in any of the two areas. C-fos mRNA levels in the SFO after IMO are 
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displayed in Figure 28. Two-way ANOVA only showed significant effects of time point 

(p<0.01) but not of previous treatment or their interaction. 
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Figure 28. Effects of a single previous IMO experience on the c-fos mRNA responses to IMO, 1 or 
4 weeks later, in the lateral preoptic area (LPOA), medial preoptic area (MPOA), subfornical 
organ (SFO) and paraventricular hypothalamic nucleus (PVN). Basal c-fos mRNA levels were 
not determined due to the almost undetectable signal. Results are expressed as mean ± SE (n = 
4-7 per group). AU: arbitrary units (pixel area x sum grey). The different letters (a,b,c) indicate 
differences between the groups receiving the same treatment on day 28; # p<0.05 vs the same 
time point in stress-naïve (control) and IMO 1wk groups (two-way ANOVA, post-hoc analysis). 
 

Figure 28 shows c-fos mRNA levels in the pPVN. Two-way ANOVA revealed significant 

effects of previous treatment and time point (p<0.001 in both cases) and a significant 

interaction between the two factors (p<0.005). Post-hoc analysis indicated no effect 

of previous treatment just after 1h of IMO, but a significant effect at 1h post-IMO: c-fos 

mRNA levels were greater in the control group than in the two previously-stressed 

groups, with IMO 4wk group displaying higher levels than IMO 1wk group (p at least 

<0.02). 

 

Figure 31 displays the c-fos mRNA activation after IMO in the PVa and PVp. In both 

divisions, two-way ANOVA showed significant effects of time point (p<0.05 and 

p<0.005 for each respective division) but not of previous treatment or their interaction. 
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Figure 29. Representative dark-field photomicrographs displaying the effects of a single 
previous IMO session 1 week before on c-fos mRNA expression in the ventral subdivision of 
medial division of the bed nucleus of the stria terminalis (BSTMv) immediately after 1h of IMO 
(IMO) and 1h after the end of exposure to IMO (REC). Control (CTR, stress-naïve) animals did 
not receive any treatment on day 1. The legend should be read as “previous treatment-day 28 
treatment”, e.g. CTR-Basal are animals that did not receive any treatment on day 1 and were 
sacrificed under basal conditions on day 28. Magnification: 60X. 
 

 
Figure 30. Representative dark-field photomicrographs displaying the effects of a single 
previous IMO session 1 week before on c-fos mRNA expression in the medial amygdala (MeA) 
immediately after 1h of IMO (IMO) and 1h after the end of exposure to IMO (REC). Control 
(CTR, stress-naïve) animals did not receive any treatment on day 1. The legend should be read 
as “previous treatment-day 28 treatment”, e.g. CTR-Basal are animals that did not receive any 
treatment on day 1 and were sacrificed under basal conditions on day 28. Magnification: 40X. 
 

Figures 29 and 31 show the c-fos mRNA response after IMO in the BSTMv. Two-way 

ANOVA indicated marginally significant effects of previous treatment (p=0.054), no 

effects of time point and a significant interaction (p<0.04). Post-hoc analysis showed 

that IMO 1wk group displayed higher c-fos mRNA levels just after 1h of IMO when 
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compared to the other two groups (p at least <0.02). At 1h post-IMO, IMO 4 wk group 

showed a marginally significant increase of c-fos mRNA levels when compared to 

control (stress-naïve) animals (p=0.075). 

 

Activation of c-fos mRNA after IMO in the MeA is shown in Figures 30 and 31. Two-way 

ANOVA revealed significant effects of previous treatment (p<0.05) and time point 

(p<0.001) but not of their interaction. Post-hoc comparisons revealed that, 

irrespective of the time point, c-fos mRNA levels were significantly lower in IMO 1wk 

group with respect to control animals (p<0.02). There was also a marginally significant 

decrease of c-fos mRNA levels in IMO 4wk group with respect to control animals 

(p=0.066). 
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Figure 31. Effects of previous IMO experience on the c-fos mRNA responses to IMO, 1 or 4 weeks 
later, in the anterior and posterior divisions of paraventricular thalamic nucleus (PVa, PVp), bed 
nucleus of the stria terminalis medial ventral (BSTMv) and medial amygdala (MeA). Basal c-fos 
mRNA levels were not determined due to the almost undetectable signal. Results are 
expressed as mean ± SE (n = 4-7 per group). AU: arbitrary units (pixel area x sum grey). @ p at 
least <0.015 vs the same time point in stress-naïve (control) and IMO 4wk groups; # p<0.02 vs 
the same time point in control and group; (#) indicates marginally significant effects (0.05< p 
<0.1) vs the same time point in control group (two-way ANOVA, post-hoc analysis). 
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Two-way ANOVA of c-fos mRNA levels in the LC (Figures 32 and 33) revealed 

significant effects of previous treatment, time point (p<0.01 and p<0.03, respectively) 

and their interaction (p<0.015). Post-hoc comparisons revealed no differences just 

after 1h of IMO. In contrast, c-fos mRNA levels were significantly reduced at 1h post-

IMO in IMO 1 wk group when compared to the other two groups. At the same time 

point, IMO 4 wk group displayed a marginally significant reduction of c-fos mRNA 

levels when compared to the control group (p=0.064). 

 

 

  
Figure 32. Representative dark-field photomicrographs displaying the effects of a previous IMO 
session 1 week before on c-fos mRNA expression in the locus coeruleus (LC) immediately after 
1h of IMO (IMO) and 1h after the end of exposure to IMO (REC). Control (CTR, stress-naïve) 
animals did not receive any treatment on day 1. The legend should be read as “previous 
treatment-day 28 treatment”, e.g. CTR-Basal are animals that did not receive any treatment on 
day 1 and were sacrificed under basal conditions on day 28. Magnification: 60X. 
 

 
Finally, c-fos mRNA levels were quantified in the NST (Figure 33). Two-way ANOVA 

revealed marginally significant effects of previous treatment (p=0.053), with no effects 

of time point or the interaction previous treatment by time point. Post-hoc 

comparisons showed that IMO 1wk animals had lower c-fos mRNA levels, irrespective 

of the time point studied, when compared to the control group (p<0.025). Similarly, 

there was a marginally significant reduction of c-fos mRNA levels in IMO 4wk animals 

with respect to control animals (p=0.078).                      
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Figure 33. Effects of previous IMO experience on the c-fos mRNA responses to IMO, 1 or 4 weeks 
later, in the locus coeruleus (LC) and nucleus of the solitary tract (NTS). Basal c-fos mRNA levels 
were not determined due to the almost undetectable signal. Results are expressed as mean ± 
SE (n = 4-7 per group). AU: arbitrary units (pixel area x sum grey). @ p<0.025 vs the same time 
point in stress-naïve (control) and IMO 4wk groups; # p<0.02 vs the same time point in control 
group; (#) indicates marginally significant effects (p<0.1) vs the same time point in control 
group (two-way ANOVA, post-hoc analysis). 
 

 
Experiment 4-2 

The animals used correspond to Experiment 3-2. Nonetheless, c-fos mRNA brain 

mapping was performed only in some of the groups previously described. In brief, 

animals received either 1/ saline (Veh) or 2/ 1 mg/kg of LPS on day 1. After 28 days, 

rats were anaesthetised and perfused after one of the following conditions: resting 

conditions (Basal), 2h after LPS injection (LPS 2h) or 4h after LPS injection (LPS 4h). 

 

Description of c-fos mRNA activation in the brain after an acute LPS injection 

Figure 34 and Table 2 summarise the c-fos mRNA activation in the brain after a LPS 

injection. In accordance with previous studies [214], c-fos mRNA was not detectable 

in Veh-treated animals in most of the areas studied, except for the Pir and, to a lesser 

extent, the claustrum (Cl), Ctx and Pn. 
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Figure 34. Representative images of the distribution of c-fos mRNA throughout the brain of rats 
treated with Veh or LPS 1 mg/kg. Abbreviations: AD, anterodorsal thalamic nucleus; AP, area 
postrema; Arc, arcuate nucleus; AV, anteroventral thalamic nucleus; BSTL, bed nucleus of the 
stria terminals, lateral division; DC, dorsal cochlear nucleus; LC, locus coeruleus; LPB, lateral 
(continues in next page) 
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Circumventricular organs and non-neural components – Two hours after an acute LPS 

injection there was a profound c-fos mRNA activation in the CVOs, namely OVLT, 

SFO, ME and AP. At 4h post injection, the signal in these organs almost vanished and 

seemed to spread in a migratory-like pattern to the surrounding areas, such as the 

MPOA, fimbria, Arc and NST, respectively. At the same time point, there was a c-fos 

mRNA activation in the leptomeninges, choroid plexus, ependymal cells of the 

ventricles and subependymal zone. 

    

Telencephalon – LPS also caused a discrete but robust activation of c-fos mRNA in 

different brain nuclei. At 2h post-injection there was a positive signal in some 

telencephalic areas, such as the lateral division of the BST (BSTL). There was also a 

strong positive signal in the CeA. Four hours after injection, the signal for c-fos mRNA 

was much lower in these areas. No signal was observed in the hippocampal 

formation at any time. 

 

Diencephalon – There were different thalamic nuclei displaying a positive c-fos mRNA 

signal 2h after LPS injection: AD/AV, PVa/PVp and LHbM. To a lesser extent, the CM, 

DLG/VLG and MG were also activated. The signal at 4h post-injection was greatly 

diminished in these nuclei, except for the PVp where c-fos mRNA levels were 

comparable to the levels at 2h post-injection. 

 

There was a strong c-fos mRNA activation in some hypothalamic areas such as the SO 

and PVN 2h after LPS injection. At 4h post-injection, the signal for c-fos mRNA was 

considerably lower in the SO but remained elevated in the PVN. At 4h after LPS 

injection, there was a moderate activation of c-fos mRNA in the MPOA/LPOA, with 

the positive signal located mainly in what Elmquist et al [72-74] have designed as the 

ventromedial preoptic area (VMePOA). Low signal was observed in other 

hypothalamic nuclei such as PeV, suprachiasmatic (SCh), AH, Arc and DM at 2 h 

post-injection. The c-fos mRNA signal in these areas almost vanished at 4h post-

injection, except in the Arc where c-fos mRNA levels were increased, as explained 

above (see CVOs section). Similarly, there was a migratory-like pattern around the 

DM at 4h post-injection. 

 

 
Figure 34 (continues from previous page). parabrachial nucleus; ME, median eminence; OVLT, 
organum vasculosum of the lamina terminalis; PeV, periventricular hypothalamic nucleus; NST, 
nucleus of the solitary tract; Pir, piriform cortex; Pn, pontine nuclei; PVa, paraventricular 
thalamic nucleus, anterior division; PVN, paraventricular hypothalamic nucleus; PVp, 
paraventricular thalamic nucleus, posterior division; SFO, subfornical organ; SHy, 
septohypothalamic nucleus; SO, supraoptic nucleus; VC, ventral cochlear nucleus. 



 

TABLE 2. LPS-induced c-fos mRNA activation in the brain: effects of previous LPS experience

Veh LPS 2h LPS 4h Veh LPS 2h LPS 4h

TELENCEPHALON
Claustrum (Cl) + +/- +/- + + +/-

+ + - + + -
Piriform cortex (Pir) ++ ++/+++ +/++ ++ ++/+++ +/++
Lateral septal nucleus (LS) - +/- +/- - +/- +/-
Organum vasculosum of the lamina terminalis (OVLT) - ++/+++ M - ++ M
Bed nucleus stria terminalis, lateral div (BSTL) - ++/+++ + - ++/+++ +/-
Septohypothalamic nucleus (SHy) - ++ +/- - +/++ +/-
Sufornical organ (SFO) - ++++ M - +++/++++ M
Central amygdaloid nucleus (CeA) - +++ + - ++/+++ +/-

CA1 +/- +/- - +/- +/- -
CA2 +/- + - +/- + -
CA3 +/- + - +/- + -
Dentate gyrus (DG) - - - - - -

DIENCEPHALON

Anterodorsal thalamic nucleus (AD) +/- +/++ + +/- +/++ +/-
Anteroventral thalamic nucleus (AV) +/- +/++ + +/- +/++ +/-
Central medial thalamic nucleus (CM) - +/- - - +/- +
Paraventricular thalamic nucleus, anterior (PVa) - +/++ + - +/++ +
Paraventricular thalamic nucleus, posterior (PVp) - ++/+++ ++/+++ - ++/+++ ++
Lateral habenular nucleus, medial (LHbM) - +/++ + - + +/-
Lateral geniculate nucleus, dorsal and ventral (DLG +/- + - +/- +/- -
Medial geniculate nucleus (MG) +/- + - +/- +/- -

(-) undetectable; (+) low; (++) moderate; (+++) strong; (++++) very strong
(M) indicates a migratory-like pattern (diffuse signal)

AREA

Neocortex (Ctx)

CONTROL LPS 4wk

Hippocampal formation

Thalamus



 

TABLE 2 (continued). LPS-induced c-fos mRNA activation in the brain: effects of previous LPS experience

Veh LPS 2h LPS 4h Veh LPS 2h LPS 4h

Medial preoptic area (MPOA) - + +/- - +/- +/-
Lateral preoptic area (LPOA) - + +/- - +/- +/-
Periventricular hypothalamic nucleus (PeV) - +/- - - +/- -
Supraoptic nucleus (SO) - +++ + - ++/+++ +
Suprachiasmatic nucleus (SCh) +/- +/- - +/- +/- -
Anterior hypothalamic area (AH) - +/- +/- - +/- +/-
Paraventricular hypothalamic nucleus (PVN) - ++++ ++/+++ M - ++++ ++ M
Median eminence (ME) - +++/++++ M - +++ M
Arcuate hypothalamic nucleus (Arc) - +/- ++/+++ M - +/- ++ M
Dorsomedial hypothalamic nucleus (DM) - + + M - + + M

Subthalamic nucleus (STh) - +/- - - +/- -

MESENCEPHALON
Central (periaqueductal) grey (CG) - +/- - - +/- -

PONS
Pontine nuclei (Pn) + +++ +/++ + +++ +/++
Dorsal raphe nucleus (DR) - +/- +/- - +/- +/-
Laterodorsal tegmental nucleus (LDTg) - + - - + -
Lateral parabrachial nucleus (LPB) - +++/++++ +/++ - +++/++++ +/++
Superior paraolivary nucleus (SPO) - +/- - - +/- -
Locus coeruleus (LC) - +/++ ++/+++ - +/++ +/++
Facial nucleus (7) - + - - + -
Area postrema (AP) - ++++ M - +++/++++ M

(-) undetectable; (+) low; (++) moderate; (+++) strong; (++++) very strong
(M) indicates a migratory-like pattern (diffuse signal)

LPS 4wkCONTROLAREA

Hypothalamus



 

TABLE 2 (continued). LPS-induced c-fos mRNA activation in the brain: effects of previous LPS experience

Veh LPS 2h LPS 4h Veh LPS 2h LPS 4h

MEDULLA
Ventral cochlear nucleus (VC) - +/++ + - +/++ +
Dorsal cochlear nucleus (DC) - +/++ + - +/++ +
Raphe pallidus nucleus (RPa) - - + - - +/-
Spinal trigeminal nucleus (Sp5) - + - - + -
Medial vestibular nucleus (MVe) - ++ +/++ M - ++ +/++ M
Nucleus of the solitary tract (NST) - +++/++++ +++/++++ M - +++ +++ M
Ventrolateral medulla (VLM) - + +/++ - + +
External cuneate nucleus (Ecu) +/- + + +/- + +
Cuneate nucleus (Cu) +/- + + +/- + +

NON-NEURAL COMPONENTS
Meninges (lepto) - - ++/+++ - - ++
Choroid plexus - - +/++ - - +
Ependymal cells of ventricles - - ++/+++ - - ++
Subependymal zone - - +/++ - - +

(-) undetectable; (+) low; (++) moderate; (+++) strong; (++++) very strong
(M) indicates a migratory-like pattern (diffuse signal)

AREA CONTROL LPS 4wk
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Brain Stem – There was no activation of c-fos mRNA in any mesencephalic area, 

except for a very low activation in CG at 2h post-injection. In contrast, several 

pontine areas displayed c-fos mRNA activation after LPS. At 2h post-injection, there 

was a strong signal for c-fos mRNA in the Pn, LPB and, as previously described, the AP 

(see CVOs section). A moderate positive signal was detected in the LC. There were 

other areas displaying low to very low c-fos mRNA levels, such as the DR, LDTg, SPO 

and 7. At 4h post injection, the amount of c-fos mRNA signal was considerably 

reduced in Pn and LPB and was back to basal levels in LDTg, SPO and 7. There were 

still detectable but very low levels of c-fos mRNA in the DR. As explained above, the 

signal from AP was now vanished and there was a positive signal around this area, in 

a migratory-like pattern. Surprisingly, c-fos mRNA levels in LC were increased at 4h as 

compared to 2h post-injection. 

 

Some medullary nuclei were also activated 2h after LPS injection. Nonetheless, only 

the NST displayed a very strong activation. The VLM, MVe and DC/VC displayed a 

moderate signal. The other areas activated, such as the Sp5, ECu and Cu, displayed 

a very low positive signal. At 4h post injection, there was still a high c-fos mRNA signal 

in the NST, although this time it seemed to migrate from the AP (see CVOs section). 

The same happened in the MVe, where there was a medium to low signal in a 

migratory-like pattern. There was still a positive signal in DC/VC, VLM, Ecu and Cu. The 

signal in Sp5 was not detectable any more. In contrast, a very low but positive signal 

was detected in the RPa. 

     

Semiquantitative analysis of c-fos mRNA levels in different brain areas after LPS 

administration: effects of a previous LPS experience 

 
In order to elucidate whether or not LPS-induced c-fos mRNA activation in the brain 

was influenced by a previous LPS injection, some of the nuclei described above were 

selected for semiquantification of c-fos mRNA levels under dark field illumination. This 

selection was done after qualitative analysis of c-fos mRNA activation in all the brain 

areas described above (analysis de visu, Table 2). The areas either appearing to be 

greatly influenced by a previous LPS experience or expected to play an important 

role in LPS-induced HPA axis activation were the ones chosen for semiquantification. 

Nonetheless, some of these areas were not subjected to quantification because (i) 

the amount of signal was already very low in the control group (LHbM, DLG/VLG, 

MG), (ii) there was a diffuse pattern of activation (Arc) or (iii) it was difficult to chose a 

comparable area of activation among the different animals (leptomeninges, choroid 

plexus, ependymal cells, subependymal zone). In general, these areas tended to 
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display a lesser c-fos mRNA activation in previously LPS-injected animals when 

compared to the control group. This tendency was found either at 2h post-injection 

(DLG/VLG, MG), 4h post-injection (Arc, VLM, leptomeninges, choroid plexus, 

ependymal cells, subependymal zone) or at both time points (LHbM).    

 

Figure 35. Representative dark-field photomicrographs of the c-fos mRNA activation in the 
circumventricular organs (CVOs) after an acute LPS injection. As explained in the text, there 
was a migratory-like pattern of the signal for c-fos mRNA at 4h post-injection, likely as a reflex of 
the activation of cells neighbouring the CVOs at that time point. Abbreviations: AP, area 
postrema; Me, median emienence; OVLT, organum vasculosum of the lamina terminalis; SFO, 
subfornical organ. Magnification: 60X. 
 

Two-way ANOVAs of c-fos mRNA levels in the four CVOs (Figures 35 and 36) did not 

show significant effects of previous treatment, but revealed significant effects of time 

point (p<0.001 in all CVOs), without a significant interaction between the two main 

factors. Signal quantification of c-fos mRNA levels in the BSTL (Figures 37 and 39) 
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SFO

ME 

OVLT 

AP

c-fos mRNA
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revealed significant effects of previous treatment and time point (two-way ANOVA, 

p<0.03 and p<0.001, respectively) but not of their interaction, the previous experience 

with LPS reducing the c-fos mRNA response to the last LPS administration. Two-way 

ANOVA of c-fos mRNA levels in the CeA (Figures 38 and 39) revealed significant 

effects of previous treatment and time point (p at least <0.005) but not of their 

interaction, with a reduced c-fos mRNA response to LPS in previously LPS-injected 

animals 4 weeks before. Quantification of c-fos mRNA levels in the PVa (Figure 37) 

and PVp revealed no significant effects of previous treatment, time point or their 

interaction (two-way ANOVA). 
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Figure 36. Effects of a previous LPS injection on the LPS-induced c-fos mRNA activation in the 
circumventricular organs (CVOs) 4 weeks later. Basal c-fos mRNA levels were not determined 
due to the almost undetectable signal. Results are expressed as mean ± SE (n = 4-7 per group). 
AU: arbitrary units (pixel area x sum grey). Abbreviations: AP, area postrema; ME, median 
emienence; OVLT, organum vasculosum of the lamina terminalis; SFO, subfornical organ. 
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Figure 37. Representative dark-field photomicrographs displaying the effects of a previous LPS 
injection 4 weeks before on c-fos mRNA expression in the lateral division of the bed nucleus of 
the stria terminalis (BSTL) 2h or 4h after a new LPS injection. Control (CTR, stress-naïve) animals 
received Veh on day 1. The legend should be read as “previous treatment-day 28 treatment”, 
e.g. Veh-Basal are animals that received Veh on day 1 and were sacrificed under basal 
conditions on day 28. Magnification: 60X. 
 

 
Figure 38. Representative dark-field photomicrographs displaying the effects of a previous LPS 
injection 4 weeks before on c-fos mRNA expression in the central amygdala (CeA) 2h or 4h 
after a new LPS injection. Control (CTR, stress-naïve) animals received Veh on day 1. The 
legend should be read as “previous treatment-day 28 treatment”, e.g. Veh-Basal are animals 
that received Veh on day 1 and were sacrificed under basal conditions on day 28. 
Magnification: 60X. 
 

Figure 39 displays c-fos mRNA levels in the SO. Two-way ANOVA showed no significant 

effect of previous treatment, but revealed significant effects of time point (p<0.001) 

and their interaction (p<0.03). No differences among SO c-fos mRNA levels were 

found between control and previously-stressed rats, despite a marginal tendency of 

previously LPS-injected animals to display lower levels at 2h post-injection when 

compared to stress-naïve animals (t-test, p=0.078). 
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Figure 39. Effects of a previous LPS injection on the LPS-induced c-fos mRNA activation in 
different thalamic, hypothalamic and limbic structures 4 weeks later. Basal c-fos mRNA levels 
were not determined due to the almost undetectable signal. Results are expressed as mean ± 
SE (n = 4-7 per group). AU: arbitrary units (pixel area x sum grey). Abbreviations: BSTL, bed 
nucleus of the stria terminalais, lateral division; CeA, central amygdala; mPVN, magnocellular 
paraventricular hypothalamic nucleus; pPVN, parvocellular paraventricular hypothalamic 
nucleus; PVa, paraventricular thalamic nucleus, anterior division; SO, supraoptic nucleus. # 
p<0.02 vs control group; (#) indicates marginally significant effects (0.05< p <0.1) vs control 
animals (two-way ANOVA, post-hoc analysis with t-test). 
 

The analysis of the effects of previous stress exposure on the c-fos mRNA levels in the 

whole PVN after LPS injection has been already described in Chapter 3. Of interest is 

the difference in the c-fos mRNA signal in this nucleus between 2 and 4 h post-

injection, since at the latter time point a migratory-like pattern was detected, the 
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signal being less compact and more diffuse than 2h before. We wanted to make a 

more detailed analysis of c-fos mRNA activation in this nucleus by measuring 

separately the parvo and magnocellular subdivisions (Figure 39). In the mPVN, two-

way ANOVA revealed significant effects of previous treatment and time point (p<0.03 

and p<0.001, respectively) but not of their interaction, with a reduced c-fos mRNA 

response to LPS in animals previously given LPS 4 weeks before. Two-way ANOVA of c-

fos mRNA levels in the pPVN did not show a significant effect of previous treatment, 

but there were significant effects of time point and their interaction (p<0.001 and 

p<0.03, respectively). Further comparisons within the same time point showed no 

differences at 2h post-injection, but a significant reduction of c-fos mRNA levels in 

previously LPS-injected animals at 4h post-injection when compared to the stress-

naïve animals (t-test, p<0.04). 

 

Figure 40. Representative dark-field photomicrographs displaying the effects of a previous LPS 
injection 4 weeks before on c-fos mRNA expression in the locus coeruleus (LC) 2h or 4h after a 
new LPS injection. Control (CTR, stress-naïve) animals received Veh on day 1. The legend should 
be read as “previous treatment-day 28 treatment”, e.g. Veh-Basal are animals that received 
Veh on day 1 and were sacrificed under basal conditions on day 28. Magnification: 60X. 
 

Figures 40 and 41 show c-fos mRNA levels in the LC. Two-way ANOVA revealed a 

significant effect of previous treatment (p<0.005) and marginally significant effects of 

time point and their interaction (p=0.090 and p=0.052, respectively). Comparisons 

within the same time point revealed no differences between stress-naïve and 

previously LPS-injected animals at 2h post-injection. Nonetheless, at 4h post-injection 

there was a significant reduction of c-fos mRNA levels in the animals with a previous 

LPS experience when compared to stress-naïve animals (t-test, p<0.01). 

 

C-fos mRNA levels were also quantified in the NST (Figure 41). Two-way ANOVA 

revealed no significant effects of previous treatment, time point or their interaction. 
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Finally, c-fos mRNA levels in the RPa were also measured at 4h post-injection (Figure 

41), and no differences were found between control and previously LPS-injected rats 

(t-test).          
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Figure 41. Effects of a previous LPS injection on the LPS-induced c-fos mRNA activation in the 
locus coeruleus (LC), nucleus of the solitary tract (NST) and raphe pallidus (Rpa) 4 weeks later. 
Basal c-fos mRNA levels were not determined due to the almost undetectable signal. Results 
are expressed as mean ± SE (n = 4-7 per group). AU: arbitrary units (pixel area x sum grey). # 
p<0.01 vs control group (two-way ANOVA, post-hoc analysis with t-test). 
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DISCUSSION 

We previously described that a single exposure to both IMO and LPS is able to modify 

the future response of the HPA axis to the same stimulus. It has already been 

mentioned that these two stressors are greatly differing in nature, activating the HPA 

axis through different routes, IMO being categorised as an emotional stimulus and LPS 

as a systemic stimulus [231]. Of interest is the fact that both stressors can affect the 

HPA response in the long-term, but the mechanisms through which each of these 

stressors can reduce this response are not known. In order to elucidate if the brain 

nuclei involved in this phenomenon are or not the same depending on the stimulus 

applied, we have analysed, as a first approach, the stress-induced c-fos mRNA 

activation throughout the whole brain in both stress-naïve and previously-stressed rats. 

 

Under basal conditions, there was an almost undetectable signal for c-fos mRNA, 

whereas the stress-induced c-fos mRNA activation in the brain to an acute stress 

exposure (control groups), either to IMO or LPS, was in accordance to previous studies 

using similar stressors (for reviews, see [231, 246]). There was a very different pattern of 

stress-induced c-fos mRNA activation depending on the stimulus used. 

 

Activation of c-fos mRNA in the brain after acute IMO or LPS exposure 

Similarly to restraint [46], 1h of IMO in control animals induced a wide c-fos mRNA 

expression in the brain: a prominent activation was found in the cerebral cortex, 

subcortical limbic structures (LS, BSTMv, MeA), thalamic nuclei (AD, PVa/PVp, CM, 

LHbM, among others), hypothalamic areas (e.g. preoptic and posterior hypothalamic 

areas and SO, PVN, DM and premamillary nuclei) and brain stem nuclei (CG, DR, 

LPB/MPB, LC and DC/VC). At 1h post-stress, c-fos mRNA levels remained equal or 

were slightly reduced in most of these areas, although in some nuclei there was a 

greater reduction of c-fos mRNA levels (LS, some thalamic nuclei, LPB/MPB). 

Nonetheless, some areas displayed higher c-fos mRNA levels at this time point, such 

as the PVa, LC, PMV/PMD and DR. Interestingly, c-fos mRNA levels in some divisions of 

the hippocampal formation were only detectable in the post-stress period, in 

accordance with other studies [46]. 

 

This widespread activation of brain areas by IMO is in accordance to the proposed 

central stress circuits of emotional stressors such as restraint, footshock, fear 

conditioning and novel enviroment [96, 231, 246]. These stressors would activate 

cortical and limbic areas that in turn would process and convey this activation to the 
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PVN. In fact, lesions of PFC, hippocampus and amygdala have been shown to alter 

the HPA axis response to different neurogenic stressors (reviewed in [96, 246]). 

 

The observed c-fos mRNA activation induced by LPS was in accordance with 

previous studies with LPS or IL-1β [74, 94, 214], and very different from that observed 

after IMO. At 2h after LPS injection, there was a strong activation of all the CVOs, 

together with a very slight activation of the cerebral cortex and a strong c-fos mRNA 

expression in the BSTL and the CeA. There was a discrete activation of some thalamic 

(AD/AV, PVa/PVp, LHbM) and hypothalamic nuclei (SO, PVN). In the brainstem, 

strong c-fos mRNA levels were found in the LPB and NST and, to a lesser extent, in the 

LC. At 4h post-injection, the pattern of c-fos mRNA activation changed quite 

dramatically. Most of the telecephalic and diencephalic nuclei activated before 

displayed very low to undetectable levels of this transcript, except for both the 

thalamic and hypothalamic paraventricular nuclei, were c-fos mRNA levels remained 

high. In some brainstem nuclei, c-fos mRNA was reduced but still detectable (Pn, LPB), 

whereas it was increased in the LC and NST. Interestingly, the signal in the CVOs 

(OVLT, SFO, ME, AP) disappeared and seemed to have migrated to the areas 

surrounding each of these organs (MPOA, fimbria, Arc and NST, respectively). In 

addition, there was a positive and strong activation of the leptomeninges, choroid 

plexus, ependymal cells of ventricles and subependymal zone. 

 

Most of the biological effects of LPS appear to be mediated through the recently 

characterised TLR4 [204, 207], which is constitutively expressed in the brain, mainly in 

leptomeninges, choroid plexus and CVOs [141]. LPS-induced c-fos mRNA activation in 

leptomeninges, ependymal cells and choroid plexus was only found at 4 h post-

injection. This delayed c-fos mRNA response is surprising considering that they show 

constitutive expression of TLR4 [141] and LPS induces the transcription of TNF-α, IL-1β, 

IL6, CD14 and IκBα in these structures [135, 140, 189, 206, 283]. Nevertheless, two 

distinct waves of c-fos mRNA activation have been observed in the above-

mentioned structures after IL-1β administration, with an intermediate silent period [94]. 

If this time course of activation is similar to the pattern of c-fos mRNA activation after 

LPS injection, we possibly might have lost the initial activation of c-fos mRNA caused 

by LPS in these structures. In fact a weak or null activation of c-fos mRNA in these 

structures has been reported 1 h after LPS administration in mice, with a greater 

activation at 4 h post-injection [282]. Whether or not there was an actual prompt 

activation of these structures in the present work is not known and therefore their role 

in the initial HPA response to LPS is uncertain. 
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The initial LPS-induced peripheral HPA axis activation is likely to be mediated by an 

action on the PVN taking into account the prompt activation of this nucleus [293] 

and the attenuated initial ACTH response to LPS in PVN-lesioned rats [71]. 

Combination of c-fos mRNA induction and retrograde labelling has been used to 

study the PVN-projecting neurons that are activated after LPS injection [73]. It is 

suggested that there are numerous nuclei directly contributing to the activation of 

the PVN such as the BST, OVLT and the surrounding MPOA, several intrahypothalamic 

nuclei and some brainstem areas, mainly the NST, LPB and VLM. Since we have 

observed a strong activation of the CeA and BSTL, an indirect contribution of the CeA 

through the BSTL to the activation of the PVN should not be disregarded [2]. However, 

the primary site of brain LPS-induced activation is unclear. Taking into account the 

presence of TLR4 and the strong c-fos mRNA induction after LPS injection in the CVOs 

[141], the primary target of LPS-induced brain activation may be these organs devoid 

BBB. The activation of the CVOs may be translated to other nuclei such as the NST, 

neighbouring the AP, or the PVN, which receives projections from the OVLT and SFO 

[193]. There are no direct projections from the CVOs to the CeA, suggesting that 

activation of CeA by LPS might arise through signals arriving from brainstem nuclei 

closely related to AP such as the NST and LPB [115, 209, 272].  

 

Differential pattern of c-fos mRNA activation in the brain after IMO or LPS exposure 

This pattern of c-fos mRNA activation caused by IMO or LPS is an indication of the 

routes involved in HPA axis activation for each of these stimuli, as it has previously 

been discussed [96, 231, 246]. Of interest is the differential activation of limbic nuclei 

such as the amygdala and BST depending on the stressor applied: whereas IMO 

induces c-fos mRNA expression in the MeA and BSTM, LPS induces it in the CeA and 

BSTL. This is in accordance with the structural organization of these nuclei: briefly, the 

major output from the MeA innervates the posterior division of the BST, but there are 

also projections from the MeA to the BSTM [66]. In turn, the CeA innervates 

predominantly the BSTL [66]. In addition, the BSTM and BSTL are considered an 

extension of the MeA and CeA, respectively [66]. The MeA is considered as part of 

the accessory olfactory system component of the amigdalar complex, involved in the 

control of innate reproductive, defensive and ingestive behaviours [258]. On the 

other hand, the CeA is considered the autonomic system component of the 

amigdalar complex, being a specialized region of the striatum that modulates 

autonomic motor outflow [258]. These neuroanatomic characteristics also correlate 

with functional studies showing that emotional stressors activate predominantly the 

MeA, whereas physical stressors activate mainly the CeA [56]. Additionally, MeA 
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lesions are able to reduce the PVN activation to a neurogenic stressor as restraint, 

whereas CeA lesions do not affect the PVN response to the same stressor [57] but are 

able to reduce the central HPA axis response to an immunological stressor such as IL-

1β administration [302]. Finally, the BSTM projects mainly to hypothalamic regions 

associated with the neuroendocrine system, whereas the efferents from the BSTL are 

autonomic-related regions of the hypothalamus and lower brainstem [66].  

 

Another important difference between LPS and IMO is the activation of c-fos mRNA in 

the CVOs and non-neural components by LPS, but not by IMO (except for the SFO, 

simulated by the two stressors). This suggests that these structures devoid BBB play an 

important role in the brain transduction of blood-borne signalling induced by LPS and 

cytokines, as previously discussed [38, 213], but not by IMO. The migratory-like pattern 

of c-fos mRNA signal after LPS injection is in accordance with a previous study using IL-

1β administration [94] and, interestingly, matches similar findings reported for other 

mRNAs such as the ones coding for TNF-α, CD14 and the receptor for the C3 protein 

of the complement system (C3aR) [135, 141, 187, 189, 190]. It has been suggested 

that this migratory-like pattern would reflect the spreading activation to cells of 

presumably myeloid origin neighbouring the CVOs [135]. Of interest is that c-fos 

mRNA, considered as a marker of neuronal activation, displays a similar pattern, at 

least with a high dose of LPS. Although we have not performed dual labelling studies 

to determine the nature of these cells and we cannot rule out the possibility of them 

being neurons, the signal was characterised by being very diffuse and not as strong 

and compact as in other areas of the brain with a high density of neurons. In 

addition, other studies have described the presence of c-fos mRNA in other cell types 

such as glia cells [23, 156], thus explaining the present results. 

 

Long-term effects of IMO on the brain c-fos mRNA response to the homotypic stressor 

Appart from the above considerations regarding the differential activation of c-fos 

mRNA by these two different stimuli in control animals, our main objective was to 

obtain a preliminary clue of the brain areas involved in the long-term effects of a 

single stress exposure. Considering the greatly differing pattern of neuronal activation 

depending on the stressor, and the fact that long-term effects of stress appear to be 

stressor-specific (see Chapter 2), the sites of neuronal plasticity accountable for the 

blunted CRF and c-fos mRNA response in the PVN may be different, depending on 

the stressor. Nonetheless, we cannot rule out the possibility that these sites could be 

common, since there are indeed common areas activated by both stimuli, like the 

PVN itself and other nuclei such as the SHy, SFO, AD/AV, PVa/PVp, LHbM, SO, Pn, LPB, 
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DC/VC and LC. Semiquantification of c-fos mRNA levels was performed in the areas 

thought to play an important role in HPA axis activation and/or found to be 

differentially activated in previously-stressed rats in a preliminary qualitative analysis. 

 

The c-fos mRNA response in previously immobilised rats both one or four weeks before 

(IMO 1wk and IMO 4wk groups, respectively) was not altered in most of the areas 

studied just after 1h of IMO, except for an increased activation in the BSTMv and a 

lesser activation in the LSv in IMO 1wk group. At 1h post-IMO there was a faster 

reduction of c-fos mRNA levels in the LSv to the same extent in both IMO 1 and 4wk 

groups, and also in the PVN and LC. In the PVN, the faster reduction was more 

accentuated in IMO 1wk than in IMO 4 wk group. A tendency to display greater c-fos 

mRNA levels in previously-stressed animals was also found in the CA1 subfield of the 

hippocampal formation. Finally, irrespective of the time point, there was a reduced c-

fos mRNA response in the MeA and NST in IMO 1wk group.  

 

The marginally enhanced c-fos mRNA activation in the CA1 division of the 

hippocampal formation suggests a partial role of this structure in the reduced HPA 

axis activation of previously-immobilised animals. It is known that the hippocampal 

formation exerts an inhibitory effect on the HPA axis activation, limiting the duration of 

the HPA axis response to stress [112], and these effects seem to be driven by the 

ventral subiculum [97]. Nonetheless, there are no anatomical data showing a direct 

connection between the ventral subiculum and the PVN. Instead, the ventral 

subiculum projects to different areas that in turn innervate the PVN, such as the BST, 

MPOA, DM and AH [48]. Whereas most of these PVN-projecting areas seem to be 

inhibitory, containing GABAergic neurons [48], projections from the ventral subiculum 

seem to be essencially excitatory [292]. Thus, the inhibitory effects of this area on the 

HPA axis activity seem to be mediated through the GABAergic activity of the areas 

that in turn innervate the PVN [32]. This structural and functional organisation would 

be consistent with the fact the c-fos mRNA response after IMO is enhanced in the 

BSTMv of previously-immobilised rats. The ventral division of the BSTM could then be 

one of the places of neuronal plasticity that would provoke a more rapid switch-off of 

the central HPA axis response through and increase of the inhibitory pathways to the 

PVN. In fact, the BST is considered as a source of local inhibitory inputs to PVN neurons 

[31]. 

 

Another area displaying differential c-fos mRNA activation in previously-immobilised 

animals is the LSv. This division of the lateral septal complex receives inputs from the 

ventral parts of the CA1 and subiculum, and has dense bi-directional connections 
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with the periventricular zone of the hypothalamus, including sparse connections with 

the medial pPVN [211]. It has been suggested that the lateral septal complex 

influences neuroendocrine responses through both indirect and direct routes 

projecting to the hypothalamus, since it has been shown to project to the AV, PeV, 

MPOA, DM and PMV [211]. The LSv has been related to visceromotor and endocrine 

responses and in modulation of ingestive behaviour [211]. In addition, a decrease in 

FLI in the LS has been found in learned helplessness, suggesting the importance of this 

area in mediating behavioural responses to inescapable stress [254]. 

 

Interestingly, the MeA, which is known to project to BSTMv [66] and it is also bi-

directionally connected with the LSv [211], was also affected by previous IMO 

exposure. Therefore, this area, generally agreed to be an important mediator of the 

HPA axis response to an emotional stressor [57], could be the main place of neuronal 

plasticity involved in the long-term effects of IMO. Furthermore, it has been suggested 

that the MeA would send projections to the BST through GABAergic neurons, thus 

limiting the inhibition of the PVN exerted by the BST [96]. This could explain the results 

described before, since a lesser activation of the MeA could explain the increased 

neuronal activity observed in the BSTMv. Finally, the decreased c-fos mRNA activation 

in the LC and NST appears to be secondary to the reduced activation of higher 

structures such as the MeA and the PVN, when taking into account the mechanisms 

of activation of mainly emotional stressors such as footshock [152].        

 

Long-term effects of LPS on the brain c-fos mRNA response to the homotypic stressor 

At 2h post-injection, there was only a marginal reduction of the c-fos mRNA response 

to LPS in the SO in animals previously given LPS 4 weeks before. There were more 

areas affected by previous LPS injection at 4h post-injection: a greater decrease of c-

fos mRNA levels was found in the CeA, BSTL, pPVN and LC. C-fos mRNA levels in the 

mPVN were reduced independently of the time point studied. Interestingly, 

qualitative analysis of the c-fos mRNA induction in leptomeninges, ependymal cells 

and choroid plexus suggested a slight reduction in rats having a previous experience 

with LPS. 

 

Although it has been shown that LPS-induced c-fos mRNA activation originates from 

neurons of the NST and LPB directly projecting to the CeA [272], a contribution of both 

areas to the long-term effects of LPS is unlikely since c-fos mRNA activation in these 

nuclei was not influenced by previous LPS injection. However, we suggest that these 

areas may be important for the processing of LPS signals, but the place of synaptic 
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plasticity, leading to a reduced response to the last LPS dose, may be the CeA (see 

below). The contribution of the VLM to the processing of LPS appears to be less 

important because a lower activation than that in LPB and NST was observed, in 

accordance with other reports (e.g. [89]), and there are few VLM neurons activated 

by LPS that project to CeA [272]. LPS induction of brain c-fos mRNA has been 

reported to be reduced by depletion of brain serotonin biosynthesis with 

paraclorophenylalanine (PCPA), an irreversible inhibitor of tryptophan hydroxylase 

[139]. However, we only observed a weak activation of some raphe nuclei (e.g. RPa) 

by LPS administration. In addition, c-fos mRNA in the RPa was only detected at 4 h 

post-injection and was not sensitive to a previous experience with the endotoxin. 

Therefore, a major role of the serotoninergic system either in the activation of the HPA 

axis caused by LPS or in the long-term effects of LPS appears to be unlikely, although 

a permissive role should not be disregarded. 

 

The only brainstem nucleus showing a differential activation depending on previous 

LPS experience was the LC: there was a reduced c-fos mRNA expression in this 

nucleus in previously LPS-injected animals. Nonetheless, the primary site of long-term 

stress-induced plasticity does not appear to be the LC since the main direct 

stimulatory inputs to the LC originate from the LPGi [284], which was not activated by 

LPS under our conditions, in accordance with a previous report [295]. Secondly, there 

are only limited connections between the LC and PVN [179, 234].  

 

We favour the hypothesis that the sensitivity of the LC to previous experience with LPS 

may be due to descending stimulatory inputs from proencephalic regions. The 

present results suggest a close relationship between CeA, BSTL and pPVN. The CeA 

may be the place of synaptic plasticity leading to a reduced response to LPS 

induced by a previous LPS experience. This area would in turn convey information to 

the PVN through BSTL [66, 233], thus resulting in a reduced HPA activation caused by 

another injection of LPS. In addition, the CeA, BSTL and PVN may well contribute to 

the activation of the LC since all of them send projections to the peri-LC region and 

dendrites of the LC neurons contact with peri-LC neurons [284], thus explaining the 

reduction of the c-fos mRNA response to LPS in previously LPS-injected animals. 

 

Conclusions 

From these results we observe that the only common areas affected by a previous 

exposure to the homotypic stimulus are the PVN and the LC. Nonetheless, taking into 

account the different mechanisms of brain activation by processive or systemic 



CHAPTER 4. c-fos mRNA activation in the brain after a single stress experience 
 

128 

stressors [96], we can hypothesise that the source the changes in the activation of 

these two nuclei might be different depending on the stressor, making it difficult to 

think that the changes in the PVN and LC would have a direct causal relationship. We 

hypothesise that in the case of IMO, the main site of synaptic plasticity would be the 

MeA, together with the LSv, and in the case of LPS, it would be the CeA. The changes 

in the activation in the MeA-LSv and CeA would account, respectively, for the 

changes observed in the BSTMv and BSTL, the area generally agreed to function as a 

relay of limbic information to the PVN. The mechanisms involved in the long-term 

effects of stress on HPA axis activation seem to relay in different brain areas, in 

accordance with the differential mechanisms of HPA axis activation by stressors of 

different nature [96]. These results support our previous findings (Chapter 2) suggesting 

that the long-term effects of stress are stressor-specific. However, it is clear that the 

limbic system plays a dominant role in the long-term effects of stress, supporting the 

idea that these effects could be a form of memory linked to stressful (or even 

traumatic) events. Clearly, more studies will be necessary in order to fully elucidate 

the mechanisms involved in this phenomenon, although the present results have 

allowed defining some of the possibly involved areas.    
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A previous report from our laboratory has demonstrated that a single exposure to an 

emotional stressor of high intensity such as IMO is able to modify the forthcoming HPA 

axis response to the same stressor days to weeks later [175]. In the present work we 

have extended our studies on this phenomenon and established that a single high 

dose of a systemic stressor with immune characteristics such as LPS exerts similar 

effects on the response of the HPA axis to a new LPS injection. Furthermore, we have 

also performed a more detailed description of the effects of a single IMO or LPS 

exposure on the transcriptional activation in the PVN after a new exposure to the 

homotypic stressor. At the peripheral HPA level, these effects are characterised by a 

faster recovery of basal ACTH and corticosterone levels after the second exposure to 

the stressor. Whereas the peripheral effects take place in a few days after the first 

stress experience, an incubation period of at least 4 weeks is needed to observe the 

reduced response at the central level of the HPA axis, as determined by the measure 

of CRF mRNA and CRF hnRNA in the PVN, the main regulatory output site of HPA axis 

activity. Interestingly, the neuronal activity of this hypothalamic nucleus is already 

reduced 1 week after the first stressful experience, as shown by the determination of 

the mRNA for the IEG c-fos. In addition, LPS not only affects the HPA axis response, but 

also modifies other physiological parameters: previous LPS injection reduces the 

degree hypothermia and the peripheral TNF-α response to a new LPS administration. 

Generally speaking, these long-term effects of stress appear to be stressor-specific, 

since no cross-desensitisation has been found between IMO and LPS. 

 

The fact that we were able to generalise our previous findings with IMO to a different 

stressor such as LPS is of great importance since it shows that long-term stress-induced 

desensitisation is not restricted to a single particular stressor, indicating that this 

phenomenon is an important one regarding the long-term consequences of stress. In 

fact, Rivier and co-workers have shown that a different stimulus such as intragastric 

alcohol administration, which also stimulates per se the HPA axis, is also able to 

desensitise the central and peripheral HPA axis response to a new exposure to the 

same compound 1 week later [144, 147]. There are many common features between 

these studies with ethanol administration and our studies with IMO and LPS. At the 

peripheral level, there is a faster recovery of ACTH and corticosterone basal levels 

after the new exposure to the homotypic stimulus ([144, 147, 175], present results). At 

the central level, there is a desensitisation of the CRF hnRNA and CRF and c-fos mRNA 

response in the PVN of previously-stressed animals. Nonetheless, whereas the 

reduction of the CRF mRNA and c-fos mRNA response in this nucleus is observed with 

both IMO and LPS, we failed to detect any significant changes in the levels of CRF 

hnRNA after LPS in previously LPS-injected animals, in contrast to what has been 
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observed with IMO and ethanol administration. We fail to understand the reason of 

these apparently contradictory results, since there was indeed a blunted response of 

PVN CRF mRNA to LPS in previously LPS-injected animals. It might be that the different 

mechanisms of HPA axis activation depending on the category of the stressor could 

be the reason to explain this differences. Additionally, it could be that the blunted 

CRF mRNA response after LPS in previously LPS-injected animals would not be 

explained by a reduction of the transcriptional activity of this gene, but rather by a 

alternative mechanisms at the post-transcriptional level. It is clear that more studies 

will be necessary to confirm these results and rule out possible technical problems 

that might have brought these rather surprising results.  

 

Interestingly, both the studies with ethanol [147] and the present results with IMO and 

LPS did not show any long-term effects on the AVP hnRNA response in the PVN. 

However, ethanol pre-administration reduces the AVP, and also CRF, protein levels in 

both the external and internal zones of the ME [147]. It would be indeed very 

interesting to extend our studies by measuring CRF and AVP protein levels in the ME 

with IMO and LPS in order to establish the possible similarities or discrepancies 

between these stress models in the long-term consequences of stress on HPA axis 

activity. However, a modified transcriptional activation in the PVN does not 

necessarily have to be linked to changes in the release of PVN neuropeptides at the 

level of the ME, since mechanisms regulating neuropeptide synthesis are different 

from those regulating their release. 

  

The role of the receptors for these neuropeptides in the long-term effects of stress 

should not be disregarded either. In particular, measurement of CRF1 receptor levels 

in the PVN and pituitary would be of great potential interest because of its suggested 

role in the regulation of HPA axis activity by means of positive (in the PVN) and 

negative (in the pituitary) feedback mechanisms [68, 106, 168]. In fact, ethanol pre-

administration has been shown to reduce the ethanol-induced CRF1 receptor mRNA 

activation in the PVN [147]. Nonetheless, preliminary studies from our laboratory failed 

to detect any differences in the degree of LPS-induced PVN CRF1 receptor mRNA 

activation in previously LPS-injected animals (data not shown). 

 

A very important feature of the long-term effects of ethanol, IMO and LPS, is that it 

appears to be a phenomenon of selective neuroendocrine tolerance. That is, the 

three stimuli have failed to modify the HPA response to a superimposed heterotypic 

stimulus in the long-term. Previous ethanol injection did not affect the ACTH response 

to an emotional stimulus such as electric shock [144] or an immunological one, such 
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as IL-1β or LPS administration [217]. Similarly, our previous results showed that previous 

IMO is not able to modify the peripheral HPA axis response to forced swimming [175]. 

In the present work, either previous IMO or LPS exposure also failed to affect both the 

central and peripheral HPA axis responses to the respective heterotypic stressor. 

Nonetheless, some non-specific features have also been found with ethanol and 

IMO. A small sensitisation of LPS-induced plasmatic IL-6 levels and an increase of the 

IgG response to an antigenic challenge have been found one week after ethanol 

administration [217]. In the present work we also found a non-specific desensitisation 

of the PVN c-fos mRNA after LPS injection in previously immobilized animals. In 

addition, whereas a previous LPS exposure failed to alter the tonic GR mRNA levels in 

the hippocampal formation, a previous IMO session induced, 4 weeks later, a small 

but detectable increase of this transcript in the DG. The exact meaning of these 

minor non-specific effects is, at present, unknown, and more studies would be 

necessary in this regard. 

 

The consistence of all these results regarding the long-term desensitisation of the HPA 

activity by previous stress exposure clearly suggests that this is an important 

phenomenon. Nonetheless, we cannot overlook that other researchers have 

described a long-term sensitising effect of a previous stress experience on the HPA 

axis activity. For instance, two weeks after a single short session of footshock there was 

a tonic increase in the AVP, but not CRF, immunoreactivity in the ZEME and a 

sensitised initial (6 minutes after stress) ACTH, but not corticosterone, response to a 

new stressor such as the noise test [285]. In a separate report they confirmed their 

results regarding AVP immunoreactivity in the ZEME, although, differently from what 

they previously described, footshock was also able to increase CRF stores in the ZEME 

both 7 and 11 days after the stressful experience [237]. These results suggest that the 

detection of the changes observed in the long-term might depend on subtle 

differences that seem to be difficult to control. These authors have also indicated that 

not all stressful stimuli are able to modify the AVP levels in the ZEME in the long term 

[237], indicating that the nature of the stressor might be an important factor to 

consider in this phenomenon. 

 

Interestingly, some of the results obtained by Tilders and co-workers share some 

characteristics with our present results. For instance, both ACTH and corticosterone 

levels were significantly reduced 1h hour after noise in previously-shocked animals 

when compared to stress-naïve animals [285]. Although this finding is not specific for 

the stressor used, differently from the present results, the pattern of peripheral HPA axis 

activity is similar to what we have described with IMO and LPS, since our results show 
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no ACTH and corticosterone desensitisation at the initial period after stress but at the 

post-stress period ([175], present results). In addition, the binding capacity of both GR 

and MR in the hippocampus was increased by previous shock exposure 2 weeks 

before [285], suggesting the possibility for an increased efficacy of negative 

feedback. 

 

This wide range of possibilities regarding the direction (sensitisation/desensitisation) of 

the changes produced by a single stress exposure in the long-term is indeed 

intriguing. We suggest that one important factor involved in the direction of the 

changes, apart from the nature of the stressor already suggested, might be the 

intensity of the stressor applied. Regarding the type of stressor, we have found 

desensitising effects of IMO or LPS on the peripheral HPA axis to the same stressor. In 

contrast, a metabolic challenge such as insulin injection in fasted rats does not affect 

the future peripheral HPA axis response to the same stressor (data not shown). 

Regarding the intensity of the stressor, whereas those reports describing sensitising 

effects of stress use rather mild stressors (short stress exposure or low dose of 

LPS/cytokine), we have used very intense stressors. The possibility remains that the 

intensity of the first stress exposure would be crucial in determining the direction of the 

future induced changes. Additionally, the intensity of final stressor could also be 

important, since a highly intense stressor might produce a maximal hormonal 

response, thus masking the possible sensitising effects of previous stress. In a pilot 

experiment, we addressed these two issues by administering either a low (0.01 mg/kg) 

or a high (1 mg/kg) dose of LPS on day 1 and, one week later, we evaluated the 

ACTH response to the low dose of LPS. Animals that had received a previous high 

dose of LPS showed long-term desensitisation to a low dose of the same stimulus. 

However, the group receiving a low LPS dose on day 1 showed a non-significant 

tendency to display a sensitised ACTH response to another low those of LPS. These 

results have similarities with the long-term sensitising effects of low doses of TNF-α or 

LPS (0.005 mg/kg) on the HPA axis response to TNF-α and/or LPS [91-93], although, in 

this case, the effects of LPS (in contrast to the effects of TNF-α) have not shown to be 

extremely long-lasting [92]. Clearly, more studies will be necessary to fully elucidate 

the importance of stress intensity on the direction of the long-term observed changes. 

Nonetheless, at least one previous study supports our view, since it has been shown 

that a single exposure to stressors of low or high intensity is able to increase or 

decrease, respectively, the future response of the animals to haloperidol [4]. 

 

In spite of the differences that we have been previously discussing, there is an 

underlying and very important common feature in the long-term effects of a single 
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stress exposure: independently of the direction (sensitisation/desensitisation) of the 

changes, the effects develop slowly (days to weeks) and are extremely long-lasting 

(weeks). This indicates that this phenomenon is not a pure biochemical adaptation 

but, instead, some kind of maturational process takes place, similar to the process of 

consolidation of long-term memory [178]. Intriguingly, our results show a clear 

temporal dissociation between the central and peripheral levels of the HPA axis when 

taking into account the development of this long-term desensitisation. Whereas a 

more rapid recovery of basal ACTH and corticosterone levels after IMO or LPS is 

already evident 1 week after the initial exposure to the homotypic stimulus, or even 

sooner [175], an incubation period of at least 4 weeks is necessary to detect any 

changes in the levels of CRF mRNA in the PVN. 

 

We also measured the transcriptional activity of the CRF gene by means of the 

recently developed intronic technology, and failed to detect any signs of 

desensitisation of the CRF hnRNA response to IMO in previously immobilised animals 1 

week before, in contrast to the group stressed 4 weeks before, which showed 

reduced CRF hnRNA levels after IMO when compared to the animals without any 

previous experience with stress. Interestingly, the IMO-induced response of c-fos 

mRNA in the PVN showed clear signs of desensitisation at 1 week after the first IMO 

exposure, in parallel with the dynamics of the phenomenon at the peripheral HPA 

level. The effect of previous IMO on c-fos mRNA induction in the PVN partially 

evanished 4 weeks after the first stress experience, similarly to plasma ACTH, whereas 

plasma corticosterone showed the same pattern both 1 and 4 weeks after the first 

IMO session. These data suggest that c-fos mRNA might be an index of ACTH, but not 

corticosterone release, and that there is a partial dissociation between both 

hormones. The dissociation between ACTH and corticosterone is not a new 

phenomenon in the field of the HPA axis [290] although its true physiological meaning 

in specific conditions has not been properly explored. 

 

Assuming that c-fos mRNA induction is a marker of the degree of neuronal activation 

caused by stimulatory inputs arriving at the PVN, it is clear that previous exposure to 

IMO induced a dissociation between the activation of PVN neurons leading to the 

release of ACTH secretagogues into the pituitary portal blood and the expression of 

c-fos mRNA, and particularly CRF mRNA and hRNA. From a mechanistic point of view, 

such dissociation is not surprising. Some reports have shown that some stressors are 

able to activate the release of HPA hormones with no effect on c-fos mRNA induction 

in the PVN (e.g. [40]), suggesting that some stimulatory signals to the PVN are of 

enough magnitude to activate the release of HPA hormones but not to induce a 
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significant increase in c-fos mRNA expression. Similarly, it has been demonstrated, 

using hypovolemia as a stressor, that the threshold for the release of ACTH is lower 

than that for the induction of CRF gene expresion in the PVN [264].  

 

From the present results, it appears that a single stress experience results in a less 

sustained stimulation of PVN neurons when the animals were confronted again with 

the same stressor. Since both the peripheral and central HPA axis response to a novel 

stressor is normal in previously stressed rats (present results, [175]), it is unlikely the main 

locus of the long-term changes caused by the first exposure to stress would be the 

PVN itself. More likely, the differential response observed in the PVN of previously 

stressed rats could be the result of changes in the inputs reaching the PVN from other 

brain areas involved in the processing particular stimuli [96]. In order to elucidate the 

areas involved in this phenomenon, we studied the IMO and LPS-induced degree of 

neuronal activation by measuring c-fos mRNA levels throughout the whole brain in 

rats previously subjected to the homotypic stimulus. 

 

Due to the greatly different nature of these two stressors and their mechanisms 

regarding HPA axis activation, IMO and LPS induced a very different pattern of c-fos 

mRNA activation, in accordance with previous studies (e.g. [231, 246]). IMO induced 

a wide expression of this IEG in the whole brain, including the cortex, limbic system (LS, 

BSTMv, MeA, hippocampus), many thalamic and hypothalamic nuclei and brainstem 

nuclei. In contrast, the pattern of c-fos mRNA expression after LPS was limited to a few 

limbic areas (CeA, BSTL), a lesser number of thalamic and hypothalamic nuclei and 

also to the CVOs (areas of the brain devoid BBB), and meninges. 

 

As hypothesised, a previous experience with the homotypic stimulus induced a 

differential activation of some of these brain nuclei. In previously immobilised animals, 

a reduction of the c-fos mRNA response was found in the LSv, MeA, PVN, LC and NST, 

together with an increased expression of this IEG in the BSTMv and a tendency 

towards it in the CA1 subfield of the hippocampal formation. In contrast, the areas 

displaying differential LPS-induced c-fos mRNA activation in previously LPS-injected 

animals included the CeA, BSTL, PVN and LC. As previously discussed (see Chapter 4), 

we suggest that the sites of synaptic plasticity would be different depending on the 

stimulus applied. In previously immobilised animals the areas involved would be the 

LSv, MeA and BSTMv, whereas the CeA, together with the BSTL, would be the ones in 

previously LPS-injected rats. The changes observed in brainstem nuclei (LC, NST) 

would be regarded as a secondary consequence of the reduced activation of 
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higher brain structures such as the PVN, rather than being the primary site of synaptic 

plasticity involved in the long-term effects of stress.  

 

These results are roughly in accordance with a previous study regarding the 

differential FLI found after a novel stress in animals previously exposed to footshock 

[34]. As previously described, footshock is known to induce neuroendocrine, 

behavioural and autonomic sensitisation in the long-term [35, 36, 237, 241, 252, 253, 

285]. In accordance with these sensitisation effects, a previous experience with this 

stressor induced a greater FLI in different brain areas, including the BST, basolateral 

amygdala (BLA), CA1 hippocampal subfield, PVN and LC, among others. These 

findings, together with the present results, suggest that the main sites of synaptic 

plasticity involved in the long-term changes produced by a single stress experience 

would mainly involve integrative and effector areas related to the limbic system. We 

suggest that the nature of the stressor is a determining factor regarding the exact sites 

of plasticity, but the fact that limbic-related areas seem to play a main role in this 

phenomenon is very interesting and suggests that we are dealing with some form of 

memory related to particularly severe stressors. Now that some of the presumably 

important areas regarding long-term consequences of stress have been described, 

the next step would be to lesion some of these areas and study if the phenomenon 

can be abolished. It would also be important to determine the neurotransmitter 

systems involved, using selective antagonists locally injected in the area/s of interest 

in order to find pharmacological tools to block the phenomenon.    

 

In sum, we have reported that an intense single stress experience of either emotional 

or systemic nature can induce alterations on the future neuroendocrine stress 

response of the animals to the same, but not to a novel stimulus. These changes are 

characterised by a slowly developing and long-lasting HPA desensitisation that can 

be extended to other physiological variables. Study of c-fos mRNA activation 

throughout the brain suggests that limbic-related areas might be the sites of synaptic 

plasticity involved in this phenomenon, the specific areas depending on the nature of 

stressor. These results are of great importance regarding the effects of stress, and we 

suggest that the observed desensitisation of the HPA axis response to the homotypic 

stimulus is protective for the organism, when taking into account the negative 

consequences of an exaggerated stress response on the organisms. Considering the 

specificity of the phenomenon, this form of synaptic plasticity could be regarded as a 

new type of learning-like memory related to severe stressors. The implications of the 

long-term effects of a mainly emotional stimulus such as IMO on some stress-related 

human pathologies such as posttraumatic stress disorder cannot be disregarded. The 
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further study of this phenomenon and the elucidation of the exact mechanisms 

involved will be crucial for better understanding the long-term effects of stress in adult 

animals. 
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1. Long-term effects of a single stress exposure on the HPA axis and other 

physiological variables can be observed not only in response to IMO, a mainly 

emotional stressor, but also to a stressor of different nature such as LPS, regarded as a 

systemic stressor with immune characteristics. 

 

2. A single LPS injection increases the rate of recovery of ACTH and corticosterone 

after a new LPS injection both 1 and 4 weeks later. The effects on ACTH are 

comparable with inter-stress intervals of 1 or 4 weeks, whereas enhanced post-stress 

corticosterone recovery is more marked 1 week after the first LPS injection. 

 

3. At the central level of the HPA axis, the long-term effects of LPS are characterised 

by a reduction of the LPS-induced CRF mRNA response in the PVN 4, but not 2, weeks 

later, together with a reduced c-fos mRNA response. The results obtained with CRF 

hnRNA are inconclusive, whereas AVP hnRNA was not modified by a previous LPS 

experience. 

 

4. A single LPS exposure does not exclusively affect the future HPA axis response to the 

same stressor but other physiological parameters as well. We found a reduction of the 

LPS-induced hypothermia 4 weeks after a single LPS injection and a lower plasma TNF-

α response to LPS 1 and 4 weeks after the first LPS experience. 

 

5.  A previous IMO session increases, 1 week later, the speed of recovery of ACTH and 

corticosterone after a new IMO session. These effects are more long-lasting for 

corticosterone and evanish sooner for ACTH, suggesting a dissociation between ACTH 

and corticosterone. 

  

6. After a previous single experience with IMO, the rapid transcriptional activation in 

the PVN is reduced weeks after a new exposure to the same stressor. These effects at 

the PVN level are characterised by an increased recovery of basal c-fos mRNA and 

lower CRF hnRNA levels after a new IMO session, although the time between the two 

exposures needed to reach a maximal effect depended on the variable studied. We 

failed to detect any effects of a previous IMO session in the degree of AVP hnRNA 

activation in the PVN.  

 

7. Long-term effects of stress on the HPA axis appear to be stressor-specific, as we 

found no signs of cross-desensitisation between IMO and LPS at both peripheral and 

central HPA levels. 
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8. Whereas previous LPS injection did not modify the PVN c-fos mRNA response to IMO 

4 weeks later, previous IMO reduced the c-fos mRNA response to a final LPS 

administration 4 weeks later. This suggests that there is some cross-desensitisation of c-

fos mRNA induction, whose exact meaning remains to be determined. 

 

9. A previous exposure to IMO or LPS does not alter the tonic GR mRNA levels in the 

PVN 4 weeks later, or the levels of this transcript in the hippocampal formation, 

except for a small but significant increase in the DG of previously immobilised animals. 

It is unlikely that such changes are important to explain the long-term effects of stress 

on the HPA axis. 

 

10. A single stress exposure to IMO or LPS modifies the degree of neuronal activation 

in specific brain areas, as revealed by c-fos mRNA response to the homotypic stimulus 

4 weeks after the first stressful experience. The areas sensitive to previous experience 

with the stressor included some extended amygdala regions, the PVN and some 

brainstem nuclei. 

 

11. Considering the projections and neurochemical characteristics of the areas 

displaying a modified c-fos mRNA activation by a previous stress experience, we 

suggest that the main sites of neuronal plasticity leading to a reduced response to 

the homotypic stressor would be the CeA, in the case of LPS, and the LSv and MeA in 

the case of IMO. Changes in the PVN and brainstem nuclei will be secondary to 

changes in the above-mentioned areas. 

 

12. The finding that the effects of a single exposure to stress on the HPA axis appears 

to accentuate with time, suggests that it may be a model to study the process 

involved in long-term memory consolidation. In addition, the possibility also remains 

that memory of traumatic events may also be blunted by pharmacological 

treatments for a period of time after exposure to the situation. 
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