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Abstract:  

The hormones of the hypothalamic-pituitary-adrenal (HPA) axis and particularly glucocorticoids (GCs) are 

considered to play a critical role in the behavioral and physiological consequences of exposure to stress. 

For this reason, numerous studies have described differences in HPA function between different rodent 

strains/lines obtained by genetic selection of certain characteristics not directly related to the HPA axis. 

These studies have demonstrated a complex and still poorly understood relationship between HPA function 

and certain relevant behavioral characteristics. The present review first remarks important methodological 

considerations regarding the evaluation and interpretation of resting and stress levels of HPA hormones. 

Then, it presents works in which differences in HPA function between Lewis and Fischer rats were explored 

as a model for how to approach other strain comparisons. After that, differences in the HPA axis between 

classical strain pairs (e.g. High and Low anxiety rats, Roman high- and low-avoidance, Wistar Kyoto versus 

Spontaneously Hypertensive or other strains, Flinder Sensitive and Flinder Resistant lines) are described. 

Finally, after discussing the relationship between HPA differences and relevant behavioral traits (anxiety-

like and depression-like behavior and coping style), a guide for main methodological and interpretative 

concerns and how to test strain differences is offered.  
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1. INTRODUCTION 

1.1. The hypothalamic-pituitary-adrenal axis and the stress response 

Although there is no fully agreement regarding the definition of stress, we consider one of the most 

appropriate that proposed by Vigas [1]. He defined stress as the response of the organism, evolved in the 

course of phylogeny, to agents actually or symbolically endangering its integrity. This definition includes 

both systemic and emotional stressors. Systemic stressors refer to situations implying real harm or the need 

for strong metabolic demands to the organisms (systemic stressors), which cannot be solved only with 

normal homeostatic mechanisms. Emotional stressors include situations that are not harmful on their own 

but predict a certain possibility of real danger or strong metabolic demand (emotional stressors). These two 

types of stressors lead to a reactive or anticipatory response, respectively, and are differentially processed 

by the brain [2]. We prefer the terms systemic-emotional instead of physical-psychological to avoid the 
mind-body dualism. Exposure to stressors triggers a myriad of biological changes in the organism, but we 

will mainly focus on the hypothalamic-pituitary-adrenal (HPA) axis. 

Glucocorticoids (GCs) are the final hormones of the HPA axis and the most extensively studied stress 

hormone. The prominent role of GCs in stress research is due to their widespread and critical function in 

an important set of physiological and behavioral consequences of exposure to acute and chronic stress. 

However, the response to stress is extremely complex and the activation of the HPA axis with the final 

release of GCs (cortisol in humans and most mammals, corticosterone in rats and mice) is only one aspect 

of such response. Consequently, there are other important biological players. Although the present review 

will focus on the HPA axis, other physiological responses, particularly hormones, will be commented on 

when appropriate. 

Despite the agreement regarding the adaptive role of GCs to cope with stress, the wide range of actions and 

organs affected by GCs has made it difficult to delineate a clear picture of their role in stress. Nevertheless, 

considering the most common stressful situation in nature, coping with the presence of a predator, it is 

unlikely that GCs play a critical role to solve the present situation. The presence of a predator can elicit 

different behavioral responses depending on the distance to the predator (from long to short): flight, freezing 

or fight. The flight-fight response might require immediate and intense physical activity, but GC release is 

only evident 5 min after stress starts, with the maximum at 20-30 min. Therefore, the immediate response 

to the presence of a predator is critically dependent on sympathetic activation and the release of 

catecholamines rather than on GCs. GCs might, in turn, be relevant to cope with prolonged (hours) exposure 

to stressors (gluconeogenesis), to recover from the present situation, and to prepare for future situations [3], 

including memory of the previously encountered stressor [4]. 

It is well-known that there are important individual differences in the physiological and behavioral 

consequences of exposure to stress in all species. However, the precise mechanisms involved in such 

differences are poorly known. The characterization of individual differences in the neuroendocrine response 

to stress is an important issue for several reasons. First, some classical stress hormones, particularly those 

of the HPA axis (ACTH and cortisol/corticosterone) and prolactin, are among the few biological markers 

that have been demonstrated to be sensitive to the intensity of emotional stressors [5]. Therefore, a greater 

response might be suggestive of an enhanced vulnerability to stress. Second, stress-induced GCs release is 

one of the major mediators of the physiological and behavioral consequences of stress. Thus, an 

inappropriate response (lower or higher than normal) is likely to contribute to the negative consequences 

of stress [6, 7, 8]. Third, altered neuroendocrine responsiveness might be the reflection of alterations in 

neurotransmitters and circuits regulating such responsiveness, and these abnormalities might extend to 

other circuits also involving the same neurotransmitters. Not surprisingly, there has been over decades a 

marked interest in the possible alterations of the HPA axis in psychiatric diseases, including unipolar and 

bipolar depression, schizophrenia, anxiety disorders, and posttraumatic stress disorder, although the picture 

is far from clear (see [9] for review). 

To better understand the putative meaning of such differences, a brief outlining of the HPA axis is needed 

[10, 11]. The key area in the control of the HPA axis is the paraventricular nucleus of the hypothalamus 

(PVN), particularly the medial parvocellular dorsal subdivision (mpdPVN) where neurons synthesizing the 

corticotropin-releasing factor or hormone (CRF or CRF) are mainly located. These neurons project to the 

pituitary portal blood of the median eminence, where CRH is released to reach the anterior pituitary 

corticotrope cells. CRH acts in corticotrope cells through CRH type 1 receptors (CRHR1) to induce the 
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synthesis of the ACTH precursor proopiomelanocortin (POMC) and the release of ACTH into the 

bloodstream. Vasopressin acts on corticotrope cells favoring the effects of CRH on ACTH release. This is 

of interest because some mpdPVN CRH neurons also co-express vasopressin and the number of double-

positive neurons increased after chronic hypersecretion of ACTH caused by either adrenalectomy or 

chronic stress exposure [12]. 

ACTH acts through melanocortin type 2 receptors in the cells of the zone fasciculata of the adrenal cortex 

to induce the synthesis and release of GCs. It is important to note that some factors other than ACTH are 

capable of activating the adrenal without parallel changes in circulating ACTH release or can modulate 

adrenal sensitivity to circulating ACTH. The best characterized of such factors is the sympathetic 

innervation of the adrenal gland, which is presumably involved in the circadian changes in adrenal 

sensitivity to ACTH and the dissociation between ACTH and corticosterone observed after exposure to 

prolonged stress [13]. 

The activity of the HPA axis is subjected to negative feedback by corticosteroids that constrains both resting 

and stress levels of ACTH [14]. This negative feedback is exerted through the concerted action of 

mineralocorticoid (type I; MR) and glucocorticoid (type II, GR) receptors acting at the corticotropes and at 

different brain levels, including the PVN, the hippocampal formation, and the medial prefrontal cortex [14]. 

Negative feedback involves both non-genomic fast effects and more delayed genomic mechanisms. 

Although suppression by the synthetic glucocorticoid dexamethasone (DEX) is typically used in most 

studies in humans and animals, its use has been questioned as its access to the brain is limited by the 

multidrug-resistant protein 1 (MDR1) that excludes DEX from the brain to a higher extent that natural GCs 

[15, 16]. Corticosterone is even less excluded than cortisol [15, 16]. As a consequence, the effect of DEX, 

in contrast to natural GCs, is mainly exerted at the level of the anterior pituitary corticotrope cells. 

1.2. Studying strain differences in the HPA axis: resting and stress levels: general overview 

Interest in the characterization of individual or strain differences in the activity of the HPA axis has focused 

on resting levels or, more frequently, on its responsiveness to stressors. Both topics are of potential interest. 

A nice description of the main aspects to be considered when assessing the activity of the HPA axis can be 

found in Spencer & Deak’s review [11]. Circulating levels of GCs show a marked rhythmicity characterized 

by both pulsatile secretion and circadian fluctuations. The latter is strongly associated with the daily pattern 

of activity. Thus, in humans, the highest levels are observed after awakening or in the next hour and the 

lowest levels in the first sleeping hours, whereas in rats (and mice) low levels are observed at lights on and 

the highest levels around lights off. The pulsatile and circadian nature of glucocorticoid secretion has 

important methodological consequences when trying to characterize individual differences. Regarding 

circadian rhythms, blood levels need to be evaluated at different times of the day to know whether overall 

secretion is altered or alterations are restricted to specific day times. This is an important issue as it is now 

acknowledged that a flattened circadian glucocorticoid rhythm might have functional consequences, even 

if overall secretion is not altered. Pulsatile secretion implies that blood levels might markedly differ within 

a particular individual from moment to moment. Therefore, a unique sample is far to be representative of 

individual differences. These problems have been reduced in humans by using the aggregated data of 

samples taken on various days (e.g. [17]) and the same strategy has been adopted by our laboratory in rats 

recently [18]. Using this strategy, more representative values are obtained. If strains rather than individual 

differences are evaluated, aggregated data are not needed, but still obtaining samples at various times across 

the day would be required to detect overall secretion and possible changes in the circadian rhythm 

amplitude. 

Regardless of the number of samples obtained, a major concern when reviewing available literature is the 

apparent difficulty to obtain true resting levels of HPA hormones. In our hands, with radioimmunoassay 

(RIA) procedures, true resting levels of corticosterone in male rats are 10-20 ng/ml at the nadir and 150-

200 ng/ml at the peak. An inspection of the literature reveals that most of the studies report values 

considerably higher, particularly at lights on. Corticosterone levels are extremely sensitive to minor 

perturbations in the animal room and most animal facilities are not designed to work in stress. It could be 

argued that all animals or strains are exposed to the same perturbations and therefore, results are 

representative of subject/strain differences. However, there are multiples examples of normal resting 

activity but altered responsiveness to stress. Consequently, we can erroneously interpret strain differences 
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in stress responsiveness as strain differences in resting HPA activity. Obviously, strains might often differ 

in both aspects.  

The problems to obtain true resting levels of HPA hormones are due to a combination of some critical 

aspects. First, noise or any other perturbation in the animal room caused by construction near the animal 

facility [19], by unexperienced animal caretakers in the period preceding the experiment or by 

unexperienced or poorly trained researchers entering the animal room and touching the cages [20]. Second, 

the time elapsed between taking the cages and blood sampling: simply moving a cage to another place can 

alter hormone levels; also touching the cages and taking one animal can alter corticosterone levels in the 

animals remaining in the cages that would be sampled later [21]. This is particularly relevant in group-

housed animals. Finally, the method of blood sampling: true basal levels are obtained by the tail-nick 

procedure as compared to rapid decapitation [22] if researchers have experience with the procedure. In 

contrast, all anesthetics except perhaps pentobarbital are known to strongly activate the HPA axis (see [10]) 

and this should be always avoided. 

What about possible concerns in the interpretation of the observed subjects/strain differences in HPA 

responsiveness? Again, the interpretation of the data is very often excessively simple or even partially 

erroneous for several reasons. It is important to consider the possibility that differences in stress 

responsiveness are due to vendors rather than to strains when not all animals are from the same vendor or 

breeding center [23]. Regarding variables measured, it is frequent that comparisons are restricted to blood 

levels of corticosterone, with the assumption that corticosterone would reflect ACTH release. However, it 

is well-known that adrenocortical secretion reaches a maximum with intermediate levels of ACTH and 

therefore is unable to reflect possible differences in ACTH when relatively strong stressors are used [5]. 

Only when stressors are of low intensity (e.g. open-field exposure) or blood corticosterone levels are 

followed after the termination of stressor exposure is corticosterone reflecting ACTH release. Moreover, 

individual or strain differences might exist in adrenocortical sensitivity to ACTH and therefore differences 

in corticosterone do not necessarily reflect differences in ACTH. Strain differences in other molecules 

participating in the activity of the HPA axis have been less explored. In this regard, blood levels of 

transcortin (corticosterone-binding globulin, CBG) are particularly important. CBG levels determine the 

free levels of corticosterone, considered the biologically active fraction. As measuring free plasma GCs is 

technically demanding, measurement of total GCs together with CGB can give us an idea of free GCs 

fraction. An indirect way of detecting possible overall differences in corticosterone is thymus weight, which 

is very sensitive to circulating levels of corticosterone in rats (e.g. [24]). Recently, hair corticosterone 

concentration has been pointed out as an integrated measure of free corticosterone levels over periods of a 

few weeks [25]. Hence, this parameter allows for detect, with a simple measure, possible strain differences 

[26]. 

Another important consideration to characterize individual/strain differences is the type of stressor. If 

differences in stress responsiveness are the result of brain processing of stressors upstream of the PVN, the 

type of stressor is clearly relevant, particularly when comparing systemic versus emotional stressors. An 

example of the critical contribution of the type of stressors is the comparison of Roman strains reported by 

Gentsch and colleagues [27], who demonstrated higher ACTH response in Roman-low avoidance (RLA) 

than Roman-high avoidance (RHA) after exposure to relatively mild stressors but not in the case of severe 

stressors. In general, even within emotional or predominantly emotional stressors, the contribution of 

qualitative and quantitative aspects of stressors might be relevant. 

If two strains markedly differ in basal and/or stress levels of ACTH, this is likely to be the consequence of 

differences in the inputs to the PVN or the responsiveness of parvocellular neurons synthesizing CRH 

and/or vasopressin. Expected canonical differences in those strains showing higher ACTH levels are a 

higher expression of CRH in the mpdPVN and of POMC in the anterior pituitary. If only subtle differences 

in ACTH levels are observed, it is possible that no differences in CRH and POMC expression are observed.  

In some cases, altered function of the HPA axis can be related to alterations in GCs negative feedback. This 

has been typically tested by injecting DEX and the interpretation of the results is problematic considering 

that DEX mainly acts at the level of corticotrope cells, not in the brain, as previously commented. Even if 

natural GCs are used, negative feedback can only be accurately assessed by measuring ACTH not 

corticosterone, and the precise brain area involved in differential negative feedback cannot be delineated 

after systemic administration.  
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Possible differences in the HPA axis have been explored in various strains of rats and mice genetically 

selected for criteria not related to the HPA axis. In some cases, a pair of strains from a common origin were 

obtained that dramatically differ in a particular characteristic. It is not our intention to exhaustively review 

all these pairs of strains but to use some of them to illustrate how to investigate the HPA function. We will 

focus particularly on HPA hormones and the main hypothalamic secretagogue (CRH) and not on GCs 

receptors either in the periphery or the brain. A schematic illustration of the HPA axis and its regulation, as 

well as the main stimuli employed to test differences in this axis, is shown in Figure 1. Importantly, we 

have tried to incorporate most results from the literature in the present review, but our purpose has been to 

be illustrative rather than exhaustive.   

 

Figure 1: A schematic view of the HPA axis and how to test functional strain differences  

Possible loci of strain differences in the regulation of the HPA axis, an example of a complex neuroendocrine system. 

Differences might exist under resting conditions that are likely to be reflected also in response to stressors, but altered 

response to stressors or other stimuli might exist in absence of differences under resting conditions. Main stimuli used 

to test differences in the HPA axis are indicated in red. ACTH: adrenocorticotropic hormone; AVP: vasopressin; CRH: 

corticotropin-releasing hormone; DEX: dexamethasone; GCs: glucocorticoids; POMC: proopiomelanocortin 

(precursor of ACTH); PVN: paraventricular nucleus of the hypothalamus.  

 

2. LEWIS-FISCHER RATS AS A REFERENCE FOR HOW TO APPROACH STRAIN 

DIFFERENCES IN THE HPA AXIS 

Inbred Lewis rats are mainly characterized by a particular susceptibility to develop experimental arthritis 

after systemic injection of streptococcal cell wall (SCW) compared with the histocompatible inbred Fischer 

strain. It was soon realized that the two strains differed in HPA activity and this could be related to the 

differential susceptibility of Lewis rats to arthritis (see below). Consequently, the two strains have been 

extensively studied and constitute an example of possible alterations at different levels of the HPA axis. 

From the recent perspective of possible sex differences, the Lewis-Fischer models are of great interest as 
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most earlier results were obtained in females, where the differential susceptibility to experimental arthritis 

is more prominent and was firstly described. 

Although no differences in morning basal corticosterone levels between females of the two strains were 

originally reported [28], when the circadian pattern rather than a single time point was studied, lower 

corticosterone levels were observed in Lewis versus Fischer around the lights off peak [29, 28]. 

Importantly, marked differences were found between females of the two strains in ACTH and 

corticosterone responses to different types of immune (SCW, interleukin-1α), systemic (ether) and 

emotional (open field, restraint, forced swim) stressors, with a lower response in Lewis rats [28, 30]. 

Similarly, a defective corticosterone response to another immune stressor (endotoxin) was further observed 

[31]. Impaired HPA response of female Lewis rats was not restricted to typical stressors and can also be 

observed in response to drugs known to activate the HPA axis through various neurotransmitter receptors, 

including muscarinic, adrenergic, and serotoninergic [28, 32]. The reduced response of Lewis rats to so 

many different stimuli strongly suggests that the main defect could be at the level of the PVN itself and 

probably could affect CRH gene expression and release. Supporting this, basal CRH gene expression did 

not differ between the two strains in the PVN, but a defective response to SCW, IL-1α and restraint was 

observed [33, 30] along with a reduced c-fos response to water avoidance stress [34]. Another study 

reported lower levels of basal CRH gene expression in the whole PVN associated with higher levels of 

vasopressin gene expression [35] and enhanced in vitro hypothalamic release of vasopressin [36]. The 

authors suggested that enhanced vasopressin expression and release could be a compensatory mechanism 

for reduced CRH activity. However, these results illustrate an important problem regarding the possible 

role of vasopressin in the control of the HPA axis: the procedures did not distinguish between magnocellular 

vasopressin neurons that project to the neurohypophysis and parvocellular vasopressin neurons of the 

mpdPVN, which are those presumable involved in the control of ACTH release. Therefore, the functional 

meaning of these higher levels of vasopressin in Lewis rats remains unclear. 

A main alteration at the level of the PVN and CRH neurons does not preclude other downstream alterations. 

For instance, reduced in vivo ACTH response to exogenous CRH administration was also reported [28, 37], 

suggesting differences at the level of corticotrope cells in the anterior pituitary. To our knowledge, only 

one study has explored corticosterone responsiveness to exogenous ACTH administration to detect 

differences at the level of the adrenal cortex [38]. In that study, a lower lasting rather than lower maximum 

corticosterone response was observed in both male and female rats Lewis versus Fischer, tentatively 

suggesting impaired adrenocortical responsiveness in Lewis of both sexes. 

Are the same strain differences observed in males? Whereas the above data in female rats are quite 

consistent, differences between males of the two strains are less obvious, although the overall data fit with 

results in females. Male Lewis and Fischer rats were first compared by Dhabhar and colleagues [39] who 

found lower basal corticosterone levels in Lewis than Fischer in most times of the circadian rhythm, 

although levels were also higher in Fischer when compared with outbred Sprague-Dawley (SD) rats. 

Differences in the circadian rhythm between Lewis and Fischer were later confirmed [40, 41]. However, in 

those studies where only basal ACTH and/or corticosterone levels were assessed at a single time point in 

the morning, no differences were usually observed (e.g. [42, 43, 44]). Despite no strain differences in 

morning basal levels, a lower HPA response to forced swim [43, 45], restraint [44, 46, 47], transfer in a 

bucket [48], noise [49], or morphine [50] has been found in Lewis than Fischer. In contrast, no differences 

in basal or stress corticosterone levels were found between Lewis, Fischer, SD and Brown-Norway rats in 

response to foots-hocks [51], although the negative results could be due to adrenocortical saturation of 

corticosterone synthesis. This saturation can explain why, in response to restraint, lower corticosterone 

response of Lewis versus Fischer was only noted during the post-stress recovery period [52]. Fischer rats 

appear to be characterized by a more sustained HPA activation after exposure to acute restraint stress for 4 

h or after daily repeated restraint, compared with both Lewis and SD rats [46].  

In accordance with data in females, Lewis and Fischer males do not appear to differ in basal CRH gene 

expression in the PVN [41, 53]. We are not aware of any study about PVN CRH gene expression after acute 

stress in males of these strains, but chronic immobilization (IMO)-induced increase in CRH gene expression 

was similar in the two strains [41]. More recently, Ergang and associates [54] compared males exposed or 

not to a 3 days restraint stress protocol with sacrifice at 2 h after the last stressor and studied various 

parameters related to central aspects of the HPA axis. Although this protocol does not allow to distinguish 
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between the protracted consequences of prior restraint and that of the last restraint exposure, no differences 

between Lewis and Fischer rats were observed in PVN CRH or vasopressin gene expression  

In some studies where both males and females were simultaneously studied, a lower HPA response to 

forced swim, restraint or a novel environment was observed in Lewis than Fischer rats of the two sexes [43, 

55, 56]. In contrast, Gomez-Serrano et al [57] also studied both sexes and reported lower corticosterone 

response to endotoxin (at 2 h) in Lewis than Fischer females, but no differences in males. Spinedi et al [42] 

did not observe any difference between Lewis and Fischer of the two sexes in ACTH response to insulin-

induced hypoglycemia or ether, but did observe a reduced response to immune stimuli (e.g. endotoxin), 

though restricted to females. That altered PVN function is more dramatic in female and male Lewis rats is 

supported by the finding that, in contrast to the reduced c-fos expression after stress observed in the PVN 

of Lewis vs Fischer females, no differences in c-fos response to footshock or IL-1β has been found in males 

[58]. In sum, the lower HPA response to stress of male Lewis compared with male Fischer rats might not 

be so general as that of females.  

Interestingly, to our knowledge, only one laboratory has measured CBG levels in these two strains and also 

in SD rats [39, 44], but they did not include females. After exposure to restraint stress, CBG levels were 

higher in Fischer than Lewis, but despite these higher CBG levels, free corticosterone levels were still 

higher in Fischer than in the other strains, with no differences between Lewis and SD. These results point 

again to the idea that Fischer rats are in the extreme of high HPA responsiveness to stressors.  

When looking at possible overall indexes of HPA activity, results indicate a lower relative adrenal weight 

and higher relative thymus weight in both male and female Lewis rats compared to Fischer rats [28, 59, 41, 

46, 53, 60], confirming lower HPA activity in Lewis. Although the integrity of negative GCs feedback has 

been assessed in only one study, it appears that Lewis and Fischer do not differ in sensitivity of ACTH and 

corticosterone response to DEX in stress conditions. However, blockade of corticosterone synthesis 

increased ACTH in Fischer and other strains but not in Lewis [61]. This supports the hypothesis of impaired 

capability of the HPA axis of Lewis to stimulatory inputs rather than enhanced negative feedback. In fact, 

no differences in GR or MR expression in the hippocampal formation have been found between the two 

strains [41]. 

To demonstrate that Lewis and Fischer are likely to be in the extreme of differential HPA responsiveness, 

comparisons with other strains are very useful. Both male and female Lewis rats showed lower ACTH and 

corticosterone responses to forced swimming than Fischer, but also than other inbred strains such as Brown-

Norway, spontaneously hypertensive (SHR) and Wistar Kyoto (WKY) [43, 45]. The impaired ACTH and 

corticosterone response to stress (novel environment) of female Lewis rats is also observed compared with 

two other strains (Brown-Norway and Dark Agouti) [62]. In males, it has been reported reduced ACTH 

response to various stressors (tail-cut and sampling, open-field, IL-1β, ether-surgery), with low or null 

differences in corticosterone [63]. In addition, reduced CRH gene expression in the PVN under basal 

conditions and impaired in vitro adrenocortical responsiveness to ACTH were found, suggesting also 

defective adrenocortical function. When compared with SD rats, Lewis also showed reduced ACTH [64] 

and corticosterone responses [46, 65, 47] to restraint. Reduced corticosterone response to amphetamine was 

also observed [65]. The reduced HPA response to restraint in Lewis compared with SD is compatible with 

a reduced c-fos response in the PVN [66]. In the latter study, strain differences in c-fos expression were 

dependent on the particular brain area, with a reduced response being observed only in a subset of the areas 

studied, for instance, the PVN and the medial prefrontal cortex, whereas in others (locus coeruleus) even a 

higher response was found.  

The above data indicate that defective HPA function is a characteristic of Lewis rats as compared with 

some other rat strains and not only with Fischer. However, some studies also suggest that Fischer rats might 

be characterized by certain HPA hyperactivity as compared with other inbred rat strains (e.g. [43, 67]). 

Comparing male Fischer and SD, the former showed higher corticosterone response to restraint, but 

differences were greater after chronic restraint, suggesting also impaired adaptation [39, 44, 46, 68]. 
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3. HPA ACTIVITY IN STRAINS OR LINES DIFFERING IN EMOTIONALITY AND COPING 

3.1. Maudsley rats 

Maudsley reactive and non-reactive (MR, MNR) strains were selected on the basis of emotional reactivity 

(mainly defecation rate) to open-field exposure, the MRN being the one most deviating from the outbred 

population [69, 70]. The two strains differ in other behaviors, and enhanced anxiety (elevated plus maze, 

EPM) and immobility (forced swim) have been observed in MR [71] associated with lower acoustic startle 

response [72]. The two strains do not differ either in basal levels of corticosterone or their responsiveness 

to an open-field, restraint or forced swim [73, 74]. More recently, the lack of differences between the two 

strains was confirmed by measuring both ACTH and corticosterone responses to an open-field or 

inescapable foot-shocks [75]. Interestingly, all the above results were obtained from colonies maintained 

in the USA. In the only study using MR and MNR rats bred outside the USA (i.e. from the Queen Mary 

Univ. London), greater ACTH but normal corticosterone response to 30 min restraint was observed in MR 

than MNR rats [76]. The reasons underlying these differences are unclear, but genetic drift or animal facility 

breeding differences could contribute. 

3.2. High and Low anxiety-related behavior lines (HAB, LAB) 

HAB and LAB rats were selected from Wistar on the basis of open arm avoidance in EPM and this also 

resulted in HAB rats being less active in novel environments and more passive in the forced swim test 

(FST) [77]. This strongly suggests that HAB rats are both more anxious and prone to adopt passive 

strategies than LAB rats. Interestingly, whereas no ACTH or corticosterone differences were found in 

response to the EPM or the FST [77], greater HPA and prolactin responses were observed after forced 

exposure to the open arms of an EPM [78], suggesting that is forced exposure to the open space that caused 

the greater response. In a further study, greater ACTH and corticosterone levels in response to CRH in 

DEX-treated rats (DEX+CRH test) were found in HAB together with greater vasopressin PVN expression 

[79]. However, in response to social defeat, greater rather than lower HPA response was found in LAB vs 

HAB rats [80]. These findings are of major relevance as they illustrate two major points: first, anxiety is 

not necessarily related to increased HPA responsiveness to stressors; and, second, exposure to different 

types of emotional stressors is important when characterizing individual/strain differences.  

3.3. Performance in two-way active avoidance tasks (TWAA) 

3.3.1. Syracuse rats 

Syracuse high and low avoidance (SHA, SLA) rats originated from Long-Evans rats and differ not only in 

TWAA, but also in other behaviors: SLA showed normal open-field activity, improved passive avoidance 

and greater conditioned emotional response [81, 82, 83]. SLA showed higher adrenal weight and adrenal 

cortex and medulla size [84, 85, 86]. In both sexes, SLA showed higher adrenal and probably higher basal 

corticosterone levels, but a similar response to ether exposure (although adrenal content was higher in SHA) 

[85, 83]. Given that only the response to a high-intensity systemic stressor was studied and that ACTH 

response was not measured, no firm conclusions can be drawn, although greater HPA activity associated 

with low avoidance cannot be disregarded.  

3.3.2 Hatano rats 

Hatano high and low avoidance rats (HAA, LAA) derived from SD [87]. The LAA rats of both sexes have 

very poor avoidance performance that does not improve over the days and HAA rats, in addition to a good 

performance in the TWAA task, are much more active in a running-wheel and an open-field [87, 88]. In 

both sexes, the adrenal weight was found to be higher in HAA than LAA and the ACTH response to the 

task was also clearly higher in HAA, with no differences in corticosterone [89]. In a further study, ACTH 

response to another emotional stressor (restraint) was markedly higher in HAA males, whereas changes in 

corticosterone were complex but not different overall [90]. In the latter study, the higher ACTH response 

was not a reflection of generalized neuroendocrine hyperresponsiveness as prolactin response to restraint 

was lower in HAA. However, whereas the data regarding HPA response to restraint was further replicated, 

no differences in prolactin were found [91]. In the most recent study with these strains, the neuroendocrine 

response to the first and the last of three TWAA sessions was assessed [92]. HAA showed greater ACTH 

but lower corticosterone responses on days 1 and 3. The greater ACTH response was consistent with 



10 
 

previous studies, but the lower corticosterone response was not. If consistent, data might be suggestive of 

an impaired adrenocortical responsiveness to ACTH in HAA rats despite their higher adrenal weight.  

3.3.3. Roman high and low avoidance rats 

Roman high and low avoidance (RHA, RLA) lines were generated by Bignami [93] in Italy on the basis of 

performance in TWAA. It has been later demonstrated that these lines also differ in several behavioral 

characteristics, RLA being more anxious and emotional and more prone to adopt passive coping strategies 

[94]. Characterization of the neuroendocrine response to stress in these lines was firstly conducted in 

animals maintained in Driscoll’s lab in Switzerland. In a seminal and elegantly designed study, Gentsch et 

al [27] showed that RLA and RHA lines did not differ in basal levels of classical stress markers (ACTH, 

corticosterone, prolactin or glucose). However, RLA showed a greater endocrine response when exposed 

to relatively mild stressors (saline injection, novel cage, open-field), but not to more severe stressors such 

as ether, immobilization or inescapable foot-shocks (except greater prolactin levels after foot-shocks). In 

contrast, no differences in the glucose response to any stressor were found. A further study confirmed the 

greater HPA response of RLA rats to mild stressors in addition to a greater in vivo ACTH response to 

exogenous CRH [95]. However, relative adrenal weight has given inconsistent results [96, 95]. In sublines 

derived from Switzerland stock but bred in Bordeaux higher HPA response to an open-field in RLA was 

only observed at certain ages, whereas consistently higher prolactin response was found at all ages [97]. It 

thus appears that the greater stress sensitivity of RLA rats is better observed with prolactin. Interestingly, 

neonatal handling decreased HPA and prolactin stress responsiveness of RLA rats and did not affect RHA 

rats, thus eliminating the typical higher neuroendocrine responsiveness of RLA rats [98].  

Are there differences in the HPA axis at the level of the PVN? Enhanced corticosterone response to an 

open-field in RLA was associated with normal CRH gene expression, but enhanced vasopressin expression 

in the mpdPVN [99]. This is of interest as vasopressin gene expression in the mpdPVN typically increases 

when the HPA axis is chronically more active [12]. Taking advantage of the inbreeding process carried out 

in these lines, we performed a characterization of the HPA axis in RHA-I and RLA-I rats [100]. We found 

no differences in basal levels of ACTH or corticosterone, but a higher HPA response to mild stressors in 

RLA rats. In addition, we also detected a higher Crh gene expression in the PVN, suggestive of a more 

active HPA axis, with no differences in adrenal weight or the expression of corticosteroid receptors (GR or 

MR) in critical brain regions, including the PVN. A further study in these inbred animals has confirmed the 

higher HPA and prolactin responses to a novel environment of RLA versus RHA rats and showed that the 

pattern of the former rats was similar to that of genetically heterogeneous stock [101]. Overall, the data 

suggest lower neuroendocrine responsiveness to stress in RHA rats.  

3.4. HPA ACTIVITY IN RAT STRAIN/LINES SHOWING DEPRESSION-LIKE BEHAVIOR  

3.4.1. Wistar Kyoto rats 

WKY and SHR derived from Wistar rat ancestor in Kyoto, but they have been obtained by two independent 

inbreeding processes [102, 103]. Interest was initially focused on SHR as a putative animal model of 

essential hypertension and some studies in this regard have compared SHR with WKY, whereas other 

studies compared SHR with outbred Wistar or other strains. From a behavioral perspective, they are of 

interest as putative animal models of attention deficit and hyperactivity disorder (SHR) [104] and 

depression (WKY) [105]. WKY rats were initially characterized by extreme passive behavior in the FST 

and for being resistant to antidepressants (e.g. [106, 107, 108]). 

There is ample evidence for enhanced sympathetic activity and stress-induced catecholamine release under 

stress conditions in SHR compared with WKY and other normotensive rat strains [109] and this will not be 

discussed here. Importantly, when SHR and WKY have been studied together with WK-HA (hyperactive) 

and WK-HT (hypertensive), greater plasma catecholamine response to stress is associated with 

hyperactivity and not hypertension [110]. In the present review, we will focus on alterations in the HPA 

axis in WKY as compared with SHR and other strains [110]. Since most studies comparing WKY and SHR 

have been done in males, specific references to sex will be made only when females or the two sexes were 

used.  

Inconsistent results have been reported regarding relative adrenal weight, with greater [111, 112, 113, 114, 

115] or similar [116, 117, 118, 119, 120] weight in male SHR compared with WKY. In a study with both 
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sexes and three different ages in adult rats, no differences were generally observed in adrenal weight, 

whereas, in contrast, consistently reduced thymus weight was found in SHR [121]. Suggesting hyperactivity 

of the HPA axis in SHR versus WKY. However, when compared WKY with Brown-Norway or SD rats, 

there is no evidence of lower adrenal weight in WKY [122, 123]. 

Male WKY compared with SHR have been shown to have lower [124, 125, 126], similar [127, 43, 41, 61] 

or higher [128] basal levels of corticosterone release. Hashimoto et al [126] showed lower corticosterone 

levels in male WKY despite similar ACTH levels. Age might contribute to discrepancies as similar basal 

corticosterone levels were observed in WKY and SHR between 4 and 12 weeks and transiently higher 

levels at 16 weeks in WKY that normalized again at 20 weeks [129].  

CRH gene expression in the PVN has been found to be either similar in WKY and SHR [41] or lower in 

WKY and Wistar compared with SHR [130]. Nevertheless, differences were more evident in the latter study 

after exposure to acute restraint stress. No differences in POMC gene expression in the anterior pituitary 

have been observed in one study [131], whereas in another POMC gene expression was higher in WKY 

than SHR [132]. It seems that available studies did not offer a clear picture of the HPA function at anterior 

pituitary and PVN levels. 

Results are also controversial regarding the response to stressors. After ether exposure, the corticosterone 

response of WKY has been shown to be higher [128], similar [119] or lower [133] compared with SHR. In 

the latter study, WKY, SHR and outbred Wistar rats were included and lower ACTH and corticosterone 

responses of both WKY and Wistar versus SHR were found, with similar response in WKY and Wistar at 

all ages. Interestingly, differences were more marked in very young rats and progressively vanished, with 

no differences in 16-week-old rats [133]. These results are suggestive of a critical contribution of age with 

the higher responsiveness of SHR with respect to WKY and other strains being better observed at young 

ages. However, Hashimoto et al [126],  observed higher ACTH and corticosterone responses to ether or 

hemorrhage in 7-week-old WKY than SHR, associated with a lower corticosterone response. This higher 

ACTH response was accompanied by a lower ACTH responsiveness to exogenous CRH and a similar 

response to exogenous vasopressin, suggesting that differences might be related to higher stress-induced 

CRH release, but lower adrenal responsiveness to ACTH in WKY than SHR. Although results are puzzling, 

they illustrate the importance of measuring both ACTH and corticosterone and checking responsiveness of 

the corticotrope cells and the adrenal cortex.  

The picture is not clearer with more emotional stressors. After immobilization, similar corticosterone levels 

were found in WKY and SHR in one study [124], and lower levels in WKY in another one [134]. A lower 

corticosterone response was also observed in WKY after a brief exposure to foot-shocks [135]. However, 

the corticosterone response elicited by daily sessions of TWAA involving foot-shocks did not differ 

between the two strains [136]. A similar ACTH response to forced swim (both sexes) and tail-shocks 

(males) has been observed [43, 61], although corticosterone levels were higher in males but not females 

after forced swim in WKY [43]. This suggests enhanced adrenal responsiveness in WKY males, which is 

in contrast to Hashimoto et al [126]. Regarding the response of the two strains to exogenous DEX 

administration, a similar reduction of the HPA response to tail-shocks was found [61], with no evidence of 

altered negative GCs feedback. 

In sum, the comparison of the activity of the HPA axis in WKY and SHR has resulted in a complex picture, 

with no consistent overall differences in contrast to the well-characterized hyperreactivity of 

catecholamines. The characterization of the HPA function in WKY compared with strains other than SHR 

can give us a clearer picture of the putative particularities of WKY.  

When the circadian ACTH and corticosterone pattern were compared in WKY and Wistar, similar levels 

were found during lights on, but during the lights off greater ACTH and corticosterone levels were found 

in WKY [137]. Accordingly, higher POMC expression in the anterior pituitary was observed in WKY 

versus Wistar [138]. In the same study, in vitro basal ACTH release was higher in WKY, but the response 

to CRH and vasopressin was lower, consonant with lower CRHR1 binding and expression in the anterior 

pituitary. All these data suggest that corticotrope cells of WKY might have higher intrinsic activity but 

lower response to hypothalamic inputs than Wistar. Unfortunately, HPA response to stress was not assessed 

in the same study, but higher ACTH response to cold-restraint stress has been reported in WKY compared 

with Wistar, associated with a similar corticosterone response  [137]. PVN CRH gene expression does not 
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appear to be different from some other inbred strains [41] or from FIS and SD rats [139], but in another 

study higher expression was found versus SD [140]. In accordance with the latter results, WKY showed 

similar basal levels of ACTH as SD and Lewis, but greater ACTH levels than SD during the recovery period 

after being exposed to 60 min restraint, whereas Lewis showed, as expected, a lower response than the other 

two strains [64]. In the same line, similar basal levels but greater ACTH and corticosterone responses to 

forced swim were found in WKY than in SD [141]. Of note, a study by Redei et al [142] compared WKY 

with Fischer and Wistar after manipulating corticosterone levels by adrenalectomy with or without 

exogenous corticosterone supplementation (Sham, ADX, ADX+C), in order to study the contribution of 

corticosterone to water-restraint stress-induced ulcers. Lower corticosterone levels were found in ADX+C 

WKY than Fischer and Wistar, suggesting enhanced steroid metabolism. This is an aspect that has not been 

basically studied and can contribute to explain discrepancies between ACTH and corticosterone. 

To our knowledge, responsiveness of WKY to acute GCs manipulations has been tested in only two studies 

[142]. In a first study, no differences in ACTH and corticosterone response to tail-shocks or in the response 

to DEX-induced negative feedback or pharmacological adrenalectomy were found in WKY compared with 

SHR and Fischer [61]. In the second study, no differences in DEX-induced suppression of basal ACTH 

were found between WKY and SD, whereas impaired suppression was apparent with corticosterone [141], 

which could be explained by enhanced corticosterone metabolism.  

In addition to the few studies involving both sexes, only two additional studies have explored differences 

in HPA hormones in WKY and SHR females, both under basal conditions. A study compared female WKY 

and SHR together with SD and no differences in corticosterone were found [143]. In adolescent females, 

corticosterone levels of WKY were lower than that of SHR [144], suggesting a contribution of age to the 

strain differences, as reported in males. 

3.4.2. Flinders sensitive and resistant lines  

Flinders sensitive and resistant lines (FSL, FRL) were genetically selected on the basis of the response to 

muscarinic drugs and were found to differ in coping behavior in the FST and other behaviors, with FSL 

showing depression-like characteristics [145]. Some studies have compared both lines and others FSL with 

SD as controls. Baseline levels of corticosterone did not differ between FRL and FSL, but the response to 

the muscarinic cholinergic agonist arecoline was higher in FSL [146], in accordance with the criteria used 

for genetic selection. Later, Owens et al [147] observed lower basal ACTH but normal corticosterone in 

FSL. However, no differences in basal corticosterone levels were reported between FRL and FSL either in 

unstressed controls or after exposure to chronic unpredictable stress (CUS), despite the expected increase 

in basal corticosterone after CUS [148]. In response to noise stress, reduced corticosterone was found in 

FSL than FRL, whereas similar corticosterone levels were observed in the two lines after restraint or 

colorectal distension under restraint [149]. Although ACTH levels were not measured, the lower 

corticosterone response to a mild stressor is suggestive of a reduced HPA responsiveness to stress in FSL 

versus FRL. Urinary excretion of corticosterone during 24 h exposure to metabolic cages is similar in the 

two lines [150].  

In some other studies, FSL has been compared with typical strains (e.g. SD) and results are puzzling. 

Inconsistencies were observed within the same laboratory [151, 152]: presumably basal levels of ACTH 

and corticosterone were lower in FSL in one study [151], whereas in another ACTH did not differ and 

corticosterone levels were higher in FSL [152]. In pre-weanling rats, FSL showed slightly higher ACTH 

response to exposure to a novel cage or an adult rat, but corticosterone response was similar [153, 143, 

144]. Thiele et al [154] observed higher basal corticosterone levels in males FSL than males SD and the 

same trend in females, whereas in another study with males no differences were observed [155]. However, 

Thiele et al [154] compared FSL rats bred in their center with SD rats purchased from Charles-River, which 

is in general non-appropriate. Finally, Krokas et al [156] studied corticosterone levels in male and female 

FSL and SD rats 20 min after behavioral testing (open-field and EPM) on the day after chronic vehicle or 

citalopram administration: higher corticosterone levels were observed in male FSL versus SD vehicle-

treated rats that disappeared in citalopram-injected rats, whereas no difference was observed in females. 

The origin of the two strains was not reported. 
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3.5. RATS GENETICALLY SELECTED FOR STRESS CORTICOSTERONE RESPONSIVENESS 

It is quite surprising that genetic selection of low or high HPA responsiveness to stressors has only recently 

been approached by Sandi’s lab. They exposed young rats for three days (postnatal days 28-30) to two 

relatively mild stressors daily and used plasma corticosterone on the last day to classify rats in low, 

intermediate and high responders (LR, IR and HR, respectively). Several males and females from each 

group were crossed and exposed to the same procedure over generations to establish the three lines. Lines 

did not differ in relative adrenal weight or basal corticosterone levels (at nadir or peak of the circadian 

rhythm), but did in corticosterone response to restraint stress [157]. Lines also differed in cardiovascular 

regulation with higher heart rate and basal vagal tone in both LR and HR compared with IR [158]. HR rats 

appear to be slightly more anxious (EPM) and prone to adopt passive strategies in the FST than LR, but 

showed clearly higher offensive behavior [159]. In addition, the impact of juvenile stress exposure was 

quite similar, except that offensive behavior was increased in LR but not HR rats. Differences have also 

been observed regarding strategies used for spatial learning (Morris water maze), with overall higher long-

term memory in HR [160]. Whether physiological and behavioral differences between lines are causally 

linked to altered corticosterone responsiveness to stress remains to be studied. Nevertheless, in order to 

delve into the contribution of constitutive differences in the HPA axis on behavior and the consequences of 

exposure to stress, it would be of great interest to develop other lines differing in HPA axis activity. 

4. OVERALL DISCUSSION 

In-depth evaluation of strain/lines differences in the HPA is scarce. Essential aspects to consider are the 

characterization of the circadian pattern of corticosterone, the measurement of stress levels of both ACTH 

and corticosterone and the report of the relative weights of adrenal glands and thymus, which can provide 

us with important complementary information. 

4.1. Methodological concerns 

Although individual studies characterizing the HPA axis in different rat strains/lines are necessarily limited 

in scope, a point of major relevance in any study is whether obvious methodological concerns are detected 

that can lead to misinterpretation of data. In addition to the difficulties in reporting true basal levels of 

ACTH and corticosterone, probably the most common drawback of the available literature data, a major 

concern when comparing inbred strains is whether or not they can be obtained from the same breeding 

center. Important details that might differ between centers and hence affect the results are the number of 

pups per mother, the time of weaning, the characteristics of the home cages (and possible enrichment) and 

the degree of perturbations in the animal rooms by laboratory routines. A second major concern is that most 

published results have characterized strain differences only in males and data in females are scarce. The 

exception to this rule is the Lewis and Fischer rats in which earlier studies were done in females and a high 

number of publications are available with both sexes.   

4.2. Answers to critical questions on the basis of experimental evidence 

At present, there is no evidence for a genetic selection resulting in high overall reactivity to emotional 

stressors deduced from the responsiveness of several classical neuroendocrine stress systems. Classical 

physiological markers of stressor intensity included plasma levels of ACTH (and corticosterone with some 

limitations), catecholamines (adrenaline, noradrenaline), glucose, as a surrogate of adrenaline release, and 

prolactin [5]. In most cases, higher responsiveness of a particular strain/line is restricted to one or two of 

them. Table 1 summarizes the results obtained comparing stress-sensitive variables other than ACTH and 

corticosterone in some relevant rat strains.  

The best example of a dissociation between different stress markers is the pair SHR-WKY. Whereas 

consistent hyperreactivity to stress in terms of adrenaline and noradrenaline is found in SHR (e.g. [124, 

134]), differences in the reactivity of the HPA axis are controversial and no differences in the prolactin 

response to stress have been found [43]. A second example is the Lewis-Fischer pair, in which the defective 

HPA response to stress detected in Lewis was not observed with prolactin [43]. In the only available study 

regarding plasma catecholamines, lower response to IMO was found in Lewis compared with Fischer [161], 

suggesting a parallelism with the HPA axis. 
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To our knowledge, the most marked differences in the HPA axis are found in outbred Long-Evans rats as 

compared with some other outbred or inbred strains, including Fischer [162]. Long-Evans also appear to 

have a greater prolactin response to stressors than Wistar [163] and higher levels of enzymes involved in 

catecholamine synthesis in the adrenal compared with SD, suggestive of enhanced CA responsiveness. 

When considering another pair of strains widely studied, Fischer and Lewis, clearly lower levels of ACTH 

after acute restraint were observed in Lewis, in parallel with modest but significantly lower plasma 

adrenaline responsiveness [164]. However, no differences between Lewis and SD were found in the 

prolactin response to IMO despite the expected lower corticosterone response in Lewis [65]. 

Is HPA responsiveness independent of the type of emotional stressor? This is a question difficult to answer 

as most studies focused only on one single stressor. However, it is likely that the type of stressor is 

important. In an outbred population of rats, individual differences are consistent when stressors are of 

similar intensity (exposure to novel environments), but are not when comparing stressors greatly different 

in intensity (e.g. immobilization versus novel environment) [165, 166, 167]. If this applies to genetically-

selected animals, particular characteristics of stressors might be relevant and should be tested when 

describing the stress phenotype of particular rat strains. Some data supporting an important role of the type 

of stressor follows. First, in RHA-RLA rats, higher ACTH and prolactin responses were observed in RLA 

in response to relatively mild stressors but not to more severe stressors [96]. Second, in HAB-LAB rats, 

higher ACTH and prolactin responses were observed in HAB after forced exposure to the open arms of the 

EPM, but not after free exploration of the EPM, and social defeat resulted in lower ACTH response in the 

more anxious HAB rats (see above).  

Table 1: Comparison of resting and stress levels of biological parameters in selected strain pairs.  

 

Strain 

pairs 

Plasma catecholamines Glucose Prolactin 

Basal Stress Basal Stress Basal Stress 

Lewis-

Fischer 

E ↓ NE = 
[161] 

E ↓ NE ↓ 
[161] 

= 
[43] 

↓ 
[43] 

= 
[43] 

= 
[43] 

Lewis-SD 
E ↓ NE = 

[168] 

E ↓ NE ↓ 

[168] 
ND ND 

= 

[65] 

= 

[65] 

HAB-LAB ND ND ND ND 
↑ 

[78] 

↑ 

[78] 

RLA-RHA ND ND 
= 

[27, 169] 

= 

[27] 

= 

[27, 97, 

101, 170, 

171] 

↑ 

[27, 97, 98, 

101, 170, 

171] 

WKY-SHR See [109] See [109] 
= 

[43] 

↓ 

[43] 

= 

[43, 172], 

↑ 

[173] 

= 

[43] 

FSL-FRL ND ND ND ND 
= 

[150] 

↑ 

[150] 

 
Differences are indicated by symbols, always using as the reference the first strain or the pair. ND=not determined. 

4.3. Is HPA response to stress related to anxiety? 

The results obtained with HAB-LAB rats nicely demonstrated that there is no obvious relationship between 

anxiety-like characteristics derived from the EPM and HPA responsiveness to stressors. These data are in 

accordance with our data in outbred rats [165]. Interestingly, differences between the two lines were 

dependent on the type of emotional stressor, introducing major concerns regarding simple characterization 

of trait-like differences in HPA responsiveness. Thus, forced open arm exposure did result in a greater 

hormonal response in HAB, suggesting specific fear to open areas, rather than generalized stress 
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hyperresponsiveness. Perhaps even in outbred rats, those showing lower open arm entries during EPM 

exposure will show higher response with forced exposure. 

Interpretation of good versus poor performance in the TWAA is difficult because of the contribution of 

several factors. Evidence obtained in RHA-RLA rats has demonstrated a major contribution of anxiety to 

impair TWAA acquisition but also of coping style, with passive coping predisposing to freezing, which in 

turn is detrimental to engaging in the active behavior needed for avoidance. Since in these rats RHA showed 

greater neuroendocrine responsiveness to stressors (at least when they are of relatively low intensity), high 

anxiety and passive coping appear to be associated with increased neuroendocrine stress responsiveness. 

What is the conclusion derived from Hatano lines? These rats were selected by TWAA performance, but 

those rats showing higher levels of freezing were eliminated during the process of genetic selection [89]. 

In these rats, HAA appear to be more anxious than LAA rats, this increased anxiety contributes to their 

better avoidance performance. HAA also showed a greater HPA response to stress, the data favoring a 

positive relationship between anxiety and HPA responsiveness, at least within animals that are prone to 

active coping. This might suggest that enhanced HPA responsiveness might be a characteristic of high 

anxiety, regardless of coping style. However, it is possible that high-anxiety passive copers could manifest 

enhanced HPA responsiveness to mild stressors whereas enhanced HPA responsiveness would still be 

observed after exposure to more severe stressors in high-anxiety active copers.   

4.4. FST and coping 

Behavior in the FST does not appear to be related to anxiety and might instead reflect coping style [174]. 

A critical question is whether passive coping in the TWAA task (i.e. freezing) is related to passive coping 

in the FST. Although correlation studies have not been done, results in RHA-RLA and NIH rats suggest a 

parallelism between freezing behavior in the TWAA context and immobility during the first 5 min of the 

FST [101]. 

The HPA axis does not appear to be related to coping behavior in the FST. This was the main conclusion 

achieved by comparing several different inbred rat strains [43, 45]. This is nicely supported by Redei and 

collaborators' studies with WKY sub-strain differing in immobility in the FST [175, 176]. Since WKY does 

not appear to be completely inbred, the authors selectively bred WKY for low and high immobility in the 

FST, but basal or restraint stress corticosterone levels were similar in the two substrains [175]. A similar 

conclusion was reached using F2 of WKYxFIS, concluding that depressive-like behavior in the FST and 

HPA function (basal or stress corticosterone and adrenal weight) were dissociated [176].  

4.5. Guide to explore individual or strain differences in the HPA  

There appears to be a general agreement about the importance of characterizing individual differences in 

critical physiological and behavioral traits. Comparison of outbred populations of rodents is a good 

approach, but exploitation of available outbred and inbred strains could allow us to establish or rule out 

important relationships between different aspects of behavior or between relevant physiological aspects and 

behavior. However, advances in the field also require one to be aware of methodological problems and 

reject excessively simple explanations. We have summarized in Tables 2 and 3 both methodological 

considerations and their implications as well as a recommended guide to better interpret experimental data 

about the HPA axis. We hope this could be of value to those interested in this relevant endocrine system.  
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Table 2: Methodological concerns.  

Consideration Implications 

In rats and mice resting levels of corticosterone in 

the morning hours are about 10-20 ng/ml (1-2 

µg/dl) when measured by radioimmunoassay 

(RIA) or enzyme-immunoassay (ELISA). Most 

published studies present values between 2- and 

10-fold higher.  

Values usually reported in published studies are 

indicative of stress associated with blood sampling 

and do not reflect true HPA resting levels.  

Under certain conditions (circadian rhythm, acute 

stress prolonged for several hours, chronic stress) 
corticosterone levels do not reflect ACTH levels. 

If we consider ACTH the primary response to a 

stressor, measuring only corticosterone can lead to 
erroneous interpretations. 

 

Strain or individual differences in the HPA 

response might differ between systemic and 

emotional stressors.  

Results cannot be extrapolated from one type of 

stressor to another. 

 

Genetic selection could have resulted in altered 

responsiveness of one particular system rather than 

general emotional reactivity to stressors.   

Strain differences in the HPA response to 

emotional stressors are not necessarily indicative 

of a more general endocrine response.  

 

 

Table 3: Looking for the main locus of individual/strain differences in stress responsiveness.  

Aspects to be considered Observations  

1. Animals differ in a general 

construct of emotional reactivity 

If strains differ in emotional reactivity, differences are expected to 

be in the same direction in all or most of the physiological 

responses that are sensitivity to the intensity of stressors. 

 

If this is true, differences should be observed in the physiological 

response to emotional but not systemic stressors. 

2. Animals differ in the activity 

of a particular physiological 

system 

Genetic selection affects a wide range of genes related to different 

functions. If the selected genes have impact in a particular 
physiological system (e.g. HPA axis), we can observe differences 

in this particular system but not in other stress-related systems (e.g. 

prolactin).  

 

We cannot infer from a particular system that the two strains differ 

in responsiveness to stress, as the differences are likely to be 

restricted to a particular system. 

3. Which is the locus of 

differences in a particular 

system? 

Suppose we detect differences in corticosterone response to stress 

between two strains. As discussed previously, the critical locus 

might be at different levels of the HPA axis:  

a) Processing of inputs arriving at the PVN and the 

corresponding release of CRH and others ACTH 

secretagogues. 
b) Responsiveness of corticotrope cells to hypothalamic 

stimulatory factors. 

c) Responsiveness of adrenocortical cells to ACTH. 

d) Altered corticosterone metabolism. 

e) Altered sensitivity to negative glucocorticoid feedback at 

any level. 

4. Sensitivity of tissues to 

circulating corticosterone 

This can be linked to changes in corticosteroid receptor expression 

or to others independent cell characteristics. 

 

Differences cannot be extrapolated from one cell or tissue to others 
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CONCLUSION 

The activity of the HPA axis and its main output, GCs, is considered to be critical for coping and adaptation 

to stress and it has been associated with a number of psychiatric diseases, including anxiety and depression. 

Consequently, attention has been devoted to the characterization of the HPA function in rodent strains 

differing in particular physiological or behavioral aspects. However, the eventual consequences of the 

described differences are unclear. The present review of selected rat strains shows that previous approaches 

on this subject have been incomplete and plagued by methodological problems. Therefore, available data 

are very often controversial. Nevertheless, the overview of all these data strongly suggests that there is no 

simple relationship between HPA activity and anxiety-like behavior, depression-like behavior and coping 

style. We need new perspectives about the putative role of the HPA axis in these extremely relevant traits 

and neuropsychiatric diseases.  

CONSENT FOR PUBLICATION 

Not applicable 

FUNDING 

This work was prepared with the support of Spanish grants from Ministerio de Economía y Competitividad 

(SAF2017-83430-R and PID2020-11884RB-I00) and Generalitat de Catalunya (SGR2017-457).  

 

CONFLICT OF INTEREST 

The authors declare no conflict of interest.  

REFERENCES 

[1] Vigas, M. Contribution to the Understanding of the Stress Concept. In: Catecholamines and 

stress: Recent advances; Usdin, E., Kvetnansky, R., Kopin, I., Eds.; Elsevier/North-Holland: 

Amsterdam, 1980; pp 573–578. 

[2] Herman, J.P.; McKlveen, J.M.; Ghosal, S.; Kopp, B.; Wulsin, A.; Makinson, R.; Scheimann, J.; 

Myers, B. Regulation of the Hypothalamic-Pituitary-Adrenocortical Stress Response. Compr 

Physiol., 2016, 6, 603-621. https://doi.org/10.1002/cphy.c150015. 

[3] Sapolsky, R.M.; Romero, L.M.; Munck, A.U. How Do Glucocorticoids Influence Stress 

Responses? Integrating Permissive, Suppressive, Stimulatory, and Preparative Actions. Endocr 

Rev., 2000, 21, 55-89. https://doi.org/10.1210/er.21.1.55. 

[4] Finsterwald, C.; Alberini, C.M. Stress and Glucocorticoid Receptor-Dependent Mechanisms in 

Long-Term Memory: From Adaptive Responses to Psychopathologies. Neurobiol Learn Mem., 

2014, 112, 17-29. https://doi.org/10.1016/j.nlm.2013.09.017. 

[5] Armario, A.; Labad, J.; Nadal, R. Focusing Attention on Biological Markers of Acute Stressor 

Intensity: Empirical Evidence and Limitations. Neurosci Biobehav Rev., 2020, 111, 95–103. 

https://doi.org/10.1016/j.neubiorev.2020.01.013. 

[6] Chrousos, G.P.; Gold, P.W. The Concepts of Stress and Stress System Disorders: Overview of 

Physical and Behavioral Homeostasis. JAMA, 1992, 267, 1244-1252. 

https://doi.org/10.1001/jama.1992.03480090092034. 

[7] Chrousos, G.P. Stress and Disorders of the Stress System. Nat Rev Endocrinol., 2009, 5, 374–

381. https://doi.org/10.1038/nrendo.2009.106. 

[8] Lovallo, W.R. Do Low Levels of Stress Reactivity Signal Poor States of Health? Biol Psychol., 

2011, 86, 121-128. https://doi.org/10.1016/j.biopsycho.2010.01.006. 

[9] Jacobson, L. Hypothalamic-Pituitary-Adrenocortical Axis: Neuropsychiatric Aspects. Compr 

Physiol., 2014, 4, 715-738. https://doi.org/10.1002/cphy.c130036. 



18 
 

[10] Armario, A. The Hypothalamic-Pituitary-Adrenal Axis: What Can It Tell Us About Stressors? 

CNS Neurol Disord Drug Targets, 2006, 5, 485-501. 

https://doi.org/10.2174/187152706778559336. 

[11] Spencer, R.L.; Deak, T.A Users Guide to HPA Axis Research. Physiol Behav., 2017, 178, 43-65. 

https://doi.org/10.1016/j.physbeh.2016.11.014. 

[12] Aguilera, G.; Rabadan-Diehl, C. Vasopressinergic Regulation of the Hypothalamic-Pituitary-

Adrenal Axis: Implications for Stress Adaptation. Regul Pept., 2000, 96, 23-29. 

https://doi.org/10.1016/S0167-0115(00)00196-8. 

[13] Bornstein, S.R.; Engeland, W.C.; Ehrhart-Bornstein, M.; Herman, J.P. Dissociation of ACTH and 

Glucocorticoids. Trends Endocrinol Metab., 2008, 19, 175-180. 

https://doi.org/10.1016/j.tem.2008.01.009. 

[14] Keller-Wood, M. Hypothalamic-Pituitary-Adrenal Axis-Feedback Control. Compr Physiol., 2015, 

5, 1161-1182. https://doi.org/10.1002/cphy.c140065. 

[15] Meijer, O.C.; de Lange, E.C.M.; Breimer, D.D.; de Boer, A.G.; Workel, J.O.; de Kloet, E.R. 

Penetration of Dexamethasone into Brain Glucocorticoid Targets Is Enhanced in Mdr1A P-

Glycoprotein Knockout Mice. Endocrinology, 1998, 139, 1789-1793. 

https://doi.org/10.1210/endo.139.4.5917. 

[16] Mason, B.L.; Pariante, C.M.; Thomas, S.A. A Revised Role for P-Glycoprotein in the Brain 

Distribution of Dexamethasone, Cortisol, and Corticosterone in Wild-Type and ABCB1A/B-

Deficient Mice. Endocrinology, 2008, 149, 5244-5253. https://doi.org/10.1210/en.2008-0041. 

[17] Pruessner, J.C.; Wolf, O.T.; Hellhammer, D.H.; Buske-Kirschbaum, A.; von Auer, K.; Jobst, S.; 

Kaspers, F.; Kirschbaum, C. Free Cortisol Levels after Awakening: A Reliable Biological Marker 

for the Assessment of Adrenocortical Activity. Life Sci., 1997, 61, 2539-2549. 

https://doi.org/10.1016/S0024-3205(97)01008-4. 

[18] Belda, X.; Fuentes, S.; Labad, J.; Nadal, R.; Armario, A. Acute Exposure of Rats to a Severe 

Stressor Alters the Circadian Pattern of Corticosterone and Sensitizes to a Novel Stressor: 

Relationship to Pre-Stress Individual Differences in Resting Corticosterone Levels. Horm Behav., 

2020, 126, 104865. https://doi.org/10.1016/j.yhbeh.2020.104865. 

[19] Raff, H.; Bruder, E.D.; Cullinan, W.E.; Ziegler, D.R.; Cohen, E.P. Effect of Animal Facility 

Construction on Basal Hypothalamic-Pituitary- Adrenal and Renin-Aldosterone Activity in the 

Rat. Endocrinology, 2011, 152, 1218-1221. https://doi.org/10.1210/en.2010-1432. 

[20] Döhler, K.D.; Gaertner, K.; von Zur Muehlen, A.; Döhler, U. Activation of Anterior Pituitary, 

Thyroid and Adrenal Gland in Rats after Disturbance Stress. Acta Endocrinol (Copenh), 1977, 86, 

489-497. https://doi.org/10.1530/acta.0.0860489. 

[21] Armario, A.; Lopez-Calderón, A.; Jolin, T.; Castellanos, J.M. Sensitivity of Anterior Pituitary 

Hormones to Graded Levels of Psychological Stress. Life Sci., 1986, 39, 471-475. 

https://doi.org/10.1016/0024-3205(86)90527-8. 

[22] Vahl, T.P.; Ulrich-Lai, Y.M.; Ostrander, M.M.; Dolgas, C.M.; Elfers, E.E.; Seeley, R.J.; 

D’Alessio, D.A.; Herman, J.P. Comparative Analysis of ACTH and Corticosterone Sampling 

Methods in Rats. Am J Physiol Endocrinol Metab., 2005, 289, E823-828. 

https://doi.org/10.1152/ajpendo.00122.2005. 

[23] Pecoraro, N.; Ginsberg, A.B.; Warne, J.P.; Gomez, F.; la Fleur, S.E.; Dallman, M.F. Diverse 

Basal and Stress-Related Phenotypes of Sprague Dawley Rats from Three Vendors. Physiol 

Behav., 2006, 89, 598-610. https://doi.org/10.1016/j.physbeh.2006.07.019. 

[24] Akana, S.F.; Cascio, C.S.; Shinsako, J.; Dallman, M.F. Corticosterone: Narrow Range Required 

for Normal Body and Thymus Weight and ACTH. Am J Physiol., 1985, 249, R527-532. 

https://doi.org/10.1152/ajpregu.1985.249.5.r527. 



19 
 

[25] Scorrano, F.; Carrasco, J.; Pastor-Ciurana, J.; Belda, X.; Rami-Bastante, A.; Bacci, M.L.; 

Armario, A. Validation of the Long-Term Assessment of Hypothalamic-Pituitary-Adrenal 

Activity in Rats Using Hair Corticosterone as a Biomarker. FASEB J., 2015, 29, 859-867. 

https://doi.org/10.1096/fj.14-254474. 

[26] Tsuchimine, S.; Matsuno, H.; O’Hashi, K.; Chiba, S.; Yoshimura, A.; Kunugi, H.; Sohya, K. 

Comparison of Physiological and Behavioral Responses to Chronic Restraint Stress between 

C57BL/6J and BALB/c Mice. Biochem Biophys Res Commun., 2020, 525, 33–38. 

https://doi.org/10.1016/J.BBRC.2020.02.073. 

[27] Gentsch, C.; Lichtsteiner, M.; Driscoll, P.; Feer, H. Differential Hormonal and Physiological 

Responses to Stress in Roman High- and Low-Avoidance Rats. Physiol Behav., 1982, 28, 259-

263. https://doi.org/10.1016/0031-9384(82)90072-5. 

[28] Sternberg, E.M.; Hill, J.M.; Chrousos, G.P.; Kamilaris, T.; Listwak, S.J.; Gold, P.W.; Wilder, 

R.L. Inflammatory Mediator-Induced Hypothalamic-Pituitary-Adrenal Axis Activation Is 

Defective in Streptococcal Cell Wall Arthritis-Susceptible Lewis Rats. Proc Natl Acad Sci U S A, 

1989, 86, 2374-2378. https://doi.org/10.1073/pnas.86.7.2374. 

[29] Smith, C.C.; Hauser, E.; Renaud, N.K.; Leff, A.; Aksentijevich, S.; Chrousos, G.P.; Wilder, R.L.; 

Gold, P.W.; Sternberg, E.M. Increased Hypothalamic [3H]Flunitrazepam Binding in 

Hypothalamic-Pituitary-Adrenal Axis Hyporesponsive Lewis Rats. Brain Res., 1992, 569, 295-

299. https://doi.org/10.1016/0006-8993(92)90642-M. 

[30] Sternberg, E.M.; Glowa, J.R.; Smith, M.A.; Cologero, A.E.; Listwak, S.J.; Aksentijevich, S.; 

Chrousos, G.P.; Wilder, R.L.; Gold, P.W. Corticotropin Releasing Hormone Related Behavioral 

and Neuroendocrine Responses to Stress in Lewis and Fischer Rats. Brain Res., 1992, 570, 54-60. 

https://doi.org/10.1016/0006-8993(92)90563-O. 

[31] Smith, T.; Hewson, A.K.; Quarrie, L.; Leonard, J.P.; Cuzner, M.L. Hypothalamic PGE2 and 

Camp Production and Adrenocortical Activation Following Intraperitoneal Endotoxin Injection: 

In Vivo Microdialysis Studies in Lewis and Fischer Rats. Neuroendocrinology, 1994, 59, 396-

405. https://doi.org/10.1159/000126683. 

[32] Calogero, A.E.; Sternberg, E.M.; Bagdy, G.; Smith, C.; Bernardini, R.; Aksentijevich, S.; Wilder, 

R.L.; Gold, P.W.; Chrousos, G.P. Neurotransmitter-Lnduced Hypothalamic-Pituitary-Adrenal 

Axis Responsiveness Is Defective in Inflammatory Disease-Susceptible Lewis Rats: In Vivo and 

in Vitro Studies Suggesting Globally Defective Hypothalamic Secretion of Corticotropin-

Releasing Hormone. Neuroendocrinology, 1992, 55, 600-608. https://doi.org/10.1159/000126173. 

[33] Sternberg, E.M.; Young, W.S.; Bernardini, R.; Calogero, A.E.; Chrousos, G.P.; Gold, P.W.; 

Wilder, R.L. A Central Nervous System Defect in Biosynthesis of Corticotropin-Releasing 

Hormone Is Associated with Susceptibility to Streptococcal Cell Wall-Induced Arthritis in Lewis 

Rats. Proc Natl Acad Sci U S A, 1989, 86, 4771-4775. https://doi.org/10.1073/pnas.86.12.4771. 

[34] Million, M.; Wang, L.; Martinez, V.; Taché, Y. Differential Fos Expression in the Paraventricular 

Nucleus of the Hypothalamus, Sacral Parasympathetic Nucleus and Colonic Motor Response to 

Water Avoidance Stress in Fischer and Lewis Rats. Brain Res., 2000, 877, 345-353. 

https://doi.org/10.1016/S0006-8993(00)02719-0. 

[35] Patchev, V.K.; Mastorakos, G.; Brady, L.S.; Redwine, J.; Wilder, R.L.; Chrousos, G.P. Increased 

Arginine Vasopressin Secretion May Participate in the Enhanced Susceptibility of Lewis Rats to 

Inflammatory Disease. Neuroendocrinology, 1993, 58, 106-110. 

https://doi.org/10.1159/000126519. 

[36] Patchev, V.K.; Kalogeras, K.T.; Zelazowski, P.; Wilder, R.L.; Chrousos, G.P. Increased Plasma 

Concentrations, Hypothalamic Content, and in Vitro Release of Arginine Vasopressin in 

Inflammatory Disease-Prone, Hypothalamic Corticotropin-Releasing Hormone-Deficient Lewis 

Rats. Endocrinology, 1992, 131, 1453-1457. https://doi.org/10.1210/endo.131.3.1505475. 



20 
 

[37] Zelazowski, P.; Smith, M.A.; Gold, P.W.; Chrousos, G.P.; Wilder, R.L.; Sternherg, E.M. In Vitro 

Regulation of Pituitary Acth Secretion in Inflammatory Disease Susceptible Lewis (LEW/N) and 

Inflammatory Disease Resistant Fischer (F344/N) Rats. Neuroendocrinology, 1992, 56, 474-482. 

https://doi.org/10.1159/000126264. 

[38] Grota, L.J.; Bienen, T.; Felten, D.L. Corticosterone Responses of Adult Lewis and Fischer Rats. J 

Neuroimmunol., 1997, 74, 95-101. https://doi.org/10.1016/S0165-5728(96)00209-3. 

[39] Dhabhar, F.S.; McEwen, B.S.; Spencer, R.L. Stress Response, Adrenal Steroid Receptor Levels 

and Corticosteroid-Binding Globulin Levels - a Comparison between Sprague-Dawley, Fischer 

344 and Lewis Rats. Brain Res., 1993, 616, 89-98. https://doi.org/10.1016/0006-8993(93)90196-

T. 

[40] Ortiz, J.; DeCarpio, J.L.; Kosten, T.A.; Nestler, E.J. Strain-Selective Effects of Corticosterone on 

Locomotor Sensitization to Cocaine and on Levels of Tyrosine Hydroxylase and Glucocorticoid 

Receptor in the Ventral Tegmental Area. Neuroscience, 1995, 67, 383-397. 

https://doi.org/10.1016/0306-4522(95)00018-E. 

[41] Gómez, F.; Lahmame, A.; de Kloet, R.; Armario, A. Hypothalamic-Pituitary-Adrenal Response to 

Chronic Stress in Five Inbred Rat Strains: Differential Responses Are Mainly Located at the 

Adrenocortical Level. Neuroendocrinology, 1996, 63, 327–337. 

https://doi.org/10.1159/000126973. 

[42] Spinedi, E.; Salas, M.; Chisari, A.; Perone, M.; Carino, M.; Gaillard, R.C. Sex Differences in the 

Hypothalamo-Pituitary-Adrenal Axis Response to Inflammatory and Neuroendocrine Stressors. 

Neuroendocrinology, 1994, 60, 609-617. https://doi.org/10.1159/000126804. 

[43] Armario, A.; Gavaldà, A.; Martí, J. Comparison of the Behavioural and Endocrine Response to 

Forced Swimming Stress in Five Inbred Strains of Rats. Psychoneuroendocrinology, 1995, 20, 

879–890. https://doi.org/10.1016/0306-4530(95)00018-6. 

[44] Dhabhar, F.S.; Miller, A.H.; McEwen, B.S.; Spencer, R.L. Differential Activation of Adrenal 

Steroid Receptors in Neural and Immune Tissues of Sprague Dawley, Fischer 344, and Lewis 

Rats. J Neuroimmunol., 1995, 56, 77-90. https://doi.org/10.1016/0165-5728(94)00135-B. 

[45] Marti, J.; Armario, A. Forced Swimming Behavior Is Not Related to the Corticosterone Levels 

Achieved in the Test: A Study with Four Inbred Rat Strains. Physiol Behav., 1996, 59, 369–373. 

https://doi.org/10.1016/0031-9384(95)02104-3. 

[46] Dhabhar, F.S.; McEwen, B.S.; Spencer, R.L. Adaptation to Prolonged or Repeated Stress – 

Comparison between Rat Strains Showing Intrinsic Differences in Reactivity to Acute Stress. 

Neuroendocrinology, 1997, 65, 360-368. https://doi.org/10.1159/000127196. 

[47] Neeley, E.W.; Berger, R.; Koenig, J.I.; Leonard, S. Strain Dependent Effects of Prenatal Stress on 

Gene Expression in the Rat Hippocampus. Physiol Behav., 2011, 104, 334-339. 

https://doi.org/10.1016/j.physbeh.2011.02.032. 

[48] Chaouloff, F.; Kulikov, A.; Sarrieau, A.; Castanon, N.; Mormède, P. Male Fischer 344 and Lewis 

Rats Display Differences in Locomotor Reactivity, but Not in Anxiety-Related Behaviours: 

Relationship with the Hippocampal Serotonergic System. Brain Res., 1995, 693, 169-178. 

https://doi.org/10.1016/0006-8993(95)00733-7. 

[49] Michaud, D.S.; McLean, J.; Keith, S.E.; Ferrarotto, C.; Hayley, S.; Khan, S.A.; Anisman, H.; 

Merali, Z. Differential Impact of Audiogenic Stressors on Lewis and Fischer Rats: Behavioral, 

Neurochemical, and Endocrine Variations. Neuropsychopharmacology, 2003, 28, 1068-1081. 

https://doi.org/10.1038/sj.npp.1300149. 

[50] Baumann, M.H.; Elmer, G.I.; Goldberg, S.R.; Ambrosio, E. Differential Neuroendocrine 

Responsiveness to Morphine in Lewis, Fischer 344, and ACI Inbred Rats. Brain Res., 2000, 858, 

320-326. https://doi.org/10.1016/S0006-8993(99)02479-8. 



21 
 

[51] Kusnecov, A.W.; Shurin, M.R.; Armfield, A.; Litz, J.; Wood, P.; Zhou, D.; Rabin, B.S. 

Suppression of Lymphocyte Mitogenesis in Different Rat Strains Exposed to Footshock during 

Early Diurnal and Nocturnal Time Periods. Psychoneuroendocrinology, 1995, 20, 821-835. 

https://doi.org/10.1016/0306-4530(95)00009-7. 

[52] Jongen-Rêlo, A.L.; Pothuizen, H.H.J.; Feldon, J.; Pryce, C.R. Comparison of Central 

Corticosteroid Receptor Expression in Male Lewis and Fischer Rats. Brain Res., 2002, 953, 223-

231. https://doi.org/10.1016/S0006-8993(02)03293-6. 

[53] Duclos, M.; Bouchet, M.; Vettier, A.; Richard, D. Genetic Differences in Hypothalamic-Pituitary-

Adrenal Axis Activity and Food Restriction-Induced Hyperactivity in Three Inbred Strains of 

Rats. J Neuroendocrinol., 2005, 17, 740-752. https://doi.org/10.1111/j.1365-2826.2005.01367.x. 

[54] Ergang, P.; Vodička, M.; Soták, M.; Klusoňová, P.; Behuliak, M.; Řeháková, L.; Zach, P.; Pácha, 

J. Differential Impact of Stress on Hypothalamic-Pituitary-Adrenal Axis: Gene Expression 

Changes in Lewis and Fisher Rats. Psychoneuroendocrinology, 2015, 53, 49-59. 

https://doi.org/10.1016/j.psyneuen.2014.12.013. 

[55] Stöhr, T.; Szuran, T.; Welzl, H.; Pliska, V.; Feldon, J.; Pryce, C.R. Lewis/Fischer Rat Strain 

Differences in Endocrine and Behavioural Responses to Environmental Challenge. Pharmacol 

Biochem Behav., 2000, 67, 809-819. https://doi.org/10.1016/S0091-3057(00)00426-3. 

[56] Page, G.G.; Opp, M.R.; Kozachik, S.L. Reduced Sleep, Stress Responsivity, and Female Sex 

Contribute to Persistent Inflammation-Induced Mechanical Hypersensitivity in Rats. Brain Behav 

Immun., 2014, 40, 244-251. https://doi.org/10.1016/j.bbi.2014.02.013. 

[57] Gomez-Serrano, M.; Tonelli, L.; Listwak, S.; Sternberg, E.; Riley, A.L. Effects of Cross 

Fostering on Open-Field Behavior, Acoustic Startle, Lipopolysaccharide-Induced Corticosterone 

Release, and Body Weight in Lewis and Fischer Rats. Behav Genet., 2001, 31, 427-436. 

https://doi.org/10.1023/A:1012742405141. 

[58] Rivest, S.; Rivier, C. Stress and Interleukin‐1 Β‐Induced Activation of C‐fos, NGFI‐B Ann CRF 

Gene Expression in the Hypothalamic PVN: Comparison Between Sprague‐Dawley, Fisher‐344 

and Lewis Rats. J Neuroendocrinol., 1994, 6, 101-117. https://doi.org/10.1111/j.1365-

2826.1994.tb00559.x. 

[59] Karalis, K.; Crofford, L.; Wilder, R.L.; Chrousos, G.P. Glucocorticoid and/or Glucocorticoid 

Antagonist Effects in Inflammatory Disease-Susceptible Lewis Rats and Inflammatory Disease-

Resistant Fischer Rats. Endocrinology, 1995, 136, 3107-3112. 

https://doi.org/10.1210/endo.136.7.7789338. 

[60] Marissal-Arvy, N.; Gaumont, A.; Langlois, A.; Dabertrand, F.; Bouchecareilh, M.; Tridon, C.; 

Mormede, P. Strain Differences in Hypothalamic-Pituitary-Adrenocortical Axis Function and 

Adipogenic Effects of Corticosterone in Rats. J Endocrinol., 2007, 195, 473-484. 

https://doi.org/10.1677/JOE-07-0077. 

[61] Gómez, F.; de Kloet, E.R.; Armario, A. Glucocorticoid Negative Feedback on the HPA Axis in 

Five Inbred Rat Strains. Am J Physiol., 1998, 274, 420-427. 

https://doi.org/10.1152/ajpregu.1998.274.2.r420. 

[62] Stefferl, A.; Linington, C.; Holsboer, F.; Reul, J.M.H.M. Susceptibility and Resistance to 

Experimental Allergic Encephalomyelitis: Relationship with Hypothalamic-Pituitary-

Adrenocortical Axis Responsiveness in the Rat. Endocrinology, 1999, 140, 4932-4938. 

https://doi.org/10.1210/endo.140.11.7109. 

[63] Oitzl, M.S.; van Haarst, A.D.; Sutanto, W.; Ron de Kloet, E. Corticosterone, Brain 

Mineralocorticoid Receptors (MRS) and the Activity of the Hypothalamic-Pituitary-Adrenal 

(Hpa) Axis: The Lewis Rat as an Example of Increased Central MR Capacity and a 

Hyporesponsive HPA Axis. Psychoneuroendocrinology, 1995, 20, 655-675. 

https://doi.org/10.1016/0306-4530(95)00003-7. 



22 
 

[64] Pardon, M.C.; Gould, G.G.; Garcia, A.; Phillips, L.; Cook, M.C.; Miller, S.A.; Mason, P.A.; 

Morilak, D.A. Stress Reactivity of the Brain Noradrenergic System in Three Rat Strains Differing 

in Their Neuroendocrine and Behavioral Responses to Stress: Implications for Susceptibility to 

Stress-Related Neuropsychiatric Disorders. Neuroscience, 2002, 115, 229-242. 

https://doi.org/10.1016/S0306-4522(02)00364-0. 

[65] Klenerova, V.; Sida, P.; Hynie, S.; Jurcovicova, J. Rat Strain Differences in Responses of Plasma 

Prolactin and PRL MRNA Expression after Acute Amphetamine Treatment or Restraint Stress. 

Cell Mol Neurobiol., 2001, 21, 91-100. https://doi.org/10.1023/A:1007177430146. 

[66] Trnečková, L.; Armario, A.; Hynie, S.; Šída, P.; Klenerová, V. Differences in the Brain 

Expression of C-Fos MRNA after Restraint Stress in Lewis Compared to Sprague-Dawley Rats. 

Brain Res., 2006, 1077, 7-15. https://doi.org/10.1016/j.brainres.2006.01.029. 

[67] Sarrieau, A.; Mormède, P. Hypothalamic-Pituitary-Adrenal Axis Activity in the Inbred Brown 

Norway and Fischer 344 Rat Strains. Life Sci., 1998, 62, 1417-1425. 

https://doi.org/10.1016/S0024-3205(98)00080-0. 

[68] Uchida, S.; Nishida, A.; Hara, K.; Kamemoto, T.; Suetsugi, M.; Fujimoto, M.; Watanuki, T.; 

Wakabayashi, Y.; Otsuki, K.; McEwen, B.S.; Watanabe, Y. Characterization of the Vulnerability 

to Repeated Stress in Fischer 344 Rats: Possible Involvement of MicroRNA-Mediated down-

Regulation of the Glucocorticoid Receptor. Eur J Neurosci., 2008, 27, 2250-2261. 

https://doi.org/10.1111/j.1460-9568.2008.06218.x. 

[69] Broadhurst, P.L. The Maudsley Reactive and Nonreactive Strains of Rats: A Survey. Behav 

Genet., 1975, 5, 299-319. https://doi.org/10.1007/BF01073201. 

[70] Blizard, D.A. The Maudsley Reactive and Nonreactive Strains: A North American Perspective. 

Behav Genet., 1981, 11, 469-489. https://doi.org/10.1007/BF01070004. 

[71] Overstreet, D.H.; Rezvani, A.H.; Janowsky, D.S. Maudsley Reactive and Nonreactive Rats Differ 

Only in Some Tasks Reflecting Emotionality. Physiol Behav., 1992, 52, 149-152. 

https://doi.org/10.1016/0031-9384(92)90444-7. 

[72] Paterson, A.; Whiting, P.J.; Gray, J.A.; Flint, J.; Dawson, G.R. Lack of Consistent Behavioural 

Effects of Maudsley Reactive and Non-Reactive Rats in a Number of Animal Tests of Anxiety 

and Activity. Psychopharmacology (Berl), 2001, 154, 336-342. 

https://doi.org/10.1007/s002130000640. 

[73] Abel, E.L. Behavior and Corticosteroid Response of Maudsley Reactive and Nonreactive Rats in 

the Open Field and Forced Swimming Test. Physiol Behav., 1991, 50, 151-153. 

https://doi.org/10.1016/0031-9384(91)90513-N. 

[74] Buda, M.; Lachuer, J.; Devauges, V.; Barbagli, B.; Blizard, D.; Sara, S.J. Central Noradrenergic 

Reactivity to Stress in Maudsley Rat Strains. Neurosci Lett., 1994, 167, 33-36. 

https://doi.org/10.1016/0304-3940(94)91021-9. 

[75] Blizard, D.A.; Eldridge, J.C.; Jones, B.C. The Defecation Index as a Measure of Emotionality: 

Questions Raised by HPA Axis and Prolactin Response to Stress in the Maudsley Model. Behav 

Genet., 2015, 45, 368-373. https://doi.org/10.1007/s10519-015-9722-x. 

[76] Kosti, O.; Raven, P.W.; Renshaw, D.; Hinson, J.P. Intra-Adrenal Mechanisms in the Response to 

Chronic Stress: Investigation in a Rat Model of Emotionality. J Endocrinol., 2006, 189, 211-218. 

https://doi.org/10.1677/joe.1.06638. 

[77] Liebsch, G.; Montkowski, A.; Holsboer, F.; Landgraf, R. Behavioral Profiles of Two Wistar Rat 

Lines Selectively Bred for High or Low Anxiety-Related Behaviour. Behav Brain Res., 1998, 94, 

301-310. https://doi.org/10.1016/S0166-4328(97)00198-8. 



23 
 

[78] Landgraf, R.; Wigger, A.; Holsboer, F.; Neumann, I.D. Hyper-Reactive Hypothalamo-Pituitary-

Adrenocortical Axis in Rats Bred for High Anxiety-Related Behaviour. J Neuroendocrinol., 

1999, 11, 405-407. https://doi.org/10.1046/j.1365-2826.1999.00342.x. 

[79] Keck, M.E.; Welt, T.; Müller, M.B.; Uhr, M.; Ohl, F.; Wigger, A.; Toschi, N.; Holsboer, F.; 

Landgraf, R. Reduction of Hypothalamic Vasopressinergic Hyperdrive Contributes to Clinically 

Relevant Behavioral and Neuroendocrine Effects of Chronic Paroxetine Treatment in a 

Psychopathological Rat Model. Neuropsychopharmacology, 2003, 28, 235-243. 

https://doi.org/10.1038/sj.npp.1300040. 

[80] Frank, E.; Salchner, P.; Aldag, J.M.; Salomé, N.; Singewald, N.; Landgraf, R.; Wigger, A. 

Genetic Predisposition to Anxiety-Related Behavior Determines Coping Style, Neuroendocrine 

Responses, and Neuronal Activation during Social Defeat. Behav Neurosci., 2006, 120, 60-71. 

https://doi.org/10.1037/0735-7044.120.1.60. 

[81] Brush, F.R.; Baron, S.; Froehlich, J.C.; Ison, J.R.; Pellegrino, L.J.; Phillips, D.S.; Sakellaris, P.C.; 

Williams, V.N. Genetic Differences in Avoidance Learning by Rattus Norvegicus: 

Escape/Avoidance Responding, Sensitivity to Electric Shock, Discrimination Learning, and 

Open-Field Behavior. J Comp Psychol., 1985, 99, 60-73. https://doi.org/10.1037/0735-

7036.99.1.60. 

[82] Brush, F.R.; del Paine, S.N.; Pellegrino, L.J.; Rykaszewski, I.M.; Dess, N.K.; Collins, P.Y. CER 

Suppression, Passive-Avoidance Learning, and Stress-Induced Suppression of Drinking in the 

Syracuse High- and Low-Avoidance Strains of Rats (Rattus Norvegicus). J Comp Psychol., 1988, 

102, 337-349. https://doi.org/10.1037/0735-7036.102.4.337. 

[83] Brush, F.R. Selection for Differences in Avoidance Learning: The Syracuse Strains Differ in 

Anxiety, Not Learning Ability. Behav Genet., 2003, 33, 677-696. 

https://doi.org/10.1023/A:1026135231594. 

[84] del Paine, S.N.; Brush, F.R. Adrenal Morphometry in Unilateral and Sham Adrenalectomized 

Syracuse High and Low Avoidance Rats. Physiol Behav., 1990, 48, 299-306. 

https://doi.org/10.1016/0031-9384(90)90317-W. 

[85] Brush, F.R.; Isaacson, M.D.; Pellegrino, L.J.; Rykaszewski, I.M.; Shain, C.N. Characteristics of 

the Pituitary-Adrenal System in the Syracuse High-and Low-Avoidance Strains of Rats (Rattus 

Norvegicus). Behav Genet., 1991, 21, 35-48. https://doi.org/10.1007/BF01067665. 

[86] Gupta, P.; Brush, F.R. Differential Behavioral and Endocrinological Effects of Corticotropin- 

Releasing Hormone (CRH) in the Syracuse High- and Low-Avoidance Rats. Horm Behav., 1998, 

34, 262-267. https://doi.org/10.1006/hbeh.1998.1482. 

[87] Ohta, R.; Matsumoto, A.; Hashimoto, Y.; Nagao, T.; Mizutani, M. Behavioral Characteristics of 

Rats Selectively Bred for High and Low Avoidance Shuttlebox Response. Congenit Anom 

(Kyoto), 1995, 35, 223-229. https://doi.org/10.1111/j.1741-4520.1995.tb00614.x. 

[88] Ohta, R.; Matsumoto, A.; Nagao, T.; Mizutani, M. Comparative Study of Behavioral 

Development between High and Low Shuttlebox Avoidance Rats. Physiol Behav., 1998, 63, 545-

551. https://doi.org/10.1016/S0031-9384(97)00506-4. 

[89] Ohta, R.; Shirota, M.; Adachi, T.; Tohei, A.; Taya, K. Plasma ACTH Levels during Early, Two-

Way Avoidance Acquisition in High- and Low-Avoidance Rats (Hatano Strains). Behav Genet., 

1999, 29, 137-144. https://doi.org/10.1023/A:1021616723969. 

[90] Asai, S.; Ohta, R.; Shirota, M.; Watanabe, G.; Taya, K. Differential Responses of the 

Hypothalamo-Pituitary-Adrenocortical Axis to Acute Restraint Stress in Hatano High- and Low-

Avoidance Rats. J Endocrinol., 2004, 181, 515-520. https://doi.org/10.1677/joe.0.1810515. 

[91] Jaroenporn, S.; Nagaoka, K.; Ohta, R.; Shirota, M.; Watanabe, G.; Taya, K. Differences in 

Adrenocortical Secretory and Gene Expression Responses to Stimulation in Vitro by ACTH or 



24 
 

Prolactin between High- and Low-Avoidance Hatano Rats. Stress, 2009, 12, 22-29. 

https://doi.org/10.1080/10253890801976652. 

[92] Akieda-Asai, S.; Ohta, R.; Shirota, M.; Jaroenporn, S.; Watanabe, G.; Taya, K. Endocrinological 

Differences between Hatano High- and Low-Avoidance Rats during Early Two-Way Avoidance 

Acquisition. Exp Anim., 2011, 60, 509-516. https://doi.org/10.1538/expanim.60.509. 

[93] Bignami, G. Selection for High Rates and Low Rates of Avoidance Conditioning in the Rat. Anim 

Behav., 1965, 13, 221-227. https://doi.org/10.1016/0003-3472(65)90038-2. 

[94] Steimer, T.; Driscoll, P. Divergent Stress Responses and Coping Styles in Psychogenetically 

Selected Roman High-(RHA) and Low-(RLA) Avoidance Rats: Behavioural, Neuroendocrine 

and Developmental Aspects. Stress, 2003, 6, 87-100. 

https://doi.org/10.1080/1025389031000111320. 

[95] Walker, C.D.; Rivest, R.W.; Meaney, M.J.; Aubert, M.L. Differential Activation of the Pituitary-

Adrenocortical Axis after Stress in the Rat: Use of Two Genetically Selected Lines (Roman Low- 

and High-Avoidance Rats) as a Model. J Endocrinol., 1989, 123, 477-485. 

https://doi.org/10.1677/joe.0.1230477. 

[96] Gentsch, C.; Lichtsteiner, M.; Feer, H. Locomotor Activity, Defecation Score and Corticosterone 

Levels during an Openfield Exposure: A Comparison among Individually and Group-Housed 

Rats, and Genetically Selected Rat Lines. Physiol Behav., 1981, 27, 183-186. 

https://doi.org/10.1016/0031-9384(81)90320-6. 

[97] Castanon, N.; Dulluc, J.; le Moal, M.; Mormède, P. Prolactin as a Link between Behavioral and 

Immune Differences between the Roman Rat Lines. Physiol Behav., 1992, 51, 1235-1241. 

https://doi.org/10.1016/0031-9384(92)90314-R. 

[98] Steimer, T.; Escorihuela, R. M.; Fernández-teruel, A.; Driscoll, A. P. Long-Term Behavioural and 

Neuroendocrine Changes in Roman High-(RHA/Verh) and Low-(RLA-Verh) Avoidance Rats 

Following Neonatal Handling. Int J Dev Neurosci., 1998, 16, 165-174. 

https://doi.org/10.1016/S0736-5748(98)00032-X. 

[99] Aubry, J.M.; Bartamisz, V.; Driscoll, P.; Schulz, P.; Steimer, T.; Kiss, J.Z. Corticotropin-

Releasing Factor and Vasopressin MRNA Levels in Roman High- and Low-Avoidance Rats: 

Response to Open-Field Exposure. Neuroendocrinology, 1995, 61, 89-97. 

https://doi.org/10.1159/000126829. 

[100] Carrasco, J.; Márquez, C.; Nadal, R.; Tobeña, A.; Fernández-Teruel, A.; Armario, A. 

Characterization of Central and Peripheral Components of the Hypothalamus-Pituitary-Adrenal 

Axis in the Inbred Roman Rat Strains. Psychoneuroendocrinology, 2008, 33, 437-445. 

https://doi.org/10.1016/j.psyneuen.2008.01.001. 

[101] Díaz-Morán, S.; Palència, M.; Mont-Cardona, C.; Cañete, T.; Blázquez, G.; Martínez-Membrives, 

E.; López-Aumatell, R.; Tobeña, A.; Fernández-Teruel, A. Coping Style and Stress Hormone 

Responses in Genetically Heterogeneous Rats: Comparison with the Roman Rat Strains. Behav 

Brain Res., 2012, 228, 203-210. https://doi.org/10.1016/j.bbr.2011.12.002. 

[102] Okamoto, K.; Aoki, K. Development of a Strain of Spontaneously Hypertensive Rats. Jpn Circ J., 

1963, 27, 282-293. https://doi.org/10.1253/jcj.27.282. 

[103] Werner, S.C.; Manger, W.M.; Radichevich, I.; Wolff, M.; von Estorff, I. Excessive Thyrotropin 

Concentrations in the Circulation of the Spontaneously Hypertensive Rat. Proc Soc Exp Biol 

Med., 1975, 148, 1013-1017. https://doi.org/10.3181/00379727-148-38679. 

[104] Regan, S.L.; Williams, M.T.; Vorhees, C.V. Review of Rodent Models of Attention Deficit 

Hyperactivity Disorder. Neurosci Biobehav Rev., 2022, 132, 621-637. 

https://doi.org/10.1016/j.neubiorev.2021.11.041. 



25 
 

[105] Aleksandrova, L.R.; Wang, Y.T.; Phillips, A.G. Evaluation of the Wistar-Kyoto Rat Model of 

Depression and the Role of Synaptic Plasticity in Depression and Antidepressant Response. 

Neurosci Biobehav Rev., 2019, 105, 1-23. https://doi.org/10.1016/j.neubiorev.2019.07.007. 

[106] Paré, W.P.; Redei, E. Depressive Behavior and Stress Ulcer in Wistar Kyoto Rats. J Physiol 

Paris, 1993, 87, 229-238. https://doi.org/10.1016/0928-4257(93)90010-Q. 

[107] Lahmame, A.; Gomez, F.; Armario, A. Fawn-Hooded Rats Show Enhanced Active Behaviour in 

the Forced Swimming Test, with No Evidence for Pituitary-Adrenal Axis Hyperactivity. 

Psychopharmacology (Berl), 1996, 125, 74-78. https://doi.org/10.1007/BF02247395. 

[108] Lahmame, A.; del Arco, C.; Pazos, A.; Yritia, M.; Armario, A. Are Wistar-Kyoto Rats a Genetic 

Animal Model of Depression Resistant to Antidepressants? Eur J Pharmacol., 1997, 337, 115–

123. https://doi.org/10.1016/S0014-2999(97)01276-4. 

[109] McCarty, R. Stress, Behavior and Experimental Hypertension. Neurosci Biobehav Rev., 1983, 7, 

493-502. https://doi.org/10.1016/0149-7634(83)90029-5. 

[110] Hendley, E.D.; Cierpial, M.A.; McCarty, R. Sympathetic-Adrenal Medullary Response to Stress 

in Hyperactive and Hypertensive Rats. Physiol Behav., 1988, 44, 47-51. 

https://doi.org/10.1016/0031-9384(88)90344-7. 

[111] Zhang, T.; Reid, K.; Acuff, C.G.; Jin, C.B.; Rockhold, R.W. Cardiovascular and Analgesic 

Effects of a Highly Palatable Diet in Spontaneously Hypertensive and Wistar-Kyoto Rats. 

Pharmacol Biochem Behav., 1994, 48, 57-61. https://doi.org/10.1016/0091-3057(94)90498-7. 

[112] Durand, M.; Berton, O.; Aguerre, S.; Edno, L.; Combourieu, I.; Mormède, P.; Chaouloff, F. 

Effects of Repeated Fluoxetine on Anxiety-Related Behaviours, Central Serotonergic Systems, 

and the Corticotropic Axis in SHR and WKY Rats. Neuropharmacology, 1999, 38, 893-907. 

https://doi.org/10.1016/S0028-3908(99)00009-X. 

[113] Lim, D.Y.; Jang, S.J.; Park, D.G. Comparison of Catecholamine Release in the Isolated Adrenal 

Glands of SHR and WKY Rats. Auton Autacoid Pharmacol., 2002, 22, 225-232. 

https://doi.org/10.1046/j.1474-8673.2002.00264.x. 

[114] McBride, S.M.; Culver, B.; Flynn, F.W. Prenatal and Early Postnatal Dietary Sodium Restriction 

Sensitizes the Adult Rat to Amphetamines. Am J Physiol Regul Integr Comp Physiol., 2006, 291, 

R1192-1199. https://doi.org/10.1152/ajpregu.00774.2005. 

[115] Vavřínová, A.; Behuliak, M.; Bencze, M.; Vodička, M.; Ergang, P.; Vaněčková, I.; Zicha, J. 

Sympathectomy-Induced Blood Pressure Reduction in Adult Normotensive and Hypertensive 

Rats Is Counteracted by Enhanced Cardiovascular Sensitivity to Vasoconstrictors. Hypertension 

Res., 2019, 42, 1872-1882. https://doi.org/10.1038/s41440-019-0319-2. 

[116] Nickerson, P.A. The Adrenal Cortex in Spontaneously Hypertensive Rats. A Quantitative 

Ultrastructural Study. Am J Pathol., 1976, 84, 545-560. PMID: 961826; PMCID: PMC2032514. 

[117] Nishiyama, K.; Nishiyama, A.; Frohlich, E.D. Regional Blood Flow in Normotensive and 

Spontaneously Hypertensive Rats. Ame J Physiol., 1976, 230, 691-698. 

https://doi.org/10.1152/ajplegacy.1976.230.3.691. 

[118] Ayachi, S. Increased Dietary Calcium Lowers Blood Pressure in the Spontaneously Hypertensive 

Rat. Metabolism, 1979, 28, 1234-1238. https://doi.org/10.1016/0026-0495(79)90136-7. 

[119] Hausler, A.; Girard, J.; Baumann, J.B.; Ruch, W.; Otten, U.H. Long-Term Effects of 

Betamethasone on Blood Pressure and Hypothalamo-Pituitary-Adrenocortical Function in 

Spontaneously Hypertensive and Normotensive Rats. Horm Res., 1983, 18, 191-197. 

https://doi.org/10.1159/000179794. 

[120] Paré, W.P.; Schimmel, G.T. Stress Ulcer in Normotensive and Spontaneously Hypertensive Rats. 

Physiol Behav., 1986, 36, 699-705. https://doi.org/10.1016/0031-9384(86)90357-4. 



26 
 

[121] Fukuda, S.; Tsuchikura, S.; Iida, H. Age-Related Changes in Blood Pressure, Hematological 

Values, Concentrations of Serum Biochemical Constituents and Weights of Organs in the 

SHR/Izm, SHRSP/Izm and WKY/Izm. Exp Anim., 2004, 53, 67-72. 

https://doi.org/10.1538/expanim.53.67. 

[122] Gilad, G.M.; Jimerson, D.C. Modes of Adaptation of Peripheral Neuroendocrine Mechanisms of 

the Sympatho-Adrenal System to Short-Term Stress as Studied in Two Inbred Rat Strains. Brain 

Res., 1981, 206, 83-93. https://doi.org/10.1016/0006-8993(81)90102-5. 

[123] Harrap, S.B.; Louis, W.J.; Doyle, A.E. Failure of Psychosocial Stress to Induce Chronic 

Hypertension in the Rat. J Hypertens., 1984, 2, 653-662. https://doi.org/10.1097/00004872-

198412000-00011. 

[124] McCarty, R.; Kvetnansky, R.; Raymond Lake, C.; Thoa, N.B.; Kopin, I.J. Sympatho-Adrenal 

Activity of SHR and WKY Rats during Recovery from Forced Immobilization. Physiol Behav., 

1978, 21, 951-955. https://doi.org/10.1016/0031-9384(78)90171-3. 

[125] Sowers, J.; Tuck, M.; Asp, N.D.; Sollars, E. Plasma Aldosterone and Corticosterone Responses to 

Adrenocorticotropin, Angiotensin, Potassium, and Stress in Spontaneously Hypertensive Rats. 

Endocrinology, 1981, 108, 1216-1221. https://doi.org/10.1210/endo-108-4-1216. 

[126] Hashimoto, K.; Makino, S.; Hirasawa, R.; Takao, T.; Sugawara, M.; Murakami, K.; Ono, K.; Ota, 

Z. Abnormalities in the Hypothalamo-Pituitary-Adrenal Axis in Spontaneously Hypertensive Rats 

during Development of Hypertension. Endocrinology, 1989, 125, 1161-1167. 

https://doi.org/10.1210/endo-125-3-1161. 

[127] Freeman, R.H.; Davis, J.O.; Varsano Aharon, N.; Ulick, S.; Weinberger, M.H. Control of 

Aldosterone Secretion in the Spontaneously Hypertensive Rat. Circ Res., 1975, 37, 66-71. 

https://doi.org/10.1161/01.RES.37.1.66. 

[128] DeVito, W.J.; Sutterer, J.R.; Robert Brush, F. The Pituitary-Adrenal Response to Ether Stress in 

the Spontaneously Hypertensive and Normotensive Rat. Life Sci., 1981, 28, 1489-1495. 

https://doi.org/10.1016/0024-3205(81)90381-7. 

[129] Komanicky, P.; Reiss, D.L.; Dale, S.L.; Melby, J.C. Role of Adrenal Steroidogenesis in Etiology 

of Hypertension in the Spontaneously Hypertensive Rat. Endocrinology, 1982, 111, 219-224. 

https://doi.org/10.1210/endo-111-1-219. 

[130] Krukoff, T.L.; MacTavish, D.; Jhamandas, J.H. Hypertensive Rats Exhibit Heightened 

Expression of Corticotropin- Releasing Factor in Activated Central Neurons in Response to 

Restraint Stress. Brain Res Mol Brain Res., 1999, 65, 70-79. https://doi.org/10.1016/S0169-

328X(98)00342-8. 

[131] Autelitano, D.J.; van den Buuse, M. Concomitant Up-Regulation of Proopiomelanocortin and 

Dopamine D2-Receptor Gene Expression in the Pituitary Intermediate Lobe of the Spontaneously 

Hypertensive Rat. J Neuroendocrinol., 1997, 9, 255-262. https://doi.org/10.1046/j.1365-

2826.1997.00576.x. 

[132] Braas, K.M.; Hendley, E.D.; May, V.; Cronin, K.M.; McAuley, J.A. Anterior Pituitary 

Proopiomelanocortin Expression Is Decreased in Hypertensive Rat Strains. Endocrinology, 1994, 

134, 196-205. https://doi.org/10.1210/endo.134.1.8275934. 

[133] Häusler, A.; Girard, J.; Baumann, J.B.; Ruch, W.; Otten, U.H. Stress-Induced Secretion of Acth 

and Corticosterone During Development of Spontaneous Hypertension in Rats. Clin Exp 

Hypertens A., 2009, 5, 11–19. https://doi.org/10.3109/10641968309048806. 

[134] Kvetnansky, R.; McCarthy, R.; Thoa, N.B. Sympatho-Adrenal Responses of Spontaneously 

Hypertensive Rats to Immobilization Stress. Am J Physiol., 1979, 5, H457-462. 

https://doi.org/10.1152/ajpheart.1979.236.3.h457. 



27 
 

[135] Chiueh, C.C.; McCarty, R. Sympatho-Adrenal Hyperreactivity to Footshock Stress but Not to 

Cold Exposure in Spontaneously Hypertensive Rats. Physiol Behav., 1981, 26, 85-89. 

https://doi.org/10.1016/0031-9384(81)90082-2. 

[136] Knardahl, S.; Murison, R. Plasma Corticosterone and Renin Activity during Two-Way Active 

Avoidance Learning in Spontaneously Hypertensive and Wistar-Kyoto Rats. Behav Neural Biol., 

1989, 51, 389-400. https://doi.org/10.1016/S0163-1047(89)91026-1. 

[137] Solberg, L.C.; Olson, S.L.; Turek, F.W.; Redei, E. Altered Hormone Levels and Circadian 

Rhythm of Activity in the WKY Rat, a Putative Animal Model of Depression. Am J Physiol 

Regul Integr Comp Physiol., 2001, 281, R786-794. 

https://doi.org/10.1152/ajpregu.2001.281.3.r786. 

[138] Hauger, R.L.; Shelat, S.G; Redei, E.E. Decreased Corticotropin-Releasing Factor Receptor 

Expression and Adrenocorticotropic Hormone Responsiveness in Anterior Pituitary Cells of 

Wistar-Kyoto Rats. J Neuroendocrinol., 2002, 14, 126-134. https://doi.org/10.1046/j.0007-

1331.2001.00752.x. 

[139] Shepard, J.D.; Myers, D.A. Strain Differences in Anxiety-like Behavior: Association with 

Corticotropin-Releasing Factor. Behav Brain Res., 2008, 186, 239-245. 

https://doi.org/10.1016/j.bbr.2007.08.013. 

[140] Bravo, J.A.; Dinan, T.G.; Cryan, J.F. Alterations in the Central CRF System of Two Different Rat 

Models of Comorbid Depression and Functional Gastrointestinal Disorders. Int J 

Neuropsychopharmacol., 2011, 14, 666-683. https://doi.org/10.1017/S1461145710000994. 

[141] Rittenhouse, P.A.; López-Rubalcava, C.; Stanwood, G.D.; Lucki, I. Amplified Behavioral and 

Endocrine Responses to Forced Swim Stress in the Wistar-Kyoto Rat. 

Psychoneuroendocrinology, 2002, 27, 303-318. https://doi.org/10.1016/S0306-4530(01)00052-X. 

[142] Redei, E.; Pare, W.P.; Aird, F.; Kluczynski, J. Strain Differences in Hypothalamic-Pituitary-

Adrenal Activity and Stress Ulcer. Am J Physiol., 1994, 266, R353-360. 

https://doi.org/10.1152/ajpregu.1994.266.2.r353. 

[143] Braley, L.M.; Menachery, A.I.; Williams, G.H. Specificity of the Alteration in Aldosterone 

Biosynthesis in the Spontaneously Hypertensive Rat. Endocrinology, 1983, 112, 562-566. 

https://doi.org/10.1210/endo-112-2-562. 

[144] Slezak, P.; Puzserova, A.; Balis, P.; Sestakova, N.; Majzunova, M.; Dovinova, I.; Kluknavsky, 

M.; Bernatova, I. Genotype-Related Effect of Crowding Stress on Blood Pressure and Vascular 

Function in Young Female Rats. Biomed Res Int., 2014, 2014, 413629. 

https://doi.org/10.1155/2014/413629. 

[145] Overstreet, D.H.; Wegener, G. The Flinders Sensitive Line Rat Model of Depression-25 Years 

and Still Producing. Pharmacol Rev., 2013, 65, 143-155. https://doi.org/10.1124/pr.111.005397. 

[146] Overstreet, D.H.; Booth, R.A.; Dana, R.; Risch, S.C.; Janowsky, D.S. Enhanced Elevation of 

Corticosterone Following Arecoline Administration to Rats Selectively Bred for Increased 

Cholinergic Function. Psychopharmacology (Berl), 1986, 88, 129-130. 

https://doi.org/10.1007/BF00310528. 

[147] Owens, M.J.; Overstreet, D.H.; Knight, D.L.; Rezvani, A.H.; Ritchie, J.C.; Bissette, G.; 

Janowsky, D.S.; Nemeroff, C.B. Alterations in the Hypothalamic-Pituitary-Adrenal Axis in a 

Proposed Animal Model of Depression with Genetic Muscarinic Supersensitivity. 

Neuropsychopharmacology, 1991, 4, 87-93. PMID: 1851013. 

[148] Ayensu, W.K.; Pucilowski, O.; Mason, G.A.; Overstreet, D.H.; Rezvani, A.H.; Janowsky, D.S. 

Effects of Chronic Mild Stress on Serum Complement Activity, Saccharin Preference, and 

Corticosterone Levels in Flinders Lines of Rats. Physiol Behav., 1995, 57, 165-169. 

https://doi.org/10.1016/0031-9384(94)00204-I. 



28 
 

[149] Elsenbruch, S.; Wang, L.; Hollerbach, S.; Schedlowski, M.; Tougas, G. Pseudo-Affective 

Visceromotor Responses and HPA Axis Activation Following Colorectal Distension in Rats with 

Increased Cholinergic Sensitivity. Neurogastroenterol Motil., 2004, 16, 801-809. 

https://doi.org/10.1111/j.1365-2982.2004.00563.x. 

[150] Mattsson, H.; Arani, Z.; Astin, M.; Bayati, A.; Overstreet, D.H.; Lehmann, A. Altered 

Neuroendocrine Response and Gastric Dysmotility in the Flinders Sensitive Line Rat. 

Neurogastroenterol Motil., 2005, 17, 166-174. https://doi.org/10.1111/j.1365-2982.2005.00665.x. 

[151] Malkesman, O.; Braw, Y.; Maayan, R.; Weizman, A.; Overstreet, D.H.; Shabat-Simon, M.; 

Kesner, Y.; Touati-Werner, D.; Yadid, G.; Weller, A. Two Different Putative Genetic Animal 

Models of Childhood Depression. Biol Psychiatry, 2006, 59, 17-23. 

https://doi.org/10.1016/j.biopsych.2005.05.039. 

[152] Malkesman, O.; Maayan, R.; Weizman, A.; Weller, A. Aggressive Behavior and HPA Axis 

Hormones after Social Isolation in Adult Rats of Two Different Genetic Animal Models for 

Depression. Behav Brain Res., 2006, 175, 408-414. https://doi.org/10.1016/j.bbr.2006.09.017. 

[153] Braw, Y.; Malkesman, O.; Merlender, A.; Bercovich, A.; Dagan, M.; Maayan, R.; Weizman, A.; 

Weller, A. Stress Hormones and Emotion-Regulation in Two Genetic Animal Models of 

Depression. Psychoneuroendocrinology, 2006, 31, 1105-1116. 

https://doi.org/10.1016/j.psyneuen.2006.07.003. 

[154] Thiele, S.; Spehl, T.S.; Frings, L.; Braun, F.; Ferch, M.; Rezvani, A.H.; Furlanetti, L.L.; Meyer, 

P.T.; Coenen, V.A.; Döbrössy, M.D. Long-Term Characterization of the Flinders Sensitive Line 

Rodent Model of Human Depression: Behavioral and PET Evidence of a Dysfunctional 

Entorhinal Cortex. Behav Brain Res., 2016, 300, 11–24. 

https://doi.org/10.1016/J.BBR.2015.11.026. 

[155] Mncube, K.; Möller, M.; Harvey, B.H. Post-Weaning Social Isolated Flinders Sensitive Line Rats 

Display Bio-Behavioural Manifestations Resistant to Fluoxetine: A Model of Treatment-Resistant 

Depression. Front Psychiatry, 2021, 12, 688150. https://doi.org/10.3389/fpsyt.2021.688150. 

[156] Kokras, N.; Sotiropoulos, I.; Pitychoutis, P.M.; Almeida, O.F.X.; Papadopoulou-Daifoti, Z. 

Citalopram-Mediated Anxiolysis and Differing Neurobiological Responses in Both Sexes of a 

Genetic Model of Depression. Neuroscience, 2011, 194, 62-71. 

https://doi.org/10.1016/j.neuroscience.2011.07.077. 

[157] Walker, S.E.; Zanoletti, O.; Guillot de Suduiraut, I.; Sandi, C. Constitutive Differences in 

Glucocorticoid Responsiveness to Stress Are Related to Variation in Aggression and Anxiety-

Related Behaviors. Psychoneuroendocrinology, 2017, 84, 1-10. 

https://doi.org/10.1016/j.psyneuen.2017.06.011. 

[158] Huzard, D.; Ghosal, S.; Grosse, J.; Carnevali, L.; Sgoifo, A.; Sandi, C. Low Vagal Tone in Two 

Rat Models of Psychopathology Involving High or Low Corticosterone Stress Responses. 

Psychoneuroendocrinology, 2019, 101, 101-110. https://doi.org/10.1016/j.psyneuen.2018.11.003. 

[159] Walker, S.E.; Sandi, C. Long-Term Programing of Psychopathology-like Behaviors in Male Rats 

by Peripubertal Stress Depends on Individual’s Glucocorticoid Responsiveness to Stress. Stress, 

2018, 21, 433-442. https://doi.org/10.1080/10253890.2018.1435639. 

[160] Huzard, D.; Vouros, A.; Monari, S.; Astori, S.; Vasilaki, E.; Sandi, C. Constitutive Differences in 

Glucocorticoid Responsiveness Are Related to Divergent Spatial Information Processing 

Abilities. Stress, 2020, 23, 37-49. https://doi.org/10.1080/10253890.2019.1625885. 

[161] Elenkov, I.J.; Kvetnansky, R.; Hashiramoto, A.; Bakalov, V.K.; Link, A.A.; Zachman, K.; Crane, 

M.; Jezova, D.; Rovensky, J.; Dimitrov, M.A.; Gold, P.W.; Bonini, S.; Fleisher, T.; Chrousos, 

G.P.; Wilder, R.L. Low- versus High-Baseline Epinephrine Output Shapes Opposite Innate 

Cytokine Profiles: Presence of Lewis- and Fischer-Like Neurohormonal Immune Phenotypes in 

Humans? J Immunol., 2008, 181, 1737-1745. https://doi.org/10.4049/jimmunol.181.3.1737. 



29 
 

[162] Sanchís-Ollé, M.; Sánchez-Benito, L.; Fuentes, S.; Gagliano, H.; Belda, X.; Molina, P.; Carrasco, 

J.; Nadal, R.; Armario, A. Male Long-Evans Rats: An Outbred Model of Marked Hypothalamic-

Pituitary-Adrenal Hyperactivity. Neurobiol Stress, 2021, 15, 100355. 

https://doi.org/10.1016/j.ynstr.2021.100355. 

[163] Jurcovicova, J.; Vigas, M.; Klir, P.; Jezova, D. Response of Prolactin, Growth Hormone and 

Corticosterone Secretion to Morphine Administration or Stress Exposure in Wistar-AVN and 

Long Evans Rats. Endocrinol Exp., 1984, 18, 209-214. PMID: 6335081. 

[164] Vodička, M.; Vavřínová, A.; Mikulecká, A.; Zicha, J.; Behuliak, M. Hyper-Reactivity of HPA 

Axis in Fischer 344 Rats Is Associated with Impaired Cardiovascular and Behavioral Adaptation 

to Repeated Restraint Stress. Stress, 2020, 23, 667-677. 

https://doi.org/10.1080/10253890.2020.1777971. 

[165] Márquez, C.; Nadal, R.; Armario, A. Responsiveness of the Hypothalamic-Pituitary-Adrenal Axis 

to Different Novel Environments Is a Consistent Individual Trait in Adult Male Outbred Rats. 

Psychoneuroendocrinology, 2005, 30, 179–187. https://doi.org/10.1016/j.psyneuen.2004.05.012. 

[166] Márquez, C.; Nadal, R.; Armario, A. Influence of Reactivity to Novelty and Anxiety on 

Hypothalamic-Pituitary- Adrenal and Prolactin Responses to Two Different Novel Environments 

in Adult Male Rats. Behav Brain Res., 2006, 168, 13–22. 

https://doi.org/10.1016/j.bbr.2005.10.004. 

[167] Nadal, R.; Gabriel-Salazar, M.; Sanchís-Ollé, M.; Gagliano, H.; Belda, X.; Armario, A. 

Individual Differences in the Neuroendocrine Response of Male Rats to Emotional Stressors Are 

Not Trait-like and Strongly Depend on the Intensity of the Stressors. Psychoneuroendocrinology, 

2021, 125, 105127. https://doi.org/10.1016/j.psyneuen.2021.105127. 

[168] Goldstein, D.S.; Garty, M.; Bagdy, G.; Szemeredi, K.; Sternberg, E.M.; Listwak, S.; Pacak, K.; 

Deka‐Starosta, A.; Hoffman, A.; Chang, P.C.; Stull, R.; Gold, P.W.; Kopin, I.J. Role of CRH in 

Glucopenia‐lnduced Adrenomedullary Activation in Rats. J Neuroendocrinol., 1993, 5, 475-486. 

https://doi.org/10.1111/j.1365-2826.1993.tb00511.x. 

[169] Boersma, G.J.; Scheurink, A.J.W.; Wielinga, P.Y.; Steimer, T.J.; Benthem, L. The Passive 

Coping Roman Low Avoidance Rat, a Non-Obese Rat Model for Insulin Resistance. Physiol 

Behav., 2009, 97, 353-358. https://doi.org/10.1016/j.physbeh.2009.03.005. 

[170] Castanon, N.; Dulluc, J.; le Moal, M.; Mormède, P. Maturation of the Behavioral and 

Neuroendocrine Differences between the Roman Rat Lines. Physiol Behav., 1994, 55, 775-782. 

https://doi.org/10.1016/0031-9384(94)90059-0. 

[171] Steimer, T.; la Fleur, S.; Schulz, P.E. Neuroendocrine Correlates of Emotional Reactivity and 

Coping in Male Rats from the Roman High (RHA/Verh)-and Low (RLA/Verh)-Avoidance Lines. 

Behav Genet., 1997, 27, 503-512. https://doi.org/10.1023/A:1021448713665. 

[172] Steger, R.W.; Avila-Jimenez, R.; Amador, A.; Johns, A. Altered Hypothalamic Monoamine 

Metabolism and Pituitary Prolactin Regulation in Female Spontaneously Hypertensive Rats. Life 

Sci., 1984, 34, 1691-1697. https://doi.org/10.1016/0024-3205(84)90641-6. 

[173] Amador, A.; Steger, R.W.; Bartke, A.; Johns, A.; Hayashi, R.H.; Stallings, M.H. Pituitary and 

Testicular Function in Spontaneously Hypertensive Rats. J Androl., 1983, 4, 67-70. 

https://doi.org/10.1002/j.1939-4640.1983.tb00722.x. 

[174] Armario, A. The Forced Swim Test: Historical, Conceptual and Methodological Considerations 

and Its Relationship with Individual Behavioral Traits. Neurosci Biobehav Rev., 2021, 128, 74–

86. https://doi.org/10.1016/j.neubiorev.2021.06.014. 

[175] Will, C.C.; Aird, F.; Redei, E.E. Selectively Bred Wistar-Kyoto Rats: An Animal Model of 

Depression and Hyper-Responsiveness to Antidepressants. Mol Psychiatry, 2003, 8, 925-932. 

https://doi.org/10.1038/sj.mp.4001345. 



30 
 

[176] Solberg, L.C.; Ahmadiyeh, N.; Baum, A.E.; Vitaterna, M.H.; Takahashi, J.S.; Turek, F.W.; Redei, 

E.E. Depressive-like Behavior and Stress Reactivity Are Independent Traits in a Wistar Kyoto x 

Fisher 344 Cross. Mol Psychiatry, 2003, 8, 423-433. https://doi.org/10.1038/sj.mp.4001255. 

  


