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Abstract

Neuroendocrine responses to stress vary between sexes and reproductive states and are influenced by the type of stressor. Stress
responses are attenuated in some physiological states, such as lactation and conditions of low visceral adipose tissue. Moreover, some
individuals within a species characteristically display reduced stress responses. The neuroendocrine mechanisms for stress hyporespon-
siveness are likely to include reduced synthesis and secretion of corticotropin releasing hormone (CRH) and arginine vasopressin (AVP)
from the hypothalamus as a result of enhanced glucocorticoid negative feedback and/or reduced noradrenergic stimulatory input from
the brain stem. A major limitation of research to date is the lack of direct measures of CRH and AVP secretion. Attenuated stress
responsiveness is also commonly associated with reduced pituitary responsiveness to CRH and AVP. The possible roles of inhibitory
central inputs to CRH and AVP neurons and of oxytocin and prolactin in attenuating the HPA axis responses to stress are unknown.
� 2006 Elsevier Inc. All rights reserved.

Keywords: Stress; Stress hyporesponsiveness; Hypothalamo-pituitary adrenal axis; Stress responsiveness; Lactation; Visceral adiposity; CRH; AVP;
Glucocorticoids; Norepineprhine
1. Introduction

Stress is a complicated physiological mechanism that
embodies a range of integrative physiological and behav-
ioral processes that occur when there is a real or perceived
threat to homeostasis. While it is generally accepted that
these processes are adaptive, designed to re-establish
homeostasis and allow coping, it is also apparent that inad-
equate or excessive and/or prolonged activation of stress
systems can disturb normal physiological and behavioral
function. This can result in a range of adverse consequenc-
es such as depression, impaired cognition, cardiovascular
disease, impaired immune function with increased vulnera-
bility to disease, impaired growth and reproductive func-
tion, osteoporosis, diabetes, dementia and reduced life
expectancy [22,24,220,221,236,238]. Despite a vast litera-
ture on stress responses in a range of species, there is still
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much to be learned about the mechanisms of stress
responses so that strategies can be developed to prevent
and overcome stress-induced disorders.

Under some physiological conditions, responses to
stress are naturally attenuated while still being adequate
to allow adaptation to adverse threats to homeostasis.
There are various physiological states where this occurs
but one of the best known examples is seen in the female
during late pregnancy and lactation. It is also apparent that
stress responses vary between humans and animals with
differing amounts of visceral adipose tissue. Lean individu-
als generally display reduced responses to stress. Further-
more, neuroendocrine and behavioral responses to stress
often vary substantially between individuals, within the
same species, such that some individuals inherently display
reduced responsiveness of the stress systems, including the
hypothalamo-pituitary adrenal (HPA) axis. An under-
standing of the neuroendocrine mechanisms that underlie
natural physiological states of reduced stress responsive-
ness, defined here as stress hyporesponsiveness, will
provide knowledge that could be utilized to generate
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physiological treatments for people at risk of illness due to
chronic stress and/or disorders of the stress systems. This is
conceptually attractive because the most effective mecha-
nisms to suppress stress responses will undoubtedly be
those that the body itself uses. In this review we explore
some of the mechanisms of stress hyporesponsiveness in
lactating females, lean individuals and individuals that dis-
play naturally attenuated neuroendocrine responses to
stress. Our focus is upon the regulation of the HPA axis.

2. Physiological responses to stress

The intrinsic or extrinsic stimuli, whether real or per-
ceived, that challenge homeostasis, are commonly termed
stressors. Stressors are many and varied (e.g. psychologi-
cal, physical, surgical trauma, strenuous exercise, undernu-
trition) and activate a range of physiological systems, the
Fig. 1. Schematic representation of the hypothalamo-pituitary adrenal (H
paraventricular nucleus (PVN) of the hypothalamus and the consequent release
vasopressin (AVP) into the hypophyseal portal system. The combined action
stimulates the secretion of peptides derived from pro-opiomelanocortin which
a-melanocyte-stimulating hormone (not shown). ACTH acts on the corte
Glucocorticoids regulate the secretion of CRH, AVP and ACTH through neg
secretion of CRH and AVP, and anterior pituitary gland, where corticotropes b
species, the predominant glucocorticoid is cortisol (illustrated here), whereas i
most commonly studied being the HPA axis (Fig. 1) and
the sympathoadrenal system. Activation of the HPA axis
results in stimulation of parvocellular neurons of the para-
ventricular nucleus (PVN) of the hypothalamus and the
release of the neuropeptides corticotropin releasing hor-
mone (CRH) and arginine vasopressin (AVP) into the
hypophyseal portal blood system. The combined action
of CRH and AVP on the corticotropes of the anterior pitu-
itary gland stimulates the secretion of peptides derived
from pro-opiomelanocortin which include adrenocortico-
tropin (ACTH), the opioid peptide b-endorphin and
a-melanocyte-stimulating hormone [38,49,74,123,179].
Although the physiological importance of the secretion of
b-endorphin and a-melanocyte-stimulating hormone in
response to stress is not well understood, ACTH acts on
the cortex of the adrenal glands to stimulate the synthesis
of glucocorticoids. Glucocorticoids regulate the secretion
PA) axis. Stress causes activation of parvocellular neurons of the
of the neuropeptides corticotropin releasing hormone (CRH) and arginine
of CRH and AVP on corticotrope cells of the anterior pituitary gland

include adrenocorticotropin (ACTH), the opioid peptide b-endorphin and
x of the adrenal glands to stimulate the synthesis of glucocorticoids.
ative feedback actions in the brain, to ultimately inhibit the synthesis and
ecome less responsive to CRH and AVP. In humans and many mammalian
n rodents and avian species the key glucocorticoid is corticosterone.
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Fig. 2. Mean (±SEM) plasma concentrations of cortisol (ng/ml) in male
and female sheep for 60 min before and 180 min of isolation and restraint
stress. The period of isolation and restraint stress is illustrated by the black
bar. The plasma concentrations of cortisol were significantly (P < 0.05)
higher in female than in male sheep. Adapted from Ref. [236]. Reproduced
by permission.
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of CRH, AVP and ACTH through negative feedback
actions (vide supra) in the brain and anterior pituitary
gland [18]. In humans and many mammalian species, the
predominant glucocorticoid is cortisol, whereas in rodents
and avian species the key glucocorticoid is corticosterone.
The sympathoadrenal system consists of the sympathetic
nervous system and the adrenal medulla. Activation by
stress causes the release of the catecholamine, norepineph-
rine from postganglionic nerve terminals, while pregangli-
onic innervation of the adrenal medulla results in
increased secretion of catecholamines, principally epineph-
rine, into the peripheral circulation [60]. Both glucocorti-
coids and catecholamines act widely to mediate the stress
response.

Extensive research conducted with rodents has identified
that many neuronal pathways within the central nervous
system are activated during stress and there are multiple
interactions between these systems (for reviews see
[22,24,50,70,71,169,234,261]. Reciprocal connections
between CRH and AVP neurons in the paraventricular
nucleus and noradrenergic neurons located in the brain
stem (A1, A2 and A6 noradrenergic cell groups) are consid-
ered of major importance in the mounting of a stress
response. Reciprocal connections also exist between CRH
and AVP neurons and the cells of the hypothalamic arcuate
nucleus. In particular, the cells of the arcuate nucleus that
produce POMC products, including b-endorphin, project
to the CRH and AVP neurons [52,92,94,111,130,223]. In
rats, serotoninergic neurons of the raphe nuclei of the mid-
brain also project to the hypothalamus and there are neural
connections between the serotoninergic system, HPA axis
and the cells of the sympathetic nervous system [21,70].
The catecholaminergic, opioidergic [134,169] and seroto-
ninergic systems are extensively activated in rodents during
stress (for reviews see [21,66,83,171]). Cells producing
enkephalin are found within the paraventricular nucleus
[125,126,188] although the significance of this in relation
to stress responsiveness is not understood. Identification
of the central pathways that are activated during stress in
non-rodent species has received far less attention.

3. Physiological states can influence stress responsiveness

Neuroendocrine responses to stress vary between sexes
and in different physiological states. It is well established
for various species that there are sex differences in respons-
es of the HPA axis to stress and it has been proposed that
these are due principally to the influence of the sex steroids
[64]. Most research has been conducted with rodents where
it has generally been found that females have higher basal
circulating levels of cortisol [30,97] and respond to stress
with greater excursions in ACTH and cortisol [64,88,133]
than males. A longer duration and higher magnitude of
the stress response has also been reported in female rodents
than in males [87,96,174]. This suggests that the negative
feedback mechanisms of glucocorticoid feedback that reg-
ulate the HPA axis may be less sensitive in females [174].
The increased stress responses in female rats are considered
to be due, at least in part, to a stimulatory effect of estrogen
on the HPA axis [12,163,241]. This mechanism may involve
enhanced CRH expression since there are estrogen-respon-
sive elements in the 5 0 regulatory region of the CRH gene
[241]. Thus, activation of the HPA axis varies with different
reproductive states. For example, variations in HPA activ-
ity have been demonstrated across the estrous cycle in rats
[16,244] and at different stages of the menstrual cycle in
monkeys [206]. By way of contrast to the effects of estro-
gens, androgens are thought to inhibit the activity of the
HPA axis [11,64,163]. Although the influence of sex ste-
roids in causing sex differences in the activity of the HPA
axis has received little attention in other species, we have
found differences between male and female sheep at the
adrenal, pituitary [19] and hypothalamic [177,194] levels
of the HPA axis and some of these differences are clearly
influenced by the presence and absence of the gonads.

Despite the general finding that female rodents exhibit
greater response of the HPA axis to stress, we have found
in sheep that the direction of the sex difference is influenced
by the type of stressor. For example, the cortisol response
to isolation and restraint stress is greater in female sheep
than in males (Fig. 2), whereas the response to insulin-in-
duced hypoglycemia (Fig. 3) was higher in males [236].
Similarly, in one study in rats it was found that females
released more ACTH in response to foot-shock stress
whereas males released more ACTH in response to alcohol
injections [178]. These findings suggest that different path-
ways and systems are involved in the relay of critical neural
information in relation to different stressors. Certainly it is
well accepted that different stressors activate different areas
of the rodent brain (reviewed by [2,242]). This has also
been demonstrated in pre-pubertal pigs [157] and castrated
rams [1,243] subjected to different stressors. Furthermore,
as indicated in studies of rodents, it is apparent that distinct
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Fig. 3. Mean (±SEM) plasma concentrations of cortisol (ng/ml) in male
and female sheep for 60 min before and 180 min following an i.v. injection
of insulin (2 IU/kg live-weight). The plasma concentrations of cortisol
were significantly (P < 0.05) higher in male than in female sheep. Adapted
from [236]. Reproduced by permission.

�
S

o
ci

et
y

fo
r

E
n

d
o

cr
in

o
lo

gy
20

02

Hours
-2 -1 0 1 2 3 4

A
C

T
H

 (
pg

/m
l)

0

100

200

300

400 Non-Lactating
Lactating

Hours
-4 -2 0 2 4

C
or

tis
ol

 (
ng

/m
l)

0

10

20

30

40

50 Non-Lactating
Lactating

Fig. 4. Plasma concentrations of ACTH (ng/ml) and cortisol (ng/ml)
before and during isolation and restraint stress in a lactating and non-
lactating female sheep. The period of isolation and restraint stress is
illustrated by the black bar (A.J. Tilbrook, M.D. Ibbott, A.I. Turner, I.J.
Clarke, unpublished).
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afferent pathways mediate stressor-specific stress responses
[70,71]. ‘Reactive’ stress responses are those that represent
an immediate threat to physiological homeostasis and
invoke somatic, visceral or circumventricular sensory path-
ways whereas ‘anticipatory’ responses require a degree of
higher cortical processing and activate limbic-sensitive
pathways [70,71]. In this regard, the relevance of the partic-
ular stressor has been emphasized in rodent studies
[235,250]. Thus, stress responsiveness will be influenced
by the type of stressor in addition to the sex and reproduc-
tive state of individuals.

4. Physiological states in which stress responses are

attenuated

4.1. Lactating females

It has been consistently found in many species that lac-
tating females show attenuated neuroendocrine responses
to stress [115,235,254] and alleviated anxiety-related behav-
iors [143,235,240]. Extensive studies in rats have revealed
that there is alteration of both the basal and stress-induced
activity of the HPA axis during lactation. Thus, in non-
stressed lactating rats, concentrations of ACTH and
corticosterone are elevated [53,113,212,251,266] due pre-
dominantly to a flattening of the diurnal rhythm of secre-
tion with a rise in the nadir levels of corticosterone and a
decrease in the peak evening levels [6]. Both increased nadir
concentrations of ACTH [251] and reduced concentrations
of ACTH in the face of elevated corticosterone [53] have
been reported. The reasons for these contrasting findings
are not apparent. Such extensive studies have not been car-
ried out in humans to present clear evidence of altered bas-
al secretion of cortisol during lactation although
breastfeeding does reduce plasma concentrations of corti-
sol in non-stressed lactating women [4,90]. Increase in the
basal secretion of glucocorticoids and ACTH and a loss
of the normal diurnal rhythmic activity of the HPA axis
during lactation was found in one study in sheep [28]
although we failed to find differences between lactating
and non-lactating ewes in the plasma concentrations of
ACTH or cortisol during times of no stress ([222],
Fig. 4), indicating that more research is required in this spe-
cies to understand the basal activity of the HPA axis during
lactation.

Reduced responsiveness of the HPA axis to stress in lac-
tating rats has been demonstrated for a diverse range of
stressors including foot shock [218], conditioned foot shock
[200], electrical shocks or handling [207], ether stress
[213,218,251], noise [266], cold stress [271], forced swim-
ming [231,232,255], restraint [7,34], a combination of
elevated plus maze and forced swimming [145,147], mild
air-puff [144], resident/intruder paradigm [148], odor of
fox urine [41] and intraperitoneal injection of sodium chlo-
ride [117] and lipopolysaccharide [113,203]. In mice, blunt-
ed HPA axis responses were found in pregnant but not
lactating females in response to novelty stress, while blunt-
ed ACTH responses to swim stress occurred in both preg-
nant and lactating females [45]. Lactating rats also display
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Fig. 5. Plasma concentrations of ACTH (ng/ml) and cortisol (ng/ml)
before and during isolation and restraint stress in an obese (Obese ewe)
and lean (Lean ewe) female ovariectomized sheep. The period of isolation
and restraint stress is illustrated by the black bar (A.J. Tilbrook, A.I.
Turner, I.J. Clarke, unpublished).
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reduced responsiveness of physiological ‘stress’ systems
with reduced circulating concentrations of catecholamines
[73], oxytocin [20,72,141] and prolactin [7,73] and reduced
heart rate [131] compared to non-lactating rats. The alter-
ations in the HPA axis begin to emerge in late pregnancy
and occur in a continuum throughout lactation (for reviews
see [46,143,185,235]). This is generally considered to be an
adaptive change that occurs in order for appropriate
maternal behavior to be established to allow optimal devel-
opment of the infant [235].

In humans, HPA axis responses to cold temperature
appeared to be blunted during the final trimester of preg-
nancy [86] and there is evidence that the activity of the
HPA axis is altered during the postpartum period [122]
with attenuated stress responses and altered behavioral
parameters occurring in lactating women in response to
some stressors. Nevertheless, many of these studies have
focused on the importance of breastfeeding, without com-
parisons between lactating and non-lactating females (for
details see [235]). In one study, lactating women had lower
basal plasma concentrations of norepinephrine and
reduced ACTH, cortisol and glucose responses to treadmill
exercise than non-lactating women [42]. In contrast, there
was no difference between lactating and non-lactating
women in response to social stress [3] or in response to
CO2 inhalation [90], which illustrates that stress responses
during lactation depend upon the nature of the stressor.
Indeed, it was considered that the lack of attenuated
HPA axis response of lactating women exposed to CO2

inhalation may be due to this stressor being perceived as
threatening to the mother’s survival and, in turn, the wel-
fare of the infant [90]. In lactating sheep, the plasma corti-
sol response to introduction of an audiovisual stress
(barking dog) was lower in lactating ewes than in non-lac-
tating ewes [28] and we have found reduced plasma concen-
trations of both ACTH and cortisol during isolation and
restraint stress in lactating ewes ([222], Fig. 4).

4.2. Level of visceral adipose tissue

It is common for the stress-induced activity of the HPA
axis to be substantially reduced in humans and rats that
have low levels of visceral adipose tissue compared to those
with abdominal obesity. We found that ewes with low lev-
els of abdominal fat (lean) had substantially reduced stress
responses compared to obese ewes. Ewes with characteris-
tics of obesity, including increased abdominal fat depots
and insulin resistance, consistently showed increased plas-
ma concentrations of ACTH and cortisol during isolation
and restraint, whereas the reverse was true for lean ewes
(Fig. 5). Women with abdominal obesity have been shown
to have increased activity of the HPA axis compared to
lean women in response to insulin-induced hypoglycemia
[257], mental challenges [124,137], physical stress (cold
pressor) [124] and various dietary factors [158]. Similarly,
obese men had increased cortisol secretion in response to
stress [181,182] and treatment with ACTH [65]. Despite dif-
ferences in the stress-induced activity of the HPA axis, no
differences were found between obese and lean women in
basal peripheral plasma levels of AVP, b-lipoprotein
[257], ACTH and cortisol [189,257] and between obese
and normal men in basal ACTH and cortisol [189]. No for-
mal sex comparisons were conducted in any of these
studies.

Not only is the amount of adipose tissue important in
relation to activity of the HPA axis but it is also apparent
that the particular distribution of fat is important in
humans. Many studies have compared individuals in rela-
tion to altered visceral and subcutaneous distribution of
adipose tissue, although direct comparisons to lean individ-
uals have not always been made. In general, hyperrespon-
siveness to stress in individuals is seen with central rather
than peripheral adiposity. For instance, abdominal obesity
has been associated with higher levels of anxiety, anger and
depression [269] and psychiatric and psychosomatic com-
plaints [110] compared to peripheral obesity. Positive cor-
relations between waist to hip ratio and parameters of
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cardiac output have been reported in young white men [77],
in older black men and women [249] and in black and white
adolescents with a positive family history of hypertension
[9]. No differences were found in ACTH or cortisol levels
in women with visceral or subcutaneous obesity in relation
to several mental stress tasks, although there was an
increase in pulse rate (but not mean arterial pressure) in
women with visceral obesity [159], which is suggestive of
an increased responsiveness to this stressor by the sympa-
thoadrenal system. There was no comparison to normal
females in this study, so it is not possible to establish if
there would have been attenuated responses of the HPA
axis and/or sympathoadrenal system to stress in these
individuals. The effect of altered adipose tissue distribu-
tions on various responses to stress is illustrated by varying
cardiovascular responses to hemodynamic stress in women
with both central and peripheral adiposity [35]. Women
with central adiposity exhibited a greater stress-related
increase in diastolic blood pressure and total peripheral
resistance, whereas women with peripheral adiposity exhib-
ited greater stress-related increases in cardiac output [35]
but, once again, there were no comparisons to normal
women and there were no measures of the activity of the
HPA axis.

Many studies have shown that lean rats have reduced
activity of the HPA axis while genetically obese (Zucker)
rats exhibit increased activity of the HPA axis. Obese rats
generally have elevated basal secretion of corticosterone
[62,66,118,119,154,170,175,224,226,252]. Moreover, obese
male rats had increased adrenal weight, intra-adrenal phen-
ylethanolamine-N-methyl transferase activity and
decreased thymus weight compared to lean rats which is
indicative of overall elevation in HPA axis activity in obese
animals [252]. Increased stress-induced activity of the HPA
axis has also been found in obese rats compared to lean
animals. Male and female obese rats had greater elevations
of plasma ACTH levels in response to immobilization,
ether, and cold stresses than did lean animals in one study
[62] although no difference between obese and lean male
rats was found in another, where ACTH levels were mea-
sured during ether stress [252]. Nevertheless, greater ACTH
responses to immobilization, ether, and cold stresses were
seen in obese rats than lean rats [62]. Similar disparity
was seen in corticosterone responses to immobilization
[62,154], restraint [127], ether [62,252] and cold stress [62].
Increased urinary excretion of corticosterone and hyper-
plastic adrenal glands are generally seen in obese rats
[66,118,119,170]. Whereas many studies have compared
male obese and lean rats [127,154,252], there are few sex
comparisons. It has been observed, however, that cortico-
sterone responses to immobilization, ether and cold stress
were more marked in male than in female obese rats [62].
The authors of this study did not suggest a reason why
obese males rather than obese females had greater cortico-
sterone responses and there is a need to understand sex dif-
ferences in response to stress in animals with different levels
and distribution of adipose tissue.
4.3. Individuals with attenuated stress reactivity

In any normal population of humans or animals, large
individual variation exists in relation to stress responses,
typified by the response of the HPA axis to a variety of
stressors [36,37]. Whereas isolation and restraint leads to
increased plasma concentrations of cortisol in sheep
[219,237], we consistently observe a proportion of animals
that do not respond to this stressor (Fig. 6). It is possible
that such animals are genetically predisposed to stress hyp-
oresponsiveness, since genetic factors are known to be
involved [235,267,268,273]. Nevertheless, environmental
effects may also be important [136] and it has been recog-
nized that individual differences in stress responsiveness
in humans may be the result of a combination of factors
such as genetic disposition, personality traits, social inter-
actions, life experience and socioeconomic and demograph-
ic influences [235]. There is also evidence that the
endogenous pulsatility of the HPA axis may contribute to
the inter-individual variation in stress responses
[267,268,273]. Studies of laboratory species illustrate that
postnatal environmental events can alter the development
of the HPA axis (e.g. [202,203]). The role of genetic factors
on stress responsiveness is evident from studies where dif-
ferent strains of mice have been used in stress studies. Dif-
ferences in corticosterone [55,197,199] and behavioral
[195–197] responses to uncontrollable footshock are found
in different strains of mice and strain differences in the abil-
ity to mount immune responses have also been noted in
mice [201]. There are also various laboratory animal mod-
els of differences in reactivity to stress. Exposure of outbred
rats to a novel environment revealed that some animals,
termed ‘high locomotor response’ rats, showed lower levels
of anxiety in standard tests [85] but had higher levels of cir-
culating corticosterone than low locomotor response rats
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[39,85]. Genetically selected mouse and rat lines also dis-
play differences in activity of stress systems [13,104–106]
with some lines showing attenuated ACTH and corticoste-
rone responses to stress with others exhibiting enhanced
stress reactivity. For example, ‘‘Short Attack Latency’’
mice have an innate coping style in environmental chal-
lenges and show high sympathetic activity and low HPA
axis activity in response to stress whereas ‘‘Long Attack
Latency’’ mice demonstrate a passive coping style and
higher HPA axis response to stress [13]. The Lewis and
Fischer rat strains have different levels of HPA activity,
with Lewis rats of both sexes showing reduced ACTH
and corticosterone responses to various stressors [42,204,
214–216]. Two other rat lines that were developed on the
basis of their behavioral responsiveness to the dopamine
agonist apomorphine [21] demonstrate differences in the
activity of the HPA axis in response to exposure to a novel
environment [183]. Apomorphine-susceptible rats had a
higher and prolonged release of ACTH and free corticoste-
rone compared to apomorphine-unsusceptible rats
which essentially had a hyporesponsive HPA axis response
to stress [183]. In addition to stress responses, there are
individual differences in habituation to repeated stress,
which is exhibited by reduced responsiveness of the HPA
axis to stress, in humans [57,95,193,273] and differences
between rat strains [43]. Sex comparisons have generally
not been made in the study of these genetic lines and there
has been little consideration in regard to the type of stress-
or used.

5. Mechanisms for attenuated responsiveness of the HPA

axis

The mechanisms for stress hyporesponsiveness in differ-
ent physiological states are not well understood but there is
good evidence for modification at each level of the HPA
axis. Mechanistic studies have been carried out on lactating
women and animals, but little has been done to determine
the mechanisms of hyporesponsiveness in humans or ani-
mals with different levels of visceral adiposity or with nat-
urally different responses to stress. It is evident that altered
activity of the HPA axis may be due to a number of mech-
anisms, including reduced synthesis of CRH and AVP,
altered efficacy of negative feedback by glucocorticoids,
changes in stimulatory noradrenergic inputs to the para-
ventricular nucleus and reduced responsiveness of the pitu-
itary to the actions of CRH and/or AVP. It is also possible
that there are changes in regulatory neuronal input to the
paraventricular nucleus in different states of stress respon-
siveness and oxytocin and prolactin and appetite regulating
peptides may contribute to reduced activity of the HPA
axis.

5.1. Synthesis and Secretion of CRH and AVP

The hypothalamic regulators of the HPA axis are the
neuropeptides CRH and AVP and alterations in the secre-
tion of these neuropeptides into the hypophyseal portal
system is a likely mechanism for influencing the responsive-
ness of the HPA axis both under basal and stressful
conditions.

5.1.1. Lactating females
Most research on the synthesis and secretion of CRH

and AVP during basal and stress conditions in lactating
females has focused on the rat. In this species, it is clear
that lactation affects the synthesis of CRH in both resting
and stressful situations. The basal level of expression of
CRH mRNA is reduced in the paraventricular nucleus
of lactating rats compared to non-lactating rats
[53,117,253,254,263,266]. The effect of lactation on mRNA
level of AVP is less clear. A microdialysis study failed to
show any elevation in AVP release in either the supraoptic
nucleus or paraventricular nucleus during lactation [142]
and the number of neurons expressing vasopressin hnRNA
transcripts is reported not to be increased during lactation
[203]. Since hypophysiotropic secretion of CRH and AVP
occurs at the level of the median eminence, measurement
of secretion at this level, or measurement of secretion into
hypophyseal portal blood is more relevant to the operation
of the HPA axis than measurement of secretion within the
nucleus of the perikarya of the hypophysiotropic neurons.
Other studies showed an increase in the level of expression
of AVP mRNA in the parvocellular region of the paraven-
tricular nucleus [53,116,253,254,266] and peptide levels are
also increased [253] in lactating rats compared to non-lac-
tating rats. Moreover, a greater number of AVP immuno-
reactive fibres were found in the external zone of the
median eminence in lactating rats than in virgin rats [254]
and a high degree of co-localization of CRH and AVP
has been found in neurons in the paraventricular nucleus
and the secretory terminals of the median eminence in lac-
tating compared to non-lactating rats [253]. Increased syn-
thesis of AVP may compensate for the reduced synthesis of
CRH thereby providing the necessary stimulus for
increased plasma concentration of ACTH and corticoste-
rone seen in non-stressed lactating rats (see above). Indeed,
it has been found that there is an increased pituitary
responsiveness to the stimulatory effect of vasopressin dur-
ing lactation, [230,254]. Despite these studies, the extent to
which there may be altered secretion of CRH and AVP in
lactating females is unknown because there have been no
direct measures of CRH and AVP in the hypophyseal por-
tal blood during lactation.

The reduced activation of the HPA axis in response to
stress during lactation may be due, in part at least, to
reduced secretion of CRH into the hypophyseal portal sys-
tem. In lactating rats, it has been shown that there is a
decrease in stress-induced levels of mRNA for CRH
[33,114,117,253] and c-fos [34,41,203,270] in neurons of
the paraventricular nucleus, compared to non-lactating
rats, but whether this translates into secretion from the
median eminence is not known. It is apparent that the
paraventricular nucleus is not the only area of the brain
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where there is altered neuronal activation during lactation
because the appearance of c-fos mRNA is reduced in
response to stress in several areas including the medial
nucleus of the amygdala, ventral lateral septum and cingu-
lated cortex [34]. Following immune stress in rats, induced
by injection of lipopolysaccharide, there was a greater
increase in primary mRNA transcripts for AVP in virgin
females than in lactating females [203], leading to the sug-
gestion that secretion of AVP may also be reduced in
response to stress during lactation but, as for CRH, there
have not been direct measurements of AVP in the hypo-
physeal portal blood. The plasma concentrations of ACTH
were not increased during isolation and restraint stress in
lactating ewes ([222], Fig. 4) which may reflect a reduction
in the secretion of CRH and/or AVP and/or a reduction in
the sensitivity of the pituitary to CRH and/or AVP (see
below). A complete understanding of the extent to which
altered activity of the HPA axis during lactation, whether
basal or in response to stress, awaits direct measures of
CRH and AVP in lactating females during stress but this
has not been done in any species.

5.1.2. Level of visceral adipose tissue

The extent to which hyporesponsiveness to stress in
humans with low levels of visceral adipose tissue is due
to reduced secretion of CRH and/or AVP is unknown,
since such studies are not possible for obvious reasons.
Nonetheless, it has been hypothesized that increased
CRH drive is a likely mechanism for the increased activity
of the HPA axis in obese humans [245]. These authors also
considered that further evidence for increased CRH activ-
ity in obese individuals was provided from a study in which
there was a strong association between daytime salivary
cortisol levels and some subjectively perceived stress indi-
ces, abdominal fat distribution, and several parameters of
the metabolic syndrome in chronically stressed middle-
aged men [180,181]. Nonetheless, this interpretation is cir-
cumstantial at best and there is a need to fully understand
the central drive of the HPA axis in obese and lean
humans. There is indirect evidence in rats to suggest hypo-
responsiveness to stress in lean animals may be due to
altered secretion of CRH and/or AVP but direct measures
of the secretion of these neuropeptides in conscious animals
during basal and stress conditions are lacking. Increased
secretion of ACTH in obese but not lean rats following
cold stress led to the conclusion that the increased activity
of the HPA axis in obese animals is of central origin [62],
but neither CRH nor AVP were measured. Hypothalamic
CRH content was higher in the hypothalamus of obese
male rats compared to lean rats [10] and the level of expres-
sion of CRH hnRNA in the paraventricular nucleus during
treadmill running was lower in lean rats than in obese rats
[175], suggesting increased synthesis of CRH in obese rats.
Removal of food stimulates stress pathways in obese
rats but not in lean females and this stressor has been used
to provide evidence that there is increased synthesis of
CRH in response to stress in obese animals and reduced
synthesis in lean animals. For instance, food deprivation
activated the majority of CRH neurons and increased the
level of CRH mRNA in the paraventricular nucleus
[225,226] of obese rats whereas no similar effects were seen
in lean animals. In contrast, there is a report that secretion
of CRH and AVP into the hypophyseal portal circulation
is lower in obese than in lean rats [170]. It should be noted
that these measurements were made in anaesthetized ani-
mals and no studies have measured the secretion of CRH
and AVP in conscious lean and obese animals of any spe-
cies during stress and related this to CRH and AVP gene
expression. We have provided indirect evidence to suggest
that the lower HPA axis response to stress in lean sheep
compared to obese females may be due, in part at least,
to reductions in the secretion of CRH and/or AVP because
of reduced secretion of ACTH in response to stress in lean
ewes compared to obese ewes (Fig. 5). This could, however,
also represent reduced pituitary responsiveness to CRH
and/or AVP. Again, definitive measures of CRH and
AVP secretion are required to discriminate between these
possibilities.

5.1.3. Individuals with attenuated stress reactivity

As to whether the secretion of CRH and AVP differs in
low and high responders to stress is unknown. Hypotha-
lamic discriminators are confined to measurement of gene
expression and neuropeptide levels within the brains of rats
that exhibit different behavioral and neuroendocrine
responses to stress. In rats classed as having high locomo-
tor responses to a novel environment and displaying less
anxiety and increased circulating levels of corticosterone,
there was decreased CRH mRNA expression in the central
nucleus of the amygdala in comparison to low locomotor
response rats [85]. This is consistent with these high loco-
motor animals displaying less anxiety in tests because
CRH in the central nucleus of the amygdala is known to
induce anxiolytic effects [84] but CRH expression was not
measured in the paraventricular nucleus. Under basal con-
ditions, CRH mRNA levels were higher in the paraventric-
ular nucleus of apomorphine-susceptible rats, which show
enhanced HPA axis activity [183], but no data were pre-
sented for CRH mRNA levels in stressed animals. Never-
theless, female Lewis rats showed reduced HPA axis
responses to immune/inflammatory challenge compared
to other strains and this was associated with decreased
CRH mRNA and CRH content [215] illustrating reduced
synthesis and secretion of CRH in this animal model of
stress hyporesponsiveness. Furthermore, rats that showed
high anxiety and a hyperactive HPA axis had a higher
number of Fos positive cells in the paraventricular nucleus
[187] indicating increased cellular activity at this level.
There has been little consideration of the role of AVP in
individuals that display different responsiveness to stress.
Healthy men that showed high ACTH and cortisol
responses to exercise stress also showed increased levels
of circulating AVP compared to men who had low HPA
axis responses to exercise stress [167]. Although this led
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to the conclusion that enhanced AVP, and possibly CRH,
drive in the high responders resulted in increased HPA axis
activity [140], an index of secretion of the neuropeptides
cannot be inferred. Peripheral measurements of AVP are
almost certainly a reflection of a magnocellular source of
AVP rather than being indicative of the AVP available to
stimulate corticotropes of the anterior pituitary. Higher
levels of AVP mRNA have also been reported in the para-
ventricular nucleus of rats that show high levels of anxiety
related behavior compared to rats that show low levels of
anxiety-related behavior [139,260].

5.2. Glucocorticoid negative feedback

Glucocorticoids exert feedback actions on the brain via
high affinity mineralocorticoid receptors (MR) and low
affinity glucocorticoid receptors (GR). MR localise to the
hippocampus and other regions of the limbic brain such
as the lateral septum and amygdala as well as hypothalamic
sites. The glucocorticoids act via MR to control gene net-
works that underlie stabilization of neuronal activity there-
by maintaining basal activity [132,173]. GR have a more
extensive distribution within the brain, being most abun-
dant in the hypothalamus and in pituitary corticotropes
[37] and are involved in feedback actions of both basal
and stress-induced levels of glucocorticoids [93,132,173].
GR facilitate the re-establishment of homeostasis when
stress levels of cortisol prevail [36,37]. Glucocorticoids
may also act by non-gemonic mechanisms on cell signalling
processes [135,152], but the relevance of this to the negative
feedback action of glucocorticoids has not been estab-
lished. Alterations in the effectiveness of negative feedback
by glucocorticoids have profound effects on the activity of
the HPA axis and regulation of stress responses, such that
aberrant action can increase the vulnerability of the indi-
vidual to stress-induced disorders or diseases [37]. There
is also evidence that changes in the effectiveness of negative
feedback by glucocorticoids contribute to attenuated HPA
responses to stress in some physiological states, thereby
resulting in stress hyporesponsiveness.

5.2.1. Lactating females

It has been proposed that changes occur during lacta-
tion in the effectiveness of negative feedback by glucocorti-
coids and that this could contribute to the attenuated HPA
responses to stress [115] such as reduced synthesis and
secretion of CRH and possibly AVP. It is feasible that both
the diurnal and rapid components of the negative feedback
effects of glucocorticoids are modified during lactation
[115]. Indeed, there is evidence to suggest that humans
are less sensitive to diurnal negative feedback of cortisol
during pregnancy and lactation because the ability of dexa-
methasone to suppress the circulating concentrations of
cortisol was reduced during pregnancy [149,151], and lacta-
tion [153]. This effect developed during the course of preg-
nancy [149,151], extending into lactation. Despite these
findings in humans, there are reports that negative feed-
back operates in lactating rats [117,212,251] and may even
be increased [192], although these conclusions have been
questioned on the basis of experimental approach [115].
During late pregnancy, rats were less sensitive to rapid glu-
cocorticoid feedback but similarly sensitive to delayed glu-
cocorticoid feedback compared to non-pregnant rats [81].
Moreover, there was a marked increase in 11b-hydroxy-
steroid dehydrogenase Type 1 activity in the paraventricu-
lar nucleus during late pregnancy, which would stimulate
the conversion of inactive metabolites to active corticoste-
rone thereby raising local glucocorticoid levels which may
augment their negative feedback effects to reduce CRH
[81] and possibly AVP synthesis. It was suggested that these
raised local concentrations of glucocorticoids may inhibit
the electrical excitability of neurons in the paraventricular
nucleus [115] although direct evidence for this is not forth-
coming. It is not known if these findings in pregnant rats
extend into lactation. It has been suggested that altered
negative feedback by glucocorticoids during lactation
may be a result of changes in the expression of GR in the
brain [115]. Hippocampal binding of [3H] corticosterone
was reduced during lactation [128] and reduced MR
mRNA expression was observed in the CA1 region of hip-
pocampus of lactating rats [115]. In contrast, no changes in
GR mRNA occurred in the hippocampus and paraventric-
ular nucleus [115]. Nonetheless, it is difficult to formulate
definitive conclusions about the extent to which altered
activity of the HPA axis during lactation is due to increased
negative feedback by glucocorticoids because it was
observed that stress-induced increases in ACTH were
attenuated in both adrenal-intact and adrenalectomized
lactating rats [255].

There is clearly a need for systematic research to fully
understand the negative feedback actions of cortisol during
lactation, particularly in terms of synthesis and secretion of
CRH and AVP. If differential secretion of CRH and AVP
does indeed occur during lactation, this may indicate that
glucocorticoids have different effects on the synthesis and
secretion of these neuropeptides, as hypothesized [254].
Indeed, we have preliminary data suggesting that rapid cor-
tisol negative feedback suppresses CRH but not AVP
secretion in non-lactating ewes (A.J. Tilbrook, A.I. Turner,
P. Ligam, B.J. Canny, E.A. Young, I.J. Clarke, unpub-
lished). This has not been investigated in lactating ewes
although the effectiveness of low concentrations of cortisol
to inhibit ACTH responses to hypotension was increased
during pregnancy [91]. Direct measures of CRH and
AVP in the hypophyseal portal blood are necessary to
accurately define the negative feedback actions of glucocor-
ticoids on the secretion of these neuropeptides during
lactation.

5.2.2. Level of visceral adipose tissue

It is highly likely that the negative feedback effects of
cortisol are increased in lean humans whereas there
appears to be a resistance to the negative feedback effects
of cortisol in obese humans. Based on the finding that



294 A.J. Tilbrook, I.J. Clarke / Frontiers in Neuroendocrinology 27 (2006) 285–307
the increased metabolic clearance rate of cortisol in obese
women led to reduced plasma cortisol levels rather than
an increase in cortisol production, it was suggested that
there is a defect in the feedback regulation of ACTH secre-
tion by cortisol in obese women [217]. Furthermore, in men
with an elevated waist to hip ratio, the reduction in cortisol
levels during treatment with dexamethasone was less than
in controls [120], suggesting that resistance to glucocorti-
coid feedback contributes to hyperactivity of the HPA axis
in obese humans. When obese and lean men were infused
with hydrocortisone during insulin-induced hypoglycemia,
the obese men showed resistance to the steroid-induced
inhibition of ACTH response to this stressor [79]. There
are reports of normal dexamethasone tests in obese women
[124] and men [65,120] and lower urinary free cortisol
excretion in women with abdominal obesity compared to
those with peripheral fat distribution or lean women [245]
but none of these studies systematically investigated nega-
tive feedback by cortisol.

It is also likely that obese rats are more resistant to the
negative feedback effects of glucocorticoids than are lean
rats although there are some inconsistencies in the litera-
ture in this regard. For example, the dissociation constant
for GR and binding capacity in the brain of obese rats have
been found to be unchanged or increased [108,109,259] and
the plasma concentrations of corticosterone in obese rats
following treatment with the steroid receptor antagonist
RU486 were variably found to be either increased [107]
decreased [70] or unchanged [165,166]. It should be noted,
however, that RU486 is a non-specific GR antagonist,
blocking the progesterone receptor also. Treatment with
dexamethasone suppressed corticosterone secretion in both
lean and obese male rats, but during the recovery from the
treatment, the levels of corticosterone rose to higher values
in obese than in lean rats [62] which may suggest a differ-
ence in the glucocorticoid negative feedback although this
treatment would only block the GR and not the MR.
Using a combination of in situ hybridization and Western
blotting, it was shown that obese male Zucker rats had
reduced MR mRNA levels but normal GR mRNA and
protein levels in all areas of the hippocampus and frontal
cortex [127]. Whilst these authors suggested that the diver-
gence in the findings for mRNA and protein for MR may
have been due to the technique used, they also acknowl-
edged that changes in expression may not have reflected
changes in protein levels. This highlights the need for func-
tional studies and for measurements of the synthesis of the
relevant factors, in addition to gene expression. Obese rats
also had reduced 11b-hydroxysteroid dehydrogenase type 1
mRNA in a subpopulation of hippocampal cells, which
would result in impaired local production of corticoste-
rone. Following restraint stress, obese rats had higher plas-
ma concentrations of corticosterone than lean rats and
treatment with a MR antagonist (spironolactone) before
restraint stress resulted in a smaller rise in corticosterone
in response to the stressors in obese rats than in lean rats
so that there was no difference between the groups. It
was concluded that the lower levels of MR in obese rats,
exacerbated by reduced 11b-hydroxysteroid dehydrogenase
type 1, contribute to increased HPA axis activity in obese
rats. There was no difference in the basal concentrations
between lean and obese animals and spironolocatone did
not influence the basal levels, indicating that the effect of
the reduced MR activity was on feedback during (associat-
ed with) response to stress. In one study, corticosterone
treatment following adrenalectomy was similarly effective
in lowering ACTH secretion in both obese Zucker and lean
rats suggesting that the sensitivity of ACTH to negative
feedback by corticosterone was not altered by degree of
adiposity [252]. In another recent study, adrenalectomy
failed to prevent the stress response of obese rats to food
deprivation [47] which may indicate that these rats are rel-
atively resistant to glucocorticoid negative feedback. More
systematic studies are required on the negative feedback
effects of glucocorticoids in individuals with different levels
of visceral adiposity to determine if this is a mechanism for
stress hyporesponsiveness in lean individuals. There is also
a need for comprehensive sex comparisons in lean and
obese humans and animals and consideration of stress
responses to different categories of stressors.

5.2.3. Individuals with attenuated stress reactivity

There is evidence that humans who display enhanced
responsiveness to stress are resistant to negative feedback
by glucocorticoids implying that the converse is true for
subjects who are hyporesponsive to stress. For instance,
when normal healthy men who showed different responses
of the HPA axis to exercise stress were treated with dexa-
methasone, 30% of subjects exhibited increased ACTH
responses to the stress despite the prior treatment with
dexamethasone [168]. A similar finding was made in a sub-
sequent study with subjects who were highly responsive to
exercise stress and had increased ACTH and cortisol
responses during placebo and dexamethasone treatment
and higher AVP levels during placebo and enhanced
AVP after dexamethasone and hydrocortisone treatment
[167]. It has also been suggested that individuals who show
a reduced or delayed habituation of cortisol responses to
repeated psychosocial stress may have decreased sensitivity
to glucocorticoid feedback [271]. Although the mechanisms
for differences in glucocorticoid negative feedback are
unknown, there is evidence that variants of the GR gene
may contribute to the variability in the activity of the
HPA axis between normal individuals [40] since polymor-
phisms have been reported (see [272]). In a recent study
of healthy males with polymorphisms in the GR, it was
found that there were differences between genotypes in
ACTH and cortisol responses to psychosocial stress and
in morning ACTH levels [272], which suggests that varia-
tion between individuals in the feedback actions of cortisol
contribute to individual differences in the activity of the
HPA axis. Comparison of five inbred strains of rats showed
differences in release of ACTH and corticosterone to stress-
ors and glucocorticoid negative feedback, based on the
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dexamethasone suppression test. There were also differenc-
es in the effects of pharmacological adrenalectomy. The
strains with the greatest inhibition by glucocorticoid nega-
tive feedback were also those that showed maximal hypore-
sponsiveness of the HPA axis to stress [58]. This
demonstrates a functional index of genetic predisposition
to stress hyporesponsiveness. In apomorphine susceptible
rats, stress resulted in elevated ACTH and free corticoste-
rone levels, increased hippocampal MR (but not GR)
receptor capacity and increased MR retention of [3H] cor-
ticosterone in hippocampal cells after adrenalectomy, sug-
gesting that these rats exhibit resistance to glucocorticoid
feedback [184]. The hippocampal expression of GR was
higher in rats with high locomotor responses to a novel
environment, less anxiety and increased circulating levels
of corticosterone compared to rats with the opposite
behavioral and neuroendocrine characteristics [84]. In one
wild mouse strain, males that showed prolonged corticoste-
rone responses to 5 min of swim stress had higher expres-
sion of hypothalamic MR and CRH (but not GR) at
24 h after forced swimming compared to a strain that
showed low HPA axis responses to swim stress [243]. There
were also structural differences in the hippocampus of these
strains of mice (see [36] for review). Thus, it is clearly
apparent that there are innate (genetic) variants in stress
responsiveness, especially hyporesponsiveness.

5.3. Noradrenergic inputs to the paraventricular nucleus

The paraventricular nucleus is the principal integration
center of the brain for the HPA axis [191] and receives
extensive excitatory [71,75] and inhibitory [71,78] input
from various regions of the brain that process information
resulting from different stressors. These include direct input
from the limbic system and brain stem with indirect input
from the cerebral cortex. Major excitatory input arises
from noradrenergic afferents of the brain stem
[44,54,70,71,169,190,191,210]. Activation of these path-
ways during stress stimulates the HPA axis, through
increased synthesis and secretion of CRH and AVP (for
recent review see [44]). Modifications in excitatory inputs
will alter the activity of the HPA axis and reduction in
the noradrenergic stimulatory input to the paraventricular
nucleus may be a mechanism by which the stress-induced
activity of the HPA axis is attenuated in various physiolog-
ical conditions. It is also feasible that inhibitory input to
the paraventricular nucleus is increased in states of stress
hyporesponsiveness.

5.3.1. Lactating females

Research in rats indicates a reduction in the noradrenergic
stimulatory input to CRH neurons in the paraventricular
nucleus during lactation (for reviews see [44,115,235,250]).
Indeed, a recent and extensive review of the literature on
the role of central noradrenergic mechanisms in regulation
of HPA axis responsiveness, concluded that reduced central
noradrenergic drive to the paraventricular nucleus is a key
factor in altered HPA axis function during physiological
states of stress hyporesponsiveness [44]. This may be mani-
fest as reduced noradrenergic release in the paraventricular
nucleus and/or altered adrenergic receptor expression and/
or function in the paraventricular nucleus during lactation.
Altered synaptic input to the relevant cells may also be a
mechanism.

Lesioning of the noradrenergic input to the paraventric-
ular nucleus can be achieved with 6-hydroxydopamine
infusion over the paraventricular nucleus and this reduces
ACTH and corticosterone responses to swim stress in vir-
gin rats [232]. Sham-lesioned lactating rats showed blunted
ACTH and corticosterone responses to swim stress com-
pared to virgin rats but the 6-hydroxydopamine lesion
did not reduce ACTH responses further [232], suggesting
that at least part of the mechanism of hyporesponsiveness
during lactation is via the brain stem noradrenergic system.
In accordance with this, basal concentrations of norepi-
nephrine and epinephrine levels in microdialysate collec-
tions from the paraventricular nucleus of lactating rats
were lower when pups were present than when pups were
removed [231]. In an earlier study, the in vitro turnover
rates of norepinephrine were found to be unchanged or
increased in oxytocin rich regions of the paraventricular
nucleus in lactating rats with offspring present compared
to lactating females with offspring absent [31] suggesting
intra-nuclear regionalization of noradrenergic influence
during lactation. Despite evidence for a loss of noradrener-
gic function and input to the paraventricular nucleus dur-
ing lactation, altered stress-induced activity of the HPA
axis may not necessarily be entirely due to reduced input
from the brain stem. For example, one study showed that
norepinephrine content of A6 cells bodies was unaltered
in lactation and stress did not change content in either
non-lactating or lactating rats [138]. Also, stress-induced
c-fos mRNA expression in cells of A6 and other brain stem
regions was similar in non-lactating and lactating rats [34].

Beyond changes in the level of noradrenergic activity,
reduced noradrenergic stimulation of the paraventricular
nucleus may involve alterations in the function of both a1

and a2-receptors. Following i.c.v. injection of the a1 ago-
nist methoxamine, significant elevation of plasma concen-
trations of corticosterone and levels of CRH mRNA in
the paraventricular nucleus occurred in virgin but not in
lactating rats [266], without an effect on AVP mRNA
expression. Moreover, in vitro electrophysiological record-
ings revealed that both the proportion of paraventricular
nucleus neurons responding to a threshold dose of methox-
amine and the magnitude of the methoxamine-induced
excitation were lower during lactation [266]. ACTH
response to swim stress was decreased in virgin females
but not in lactating females following i.c.v. injection of
the a1 receptor antagonist corynanthine [231]. The density
of a2 adrenoreceptors in the paraventricular nucleus and
the affinity of hypothalamic a2 adrenoreceptors for norepi-
nephrine was reduced during lactation and, following i.c.v.
injection of the a2 receptor antagonist idazoxan, an
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associated increase in ACTH response to swim stress was
observed in virgin females with the opposite response in
lactating females [231]. Interestingly, binding of the a1

receptor was greater in the paraventricular nucleus of lac-
tating compared to non-lactating rats, whereas expression
of the a1D receptor mRNA in the paraventricular nucleus
was decreased during lactation which may highlight a pos-
sible dissociation between protein and mRNA expression
in this system [21].

Despite the body of evidence suggesting that the ability
of neurons in the paraventricular nucleus to respond to
norepinephrine is reduced, and/or that there is reduced
secretion of norepinephrine in the paraventricular nucleus
during lactation, there have been no comprehensive studies
to establish the extent to which the central noradrenergic
system influences the CRH and AVP neurons during stress
in the lactating female. Functional physiological studies are
required to establish the extent to which attenuated respon-
siveness of the HPA axis to stress during lactation is due to
reduced noradrenergic function. Furthermore, it seems
appropriate to extend investigations on the role of the cen-
tral noradrenergic system in stress hyporesponsiveness dur-
ing lactation to other species including humans.

5.3.2. Level of visceral adipose tissue

It is not known if stress hyporesponsiveness in lean indi-
viduals is due to decreased central noradrenergic inputs to
CRH and/or AVP neurons as it appears to be in lactating
females, but such a mechanism has been hypothesized to
explain hyperresponsiveness of the HPA axis in humans
with abdominal obesity [162]. In support of this, obese
women were seen to have enhanced ACTH response to a
CRH/AVP challenge with increased noradrenergic tone
compared to controls who had a reduced response [162].
In addition to this, women with visceral adiposity had ele-
vated pulse rates compared to women with a subcutaneous
body fat distribution suggesting increased sympathetic
response [159] although this study lacked a control because
there was no comparison to lean females.

There have been no studies in rats to directly assess
whether noradrenergic inputs to the paraventricular nucle-
us differ between lean, normal or obese rats. Nevertheless,
there appears to be altered regulation of the paraventricular
nucleus in obese rats and this may be somewhat different to
the situation in lactating females. Lower tissue levels of nor-
epinephrine and higher densities of a2-adrenergic binding
sites in the paraventricular nucleus were found in obese rats
compared to lean controls [80,112]. Immobilization-in-
duced elevation in norepinephrine levels in the paraventric-
ular nucleus, as measured by microdialysis, was lower in
obese than in lean male rats, whereas stress-induced cortico-
sterone levels were higher in obese rats, leading to the
conclusion that obese rats have diminished central norad-
renergic and sympathetic nervous system responses to
immobilization alone with a chronically hyperactive HPA
axis [154]. Nonetheless, the obese rats in this study had sig-
nificantly greater corticosterone responses to immobiliza-
tion than did lean rats and the authors suggested that
there was likely to be some sustained nonadrenergic stimu-
latory input [154].

5.3.3. Individuals with attenuated stress reactivity

The extent to which inherent hyporesponsiveness of the
HPA axis to stress is due to reduced noradrenergic input to
the paraventricular nucleus has not been systematically
investigated and is unknown. Differences in norepinephrine
activity in the hypothalamus [197,198], prefronatal cortex
mesocortex [197,198], hippocampus and locus coeruleus
[197,198,205] are seen in different strains of mice following
inescapable footshock. In three strains that differ in the
activity of the HPA axis to stress, levels of tyrosine hydrox-
ylase mRNA in the locus coeruleus was similar between
strains but the strain with the minimal HPA axis responses
to stress showed greater initial norepinephrine release into
the lateral bed nucleus of the stria terminalis [156]. None-
theless, norepinephrine levels were not measured in the
paraventricular nucleus and the release of norepinephrine
in the lateral bed nucleus of the stria terminalis may be
more likely to influence behavioral reactivity than the
activity of the CRH/AVP system in the paraventricular
nucleus. It is feasible that these rats have reduced norad-
renergic input to other brain regions that facilitate the
activity of the HPA axis, a possibility that was acknowl-
edged by the authors.

5.4. Influence of other central factors on function of the

paraventricular nucleus

There is complex integration of a hierarchical circuitry
that regulates the HPA axis (for review see [71]) and any
alterations in this integrated system may influence respon-
siveness to stress. While attenuated responses of the HPA
axis to stress may be due partly to reduction of the stimu-
latory noradrenergic input to the paraventricular nucleus,
it is also possible that inhibitory tone increases. This could
involve the GABA system which appears to be upregulated
in lactating rats [172]. Increased GABAa receptor affinity is
also apparent during lactation [51,258]. It has also been
hypothesized that increased neurosteroid production in
the brain of lactating females contributes to enhanced
GABAergic neurotransmission [235] thus resulting in
attenuated HPA axis activity, although this hypothesis
has not been tested. Interactions between the serotoniner-
gic and opioidergic systems may lead to altered HPA axis
responses in humans with differing adipose distribution.
Hyperactivity of the HPA axis in obese women was demon-
strated following treatment with naloxone and this was
reversed by increasing serotonegic receptor activation
[14]. Other neurotransmitter systems that are reset with
alteration in body composition and body weight may also
have profound influence on the HPA axis and the sympa-
thetic outflow from the brain (vide supra). Differences
between strains of mice were found in brain content of
dopamine and serotonin [198,205] following inescapable



A.J. Tilbrook, I.J. Clarke / Frontiers in Neuroendocrinology 27 (2006) 285–307 297
footshock [205] and mesocorticolimbic dopamine levels dif-
fered between strains following inescapable footshock
[197]. These studies indicate at least some of the non-nor-
adrenergic central systems that may be involved in stress
hyporesponsiveness.

5.5. Pituitary responsiveness to CRH and AVP

5.5.1. Lactating females

Evidence from studies with rats suggests that altered
responsiveness of the HPA axis during lactation may be
partly due to altered responsiveness of the pituitary to
CRH and AVP. For instance, the increase in ACTH secre-
tion following treatment with CRH was greater in virgin
rats than in lactating rats [230]. In contrast, lactating rats
showed a robust increase in ACTH secretion following
treatment with high dose of AVP or following a combina-
tion of AVP and CRH whereas the response of virgin
females was much smaller [230] and increased pituitary
responses to AVP during lactation were reported in anoth-
er study [254] suggesting that the actions of CRH and AVP
to stimulate ACTH secretion are altered differently during
lactation. Reduced responsiveness of the pituitary to CRH
has also been found in late pregnant [81,145] and parturi-
ent [144] rats. The cellular mechanisms that underlie chang-
es in sensitivity of pituitary corticotropes to the actions of
hypothalamic secretagogues have not been deciphered.

5.5.2. Level of visceral adipose tissue

There is evidence that the pituitary responsiveness to
CRH and/or AVP is influenced by the amount of visceral
adiposity with lean individuals generally exhibiting a
reduced responsiveness. Women with abdominal obesity
have been shown to have increased activity of the HPA axis
compared to lean women treated with CRH alone [160] or
CRH in combination with AVP [160,162,245]. Similarly,
obese men had increased ACTH secretion in response to
CRH [161,208] compared to lean men. Contrasting find-
ings have also been reported with levels of cortisol follow-
ing injection of CRH being less in obese than in normal
women [98] or being similar in obese and normal women
[14]. There have been no formal sex comparisons of pitui-
tary responsiveness to CRH and/or AVP in lean and obese
individuals and no studies have ascertained the relative
effectiveness of CRH and AVP in stimulating ACTH secre-
tion from the pituitary in different states of visceral
adiposity.

In addition to the likely different neuroendocrine mech-
anisms of regulation of the HPA axis in lean and obese
individuals, there is evidence that the level of visceral adi-
posity may affect the responsiveness of the adrenal glands
to the actions of ACTH. Some studies show that adrenal
responsiveness to ACTH is higher in women [124,159]
and men [65] with central adiposity whereas others [121]
showed no effect in terms of cortisol, aldosterone and dehy-
droepiandrosterone responses to ACTH in obese and lean
women.
5.5.3. Individuals with attenuated stress reactivity

To our knowledge there have not been systematic stud-
ies in any species to establish whether alterations in pitui-
tary responsiveness to ACTH occur between individuals
with naturally differing tendencies to display stress respons-
es. Nonetheless, this is a common locus for alterations in
the operation of the HPA axis in different physiological
states of stress hyporesponsiveness.

5.6. Oxytocin and prolactin as mediators of stress

hyporesponsiveness

The neuropeptides/hormones oxytocin and prolactin are
potentially involved in attenuation of the HPA axis
response to stress, since both are secreted in response to
stress. Nevertheless, oxytocin levels are not increased in
response to all types of stress (for review see [58]), which
again illustrates the importance of the category of stressor
being considered. Of the three innate states of stress hypo-
responsiveness considered in this review, most research has
been conducted with pregnant and lactating females and
there has not been direct consideration of the roles of oxy-
tocin and prolactin in mediating stress hyporesponsiveness
in humans and animals with low levels of visceral adiposity
or naturally attenuated responses to stress and this is an
area requiring investigation.

Oxytocin is known to act centrally to attenuate the
activity of the HPA axis and i.c.v. infusion of ovariecto-
mized estradiol-treated rats with oxytocin reduces the
response to noise [265] and restraint [264] stress. This treat-
ment also attenuated the elevation in CRH mRNA levels in
the paraventricular nucleus that is normally associated
with restraint [264]. Further, administration of an oxytocin
receptor antagonist by either i.c.v. infusion or by retrodial-
ysis into the paraventricular nucleus increased both basal
and stress-induced activity of the HPA axis [146,147].
Female mice that had undergone oxytocin gene deletion
displayed increased anxiety-related behavior and cortico-
sterone secretion in response to stress compared to wild
type mice [5]. In humans, suckling and breast stimulation
increased plasma oxytocin levels and decreased plasma
ACTH levels, prompting the conclusion that there is an
inhibitory influence of oxytocin on ACTH/cortisol secre-
tion under physiological conditions [5,23]. Infusion of oxy-
tocin into the paraventricular nucleus also suppressed the
cortisol response to an audiovisual stressor in non-lactating
ewes and, to a lesser extent, in lactating ewes [25] and we
have identified oxytocin neurons in the paraventricular
nucleus of sheep in close proximity to CRH and AVP neu-
rons (Fig. 7). Oxytocin is not considered to readily cross
the blood barrier [58] so it is important to delineate
between central and peripheral effects. Within the central
nervous system, oxytocin fibers and nerve endings are
widely distributed, and oxytocin receptors are present in
many forebrain areas, including regions of hippocampus
and amygdala, bed nuclei of the stria terminalis, ventrolat-
eral septum, and several hypothalamic nuclei [8,25,56,233].
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Fig. 7. Distribution of immunoactive AVP, CRH and oxytocin from the
rostral to the caudal extent of the paraventricular nucleus of a female
sheep. (E.T.A. Rivalland, J. Iqbal, I.J. Clarke, A.I. Turner, A.J. Tilbrook,
unpublished).
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Central oxytocinergic pathways are stimulated during lac-
tation [176] and it has been suggested that this may medi-
ate, at least in part, some of the attenuated responses of
the HPA axis that are observed in lactating females [115].
The possibility also remains that peripheral oxytocin may
directly influence anterior pituitary responsiveness to
CRH and or AVP. For instance, infusion of oxytocin into
normal humans inhibited the plasma ACTH responses to
CRH [155].

The role of prolactin in attenuation of anxiety and stress
responses has been extensively reviewed [227]. Prolactin has
been implicated as a possible mediator of HPA axis hypo-
responsiveness, particularly in lactating females
[20,192,255]. Suckling increases the secretion of prolactin
[61] which can gain access from the peripheral circulation
to the brain through receptor-mediated active transport
via the choroid plexus [256]. There are also central neuro-
nal prolactin pathways and immunoactivity for prolactin
[164] and prolactin mRNA expression [48] have been found
in regions relevant to regulation of the HPA axis including
the hypothalamus. The distribution of prolactin receptors
[32] and prolactin receptor mRNA have also been mapped
throughout the brain, including the medial preoptic nucle-
us, the supraoptic and the paraventricular nuclei, the arcu-
ate nucleus, the preoptic area and the choroid plexus [227].
An action of prolactin on CRH neurons has also been sug-
gested [89], possibly mediated by adrenergic neurons [17].
Prolactin was found to exert an anxiolytic effect and inhibit
HPA axis responses to stress in both male and female rats
[229]. There is evidence of an inhibitory role for prolactin
on HPA axis during lactation since i.c.v. infusion of anti-
sense nucleotides against the long form of the brain prolac-
tin receptor into lactating rats resulted in an increase in
stress-induced ACTH [228].

5.7. Influence of appetite regulating peptides on stress

hyporesponsiveness

Various appetite-regulating peptides have been shown to
interact with the HPA axis and may influence the respon-
siveness of the axis to stress. For example, leptin, which
is synthesized in adipocytes, inhibits appetite and plays a
role in regulating energy expenditure [17,186], can also
influence the activity of the HPA axis although there are
conflicting findings (for review see [78]). Whereas the
i.c.v. injection of leptin increased CRH content in the
hypothalamus of rats [239], peripheral administration of
leptin down-regulated CRH expression in the paraventric-
ular nucleus and prevented the increase in CRH expression
following adrenalectomy [129]. Moreover, treatment of rats
with leptin blocked the increase in ACTH and corticoste-
rone in response to restraint stress [69] or exposure to a
novel environment [150]. In young adult female rhesus
monkeys, subcutaneous infusion with leptin for 28 days
attenuated plasma ACTH and cortisol in an unpredictable
situation, enhanced glucocorticoid negative feedback and
blunted CRH-induced ACTH secretion suggesting that lep-
tin can attenuate activation of the HPA axis by enhancing
glucocorticoid negative feedback [262] and possibly by
reducing pituitary responsiveness to CRH. Obese individu-
als have higher levels of circulating leptin than lean individ-
uals [27] but the implications in terms of regulation of
stress-induced HPA activity have not been fully elucidated.

In addition to leptin, there is evidence that the activity of
the HPA axis may be influenced by other appetite regulat-
ing peptides including orexin, neuropeptide Y (NPY),
agouti-related protein, cocaine-and-ampetamine-regulated
transcript (CART) and ghrelin. The hypothalamic peptides
orexin-A and orexin-B have been studied extensively with
respect to their roles in control of feeding and sleep but it
is also evident that these peptides can modulate the activity
of the HPA axis both centrally and peripherally and these
mechanisms have recently been comprehensively reviewed
[209]. Orexin receptors are widely distributed and are
found in the paraventricular nucleus, median eminence,
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pituitary corticotropes and the adrenal cortex and medulla
and there is evidence that these peptides can stimulate the
release of CRH and AVP as well as have direct stimulatory
effects on the adrenal cortex [209]. The central stimulatory
effects of orexins may be mediated by NPY [76]. Despite
this, the physiological importance of orexins in regulating
the basal and stress induced activity of the HPA axis are
not known. Furthermore, the role of orexins in regulating
stress responsiveness has not been investigated in a sub-
stantial way, although i.c.v. injection of orexin-A increased
ACTH and corticosterone secretion and CRH mRNA
expression in virgin rats but these HPA responses were
reduced in late pregnant rats [15]. It is also clear that
NPY can influence the activity of the activity of the HPA
axis (for reviews see [67,103]) but, as with leptin, there
are conflicting findings. One paradox is that, on one hand,
NPY has been found to act centrally to antagonize CRH
release [68], whereas on the other, it was shown to stimulate
HPA axis activity by increasing the release of CRH [103].
NPY mRNA has also been shown to increase in the arcu-
ate nucleus and hilus of the dentate gyrus following
restraint stress in rats [26], although the functional signifi-
cance of this in terms of stress response requires elucida-
tion. Agouti-related protein is an appetite stimulant that
is co-expressed in the arcuate nucleus with NPY [63] and
there is differential regulation of this neuropeptide in rela-
tion to stress. Foot shocks resulted in a decrease in agouti-
related protein and an increase in NPY mRNA [89]. CART
mRNA and protein are located in various hypothalamic
structures including the paraventricular and arcuate nuclei
[29,99–101,246] and glucocorticoids can influence expres-
sion via a GR-dependent mechanism [248]. Injection of
CART peptides i.c.v. [247] and directly into the paraven-
tricular nucleus [211] were found to activate the HPA axis
in rats. Finally, levels of ghrelin, which is produced by the
A-like cells of the stomach, have been shown to increase
after water avoidance stress [102], central administration
of a ghrelin agonist increased hypothalamic CRH mRNA
in rats fed ad libitum [82] and ghrelin has been found to
cause release ACTH and cortisol in humans [59]. Despite
the possibility that various appetite regulating peptides
may affect the activity of the HPA axis there have not been
systematic studies to establish the extent to which these
peptides influence the responsiveness of the HPA axis to
stress in individuals with different levels and distributions
of visceral adipose tissue.

6. Conclusions and future directions

For an organism to survive and be healthy, the ability to
elicit appropriate physiological and behavioral responses
to stressful situations is paramount. If such responses are
inadequate or excessive, physiological dysfunction occurs
at various levels. An understanding of the mechanisms by
which stress systems are regulated is essential in the develop-
ment of strategies to overcome and prevent stress-induced
disorders. Research in this area is complicated, however,
by the fact that activation of stress systems, such as the
HPA axis is variable, differing between different physiologi-
cal states and between individuals within a species. It is
apparent that the HPA axis is regulated differently in males
and females and, consequently, there are sex differences in
response to stress. The sex steroids are relevant to the issue
of sex differences in stress responses and, accordingly, there
are differences in stress responses with different reproductive
states. Furthermore, stress responses vary with the category
of stressor. An appreciation of the mechanisms of regulation
of the HPA axis can be gained by studying innate states of
stress hyporesponsiveness. Such states include lactating
females, humans and animals with low levels of visceral adi-
posity and individuals within the same species that naturally
showed reduced stress responsiveness.

The mechanisms by which certain physiological states
are characterized by attenuated stress responses are not ful-
ly understood and there is considerable need for further
research in this area. It is likely that there is reduced syn-
thesis and secretion of CRH and/or AVP into the hypo-
physeal portal system, possibly as a result of increased
glucocorticoid negative feedback and reduced noradrener-
gic stimulatory inputs, and reduced pituitary responsive-
ness to CRH and/or AVP (Fig. 8) although systematic
approaches are needed to establish the extent to which each
of these mechanisms is important. The extent to which
inhibitory central inputs to the paraventricular nucleus,
such as those provided by oxytocin and prolactin and
appetite regulating peptides, contribute to stress hypore-
sponsiveness are unknown. A major limitation of research
to date is that CRH and AVP secretion have not been mon-
itored directly. Inferences have been made on the basis of
changes in mRNA expression, protein content and plasma
concentrations of ACTH. Changes in expression may not
always be translated into changes in protein which, in turn,
may not necessarily reflect secretion. Critically, it is the
secretion of these neuropeptides into the hypophyseal por-
tal system that is necessary to drive the pituitary produc-
tion of ACTH and, thereby, the HPA axis. Furthermore,
interpretations based solely on the changes in the secretion
of ACTH are inadequate as they do not appraise the
relative contributions of CRH and AVP as ACTH secreta-
gogues under different physiological conditions. Measure-
ments of multiple indicators are clearly required to
provide more thorough information about the status of
both peripheral and central mechanisms that control the
HPA axis in different physiological states. Finally, there
is a need for formal sex comparisons in responses to stress
in different physiological conditions and for an apprecia-
tion for the category of stressor being studied.
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Fig. 8. Schematic representation of possible mechanisms of attenuated responsiveness of the hypothalamo-pituitary-adrenal axis to stress. It is likely that
there is reduced synthesis and secretion of CRH and/or AVP into the hypophyseal portal system, possibly as a result of increased glucocorticoid negative
feedback and reduced noradrenergic stimulatory inputs. There is also likely to be reduced pituitary responsiveness to CRH and/or AVP. Systematic
approaches are needed to establish the extent to which each of these mechanisms is important. The contribution of inhibitory central inputs (e.g. GABA)
to the paraventricular nucleus (PVN) and of oxytocin (OT) and prolactin (PRL) to stress hyporesponsiveness are unknown.

300 A.J. Tilbrook, I.J. Clarke / Frontiers in Neuroendocrinology 27 (2006) 285–307
References

[1] C.L. Adam, P.A. Findlay, Inhibition of luteinizing hormone
secretion and expression of c-fos and corticotrophin-releasing factor
genes in the paraventricular nucleus during insulin-induced hypo-
glycaemia in sheep, J. Neuroendocrinol. 10 (1998) 777–783.

[2] S.F. Akana, M.F. Dallman, Chronic cold in adrenalectomized,
corticosterone (b)-treated rats – facilitated corticotropin responses to
acute restraint emerge as b increases, Endocrinology 138 (1997)
3249–3258.

[3] M. Altemus, Neuropeptides in anxiety disorders. Effects of lactation,
Ann. N.Y. Acad. Sci. 771 (1995) 697–707.

[4] J.A. Amico, J.M. Johnston, A.H. Vagnucci, Suckling-induced
attenuation of plasma cortisol concentrations in postpartum lactat-
ing women, Endocr. Res. 20 (1994) 79–87.

[5] J.A. Amico, R.C. Mantella, R.R. Vollmer, X. Li, Anxiety and stress
responses in female oxytocin deficient mice, J. Neuroendocrinol. 16
(2004) 319–324.

[6] H.C. Atkinson, B.J. Waddell, The hypothalamic-pituitary-adrenal
axis in rat pregnancy and lactation: circadian variation and
interrelationship of plasma adrenocorticotropin and corticosterone,
Endocrinology 136 (1995) 512–520.

[7] Z. Banky, G.M. Nagy, B. Halasz, Analysis of pituitary prolactin and
adrenocortical response to ether, formalin or restraint in lactating
rats: rise in corticosterone, but no increase in plasma prolactin levels
after exposure to stress, Neuroendocrinology 59 (1994) 63–71.
[8] C. Barberis, E. Tribollet, Vasopressin and oxytocin receptors in the
central nervous system, Crit. Rev. Neurobiol. 10 (1996) 119–154.

[9] V.A. Barnes, F.A. Treiber, H. Davis, T.R. Kelley, W.B. Strong,
Central adiposity and hemodynamic functioning at rest and during
stress in adolescents, Int. J. Obes. Relat. Metab. Disord. 22 (1998)
1079–1083.

[10] G.E. Bestetti, F. Abramo, C. Guillaume-Gentil, F. Rohner-Jeanre-
naud, B. Jeanrenaud, G.L. Rossi, Changes in the hypothalamo-
pituitary-adrenal axis of genetically obese fa/fa rats: a structural,
immunocytochemical, and morphometrical study, Endocrinology
126 (1990) 1880–1887.

[11] E.W. Bingaman, D.J. Magnuson, T.S. Gray, R.J. Handa, Androgen
inhibits the increase in hypothalamic corticotropin-releasing hor-
mone (CRH) and CRH-immunoreactivity following gonadectomy,
Neuroendocrinology 59 (1994) 228–234.

[12] H.C. Bohler Jr., R.T. Zoeller, J.C. King, B.S. Rubin, R. Weber, G.R.
Merriam, Corticotropin releasing hormone mRNA is elevated on the
afternoon of proestrus in the parvocellular paraventricular nuclei of
the female rat, Brain. Res. Mol. Brain. Res. 8 (1990) 259–262.

[13] B. Bohus, R.F. Benus, D.S. Fokkema, J.M. Koolhaas, C. Nyakas,
G.A. van Oortmerssen, A.J. Prins, A.J. de Ruiter, A.J. Scheurink,
A.B. Steffens, Neuroendocrine states and behavioral and physiolog-
ical stress responses, Prog. Brain. Res. 72 (1987) 57–70.

[14] F.Z. Boushaki, E. Rasio, O. Serri, Hypothalamic-pituitary-adrenal
axis in abdominal obesity: effects of dexfenfluramine, Clin. Endo-
crinol. (Oxf) 46 (1997) 461–466.



A.J. Tilbrook, I.J. Clarke / Frontiers in Neuroendocrinology 27 (2006) 285–307 301
[15] P.J. Brunton, J.A. Russell, Hypothalamic-pituitary-adrenal respons-
es to centrally administered orexin-A are suppressed in pregnant
rats, J. Neuroendocrinol. 15 (2003) 633–637.

[16] J.C. Buckingham, K.D. Dohler, C.A. Wilson, Activity of the
pituitary-adrenocortical system and thyroid gland during the
oestrous cycle of the rat, J. Endocr. 78 (1978) 359–366.

[17] L.A. Campfield, F.J. Smith, P. Burn, The OB protein (leptin)
pathway – a link between adipose tissue mass and central neural
networks, Horm. Metab. Res. 28 (1996) 619–632.

[18] B.J. Canny, J.W. Funder, I.J. Clarke, Glucocorticoids regulate ovine
hypophysial portal levels of corticotropin-releasing factor and
arginine vasopressin in a stress-specific manner, Endocrinology 125
(1989) 2532–2539.

[19] B.J. Canny, K.A. O’Farrell, I.J. Clarke, A.J. Tilbrook, The influence
of sex and gonadectomy on the hypothalamo-pituitary-adrenal axis
of the sheep, J. Endocr. 162 (1999) 215–225.

[20] D.A. Carter, S.L. Lightman, Oxytocin responses to stress in
lactating and hyperprolactinaemic rats, Neuroendocrinology 46
(1987) 532–537.

[21] F. Chaouloff, Physiopharmacological interactions between stress
hormones and central serotonergic systems, Brain. Res. Brain. Res.
Rev. 18 (1993) 1–32.

[22] E. Charmandari, C. Tsigos, G. Chrousos, Endocrinology of the
stress response, Annu. Rev. Physiol. 67 (2005) 259–284.

[23] P. Chiodera, C. Salvarani, A. Bacchi-Modena, R. Spallanzani, C.
Cigarini, A. Alboni, E. Gardini, V. Coiro, Relationship between
plasma profiles of oxytocin and adrenocorticotropic hormone during
suckling or breast stimulation in women, Horm. Res. 35 (1991) 119–
123.

[24] G.P. Chrousos, Stressors, stress, and neuroendocrine integration of
the adaptive response. The 1997 Hans Selye Memorial Lecture, Ann.
N.Y. Acad. Sci. 851 (1998) 311–335.

[25] M. Condes-Lara, P. Veinante, M. Rabai, M.J. Freund-Mercier,
Correlation between oxytocin neuronal sensitivity and oxytocin-
binding sites in the amygdala of the rat: electrophysiological and
histoautoradiographic study, Brain Res. 637 (1994) 277–286.

[26] C.D. Conrad, B.S. McEwen, Acute stress increases neuropeptide Y
mRNA within the arcuate nucleus and hilus of the dentate gyrus,
Brain Res. Mol. Brain Res. 79 (2000) 102–109.

[27] R.V. Considine, Leptin and obesity in humans, Eat. Weight. Disord.
2 (1997) 61–66.

[28] C.J. Cook, Oxytocin and prolactin suppress cortisol responses to
acute stress in both lactating and non-lactating sheep, J. Dairy Res.
64 (1997) 327–339.

[29] P.R. Couceyro, E.O. Koylu, M.J. Kuhar, Further studies on the
anatomical distribution of CART by in situ hybridization, J. Chem.
Neuroanat. 12 (1997) 229–241.

[30] V. Critchlow, R.A. Liebelt, M. Bar-Sela, W. Mountacstle, H.S.
Lipscomb, Sex difference in resting pituitary-adrenal function in the
rat, Am. J. Physiol. 205 (1963) 807–815.

[31] W.R. Crowley, S.W. Shyr, B. Kacsoh, C.E. Grosvenor, Evidence for
stimulatory noradrenergic and inhibitory dopaminergic regulation
of oxytocin release in the lactating rat, Endocrinology 121 (1987) 14–
20.

[32] M. Crumeyrolle-Arias, J. Latouche, H. Jammes, J. Djiane, P.A.
Kelly, M.J. Reymond, F. Haour, Prolactin receptors in the rat
hypothalamus: autoradiographic localization and characterization,
Neuroendocrinology 57 (1993) 457–466.

[33] A.P. da Costa, X. Ma, C.D. Ingram, S.L. Lightman, G. Aguilera,
Hypothalamic and amygdaloid corticotropin-releasing hormone
(CRH) and CRH receptor-1 mRNA expression in the stress-
hyporesponsive late pregnant and early lactating rat, Brain Res.
Mol. Brain Res. 91 (2001) 119–130.

[34] A.P. da Costa, S. Wood, C.D. Ingram, S.L. Lightman, Region-
specific reduction in stress-induced c-fos mRNA expression during
pregnancy and lactation, Brain Res. 742 (1996) 177–184.

[35] M.C. Davis, E.W. Twamley, N.A. Hamilton, P.D. Swan, Body fat
distribution and hemodynamic stress responses in premenopausal
obese women: a preliminary study, Health Psychol. 18 (1999) 625–
633.

[36] E.R. de Kloet, Hormones and the stressed brain, Ann. N.Y. Acad.
Sci. 1018 (2004) 1–15.

[37] E.R. de Kloet, E. Vreugdenhil, M.S. Oitzl, M. Joels, Brain
corticosteroid receptor balance in health and disease, Endocr. Rev.
19 (1998) 269–301.

[38] G. Delitala, Opioid peptides and pituitary function basic and clinical
aspects, in: M. Motta (Ed.), Brain Endocrinology, Ravenh Press,
New York, 1991, pp. 217–244.

[39] F. Dellu, P.V. Piazza, W. Mayo, M. Le Moal, H. Simon, Novelty-
seeking in rats – biobehavioral characteristics and possible relation-
ship with the sensation-seeking trait in man, Neuropsychobiology 34
(1996) 136–145.

[40] R.H. Derijk, M. Schaaf, E.R. de Kloet, Glucocorticoid receptor
variants: clinical implications, J. Steroid Biochem. Mol. Biol. 81
(2002) 103–122.

[41] S. Deschamps, B. Woodside, C.D. Walker, Pups presence eliminates
the stress hyporesponsiveness of early lactating females to a
psychological stress representing a threat to the pups, J. Neuroen-
docrinol. 15 (2003) 486–497.

[42] F.S. Dhabhar, B.S. McEwen, R.L. Spencer, Stress response, adrenal
steroid receptor levels and corticosteroid-binding globulin levels – a
comparison between Sprague-Dawley, Fischer 344 and Lewis rats,
Brain Res. 616 (1993) 89–98.

[43] F.S. Dhabhar, B.S. McEwen, R.L. Spencer, Adaptation to pro-
longed or repeated stress – comparison between rat strains showing
intrinsic differences in reactivity to acute stress, Neuroendocrinology
65 (1997) 360–368.

[44] A.J. Douglas, Central noradrenergic mechanisms underlying acute
stress responses of the Hypothalamo-pituitary-adrenal axis: adapta-
tions through pregnancy and lactation, Stress 8 (2005) 5–18.

[45] A.J. Douglas, P.J. Brunton, O.J. Bosch, J.A. Russell, I.D. Neumann,
Neuroendocrine responses to stress in mice: hyporesponsiveness in
pregnancy and parturition, Endocrinology 144 (2003) 5268–5276.

[46] A.J. Douglas, J.A. Russell, Endogenous opioid regulation of
oxytocin and ACTH secretion during pregnancy and parturition,
Prog. Brain Res. 133 (2001) 67–82.

[47] M. Duclos, E. Timofeeva, C. Michel, D. Richard, Corticosterone-
dependent metabolic and neuroendocrine abnormalities in obese
Zucker rats in relation to feeding, Am. J. Physiol. Endocrinol.
Metab. 288 (2005) E254–E266.

[48] N.V. Emanuele, J.K. Jurgens, M.M. Halloran, J.J. Tentler, A.M.
Lawrence, M.R. Kelley, The rat prolactin gene is expressed in brain
tissue: detection of normal and alternatively spliced prolactin
messenger RNA, Mol. Endocrinol. 6 (1992) 35–42.

[49] D. Engler, T. Pham, M.J. Fullerton, G. Ooi, J.W. Funder, I.J.
Clarke, Studies of the secretion of corticotropin-releasing factor
and arginine vasopressin into the hypophysial-portal circulation of
the conscious sheep 1. Effect of an audiovisual stimulus and
insulin-induced hypoglycemia, Neuroendocrinology 49 (1989) 367–
381.

[50] S. Feldman, N. Conforti, J. Weidenfeld, Limbic pathways and
hypothalamic neurotransmitters mediating adrenocortical
responses to neural stimuli, Neurosci. Biobehav. Rev. 19
(1995) 235–240.

[51] V.S. Fenelon, A.E. Herbison, Plasticity in GABAA receptor subunit
mRNA expression by hypothalamic magnocellular neurons in the
adult rat, J. Neurosci. 16 (1996) 4872–4880.

[52] M. Ferin, Stress and the reproductive cycle, J. Clin. Endocrinol.
Metab. 84 (1999) 1768–1774.

[53] D. Fischer, V.K. Patchev, S. Hellbach, A.H.S. Hassan, O.F.X.
Almeida, Lactation as a model of naturally reversible hypercorti-
calism plasticity in the mechanisms governing hypothalamo-pitui-
tary-adrenocortical activity in rats, J. Clin. Invest. 96 (1995) 1208–
1215.

[54] G. Flugge, M. van Kampen, M.J. Mijnster, Perturbations in brain
monoamine systems during stress, Cell Tissue Res. 315 (2004) 1–14.



302 A.J. Tilbrook, I.J. Clarke / Frontiers in Neuroendocrinology 27 (2006) 285–307
[55] D.D. Francis, M.D. Zaharia, N. Shanks, H. Anisman, Stress-
induced disturbances in Morris water-maze performance: interstrain
variability, Physiol. Behav. 58 (1995) 57–65.

[56] M.J. Freund-Mercier, M.E. Stoeckel, M.J. Klein, Oxytocin recep-
tors on oxytocin neurones: histoautoradiographic detection in the
lactating rat, J. Physiol. 480 (Pt 1) (1994) 155–161.

[57] G. Gerra, A. Zaimovic, G.G. Mascetti, S. Gardini, U. Zambelli, M.
Timpano, M.A. Raggi, F. Brambilla, Neuroendocrine responses to
experimentally-induced psychological stress in healthy humans,
Psychoneuroendocrinology 26 (2001) 91–107.

[58] G. Gimpl, F. Fahrenholz, The oxytocin receptor system: structure,
function, and regulation, Physiol. Rev. 81 (2001) 629–683.

[59] R. Giordano, M. Pellegrino, A. Picu, L. Bonelli, M. Balbo, R.
Berardelli, F. Lanfranco, E. Ghigo, E. Arvat, Neuroregulation of
the hypothalamus-pituitary-adrenal (HPA) axis in humans: effects of
GABA-, mineralocorticoid-, and GH-Secretagogue-receptor modu-
lation, Sci. World J. 6 (2006) 1–11.

[60] D.S. Goldstein, Stress-induced activation of the sympathetic nervous
system, in: A. Grossman (Ed.), Neuroendocrinology of Stress,
Bailliere Tindall, London, 1987, pp. 253–278.

[61] C.E. Grosvenor, S.W. Shyr, G.T. Goodman, F. Mena, Comparison
of plasma profiles of oxytocin and prolactin following suckling in the
rat, Neuroendocrinology 43 (1986) 679–685.

[62] C. Guillaume-Gentil, F. Rohner-Jeanrenaud, F. Abramo, G.E.
Bestetti, G.L. Rossi, B. Jeanrenaud, Abnormal regulation of the
hypothalamo-pituitary-adrenal axis in the genetically obese fa/fa rat,
Endocrinology 126 (1990) 1873–1879.

[63] T.M. Hahn, J.F. Breininger, D.G. Baskin, M.W. Schwartz, Coex-
pression of Agrp and NPY in fasting-activated hypothalamic
neurons, Nat. Neurosci. 1 (1998) 271–272.

[64] R.J. Handa, L.H. Burgess, J.E. Kerr, J.A. O’Keefe, Gonadal steroid
hormone receptors and sex differences in the hypothalamo- pitui-
tary-adrenal axis, Horm. Behav. 28 (1994) 464–476.

[65] A. Hautanen, H. Adlercreutz, Altered adrenocorticotropin and
cortisol secretion in abdominal obesity: implications for the insulin
resistance syndrome, J. Intern. Med. 234 (1993) 461–469.

[66] P.J. Havel, B.L. Busch, D.L. Curry, P.R. Johnson, M.F. Dallman,
J.S. Stern, Predominately glucocorticoid agonist actions of RU-486
in young specific-pathogen-free Zucker rats, Am. J. Physiol. 271
(1996) R710–R717.

[67] M. Heilig, The NPY system in stress, anxiety and depression,
Neuropeptides 38 (2004) 213–224.

[68] M. Heilig, E. Widerlov, Neuropeptide Y: an overview of central
distribution, functional aspects, and possible involvement in neuro-
psychiatric illnesses, Acta Psychiatr. Scand 82 (1990) 95–114.

[69] M.L. Heiman, R.S. Ahima, L.S. Craft, B. Schoner, T.W. Stephens,
J.S. Flier, Leptin inhibition of the hypothalamic-pituitary-adrenal
axis in response to stress, Endocrinology 138 (1997) 3859–3863.

[70] J.P. Herman, W.E. Cullinan, Neurocircuitry of stress: central
control of the hypothalamo-pituitary-adrenocortical axis, Trends
Neurosci. 20 (1997) 78–84.

[71] J.P. Herman, H. Figueiredo, N.K. Mueller, Y. Ulrich-Lai, M.M.
Ostrander, D.C. Choi, W.E. Cullinan, Central mechanisms of stress
integration: hierarchical circuitry controlling hypothalamo-pitui-
tary-adrenocortical responsiveness, Front. Neuroendocrinol. 24
(2003) 151–180.

[72] T. Higuchi, K. Honda, S. Takano, H. Negoro, Reduced oxytocin
response to osmotic stimulus and immobilization stress in lactating
rats, J. Endocrinol. 116 (1988) 225–230.

[73] T. Higuchi, H. Negoro, J. Arita, Reduced responses of prolactin and
catecholamine to stress in the lactating rat, J. Endocrinol. 122 (1989)
495–498.

[74] T.A. Howlett, L.H. Rees, Endogenous opioid peptides and human
reproduction, in: J.R. Clarke (Ed.), Oxford Reviews of Reproductive
Biology, Clarendon Press, Oxford, 1987, pp. 260–293.

[75] K. Itoi, Y.Q. Jiang, Y. Iwasaki, S.J. Watson, Regulatory mechanisms
of corticotropin-releasing hormone and vasopressin gene expression
in the hypothalamus, J. Neuroendocrinol. 16 (2004) 348–355.
[76] M. Jaszberenyi, E. Bujdoso, G. Telegdy, The role of neuropeptide Y
in orexin-induced hypothalamic-pituitary-adrenal activation, J.
Neuroendocrinol. 13 (2001) 438–441.

[77] S. Jern, A. Bergbrant, P. Bjorntorp, L. Hansson, Relation of central
hemodynamics to obesity and body fat distribution, Hypertension
19 (1992) 520–527.

[78] D.S. Jessop, Central non-glucocorticoid inhibitors of the hypothal-
amo-pituitary-adrenal axis, J. Endocr. 160 (1999) 169–180.

[79] D.S. Jessop, M.F. Dallman, D. Fleming, S.L. Lightman, Resistance
to glucocorticoid feedback in obesity, J. Clin. Endocrinol. Metab. 86
(2001) 4109–4114.

[80] M. Jhanwar-Uniyal, I.R. Awad, G.M. Gearhart, J.A. Finkelstein,
S.F. Leibowitz, Higher alpha-noradrenergic receptors in paraven-
tricular nucleus of obese Zucker rats: decline after food deprivation,
Pharmacol. Biochem. Behav. 40 (1991) 853–859.

[81] H.A. Johnstone, A. Wigger, A.J. Douglas, I.D. Neumann, R.
Landgraf, J.R. Seckl, J.A. Russell, Attenuation of hypothalamic-
pituitary-adrenal axis stress responses in late pregnancy: changes in
feedforward and feedback mechanisms, J. Neuroendocrinol. 12
(2000) 811–822.

[82] L.E. Johnstone, R. Srisawat, E. Kumarnsit, G. Leng, Hypothalamic
expression of NPY mRNA, vasopressin mRNA and CRF mRNA in
response to food restriction and central administration of the
orexigenic peptide GHRP-6, Stress 8 (2005) 59–67.

[83] M. Jurzak, I. Pavo, F. Fahrenholz, Lack of interaction of
vasopressin with its antisense peptides: a functional and immuno-
logical study, J. Recept. Res. 13 (1993) 881–902.

[84] M. Kabbaj, Neurobiological bases of individual differences in
emotional and stress responsiveness: high responders-low responders
model, Arch. Neurol. 61 (2004) 1009–1012.

[85] M. Kabbaj, D.P. Devine, V.R. Savage, H. Akil, Neurobiological
correlates of individual differences in novelty-seeking behavior in the
rat: differential expression of stress-related molecules, J. Neurosci. 20
(2000) 6983–6988.

[86] M. Kammerer, D. Adams, B.B. Castelberg, V. Glover, Pregnant
women become insensitive to cold stress, BMC. Pregnancy Child-
birth 2 (2002) 8.

[87] G.J. Kant, R.H. Lenox, B.N. Bunnell, E.H. Mougey, L.L. Penning-
ton, J.L. Meyerhoff, Comparison of stress response in male and female
rats: pituitary cyclic AMP and plasma prolactin, growth hormone and
corticosterone, Psychoneuroendocrinology 8 (1983) 421–428.

[88] G.J. Kant, E.H. Mougey, L.L. Pennington, J.L. Meyerhoff, Graded
footshock stress elevates pituitary cyclic AMP and plasma beta-
endorphin, beta-LPH corticosterone and prolactin, Life Sci. 33
(1983) 2657–2663.

[89] M.J. Kas, A.W. Bruijnzeel, J.R. Haanstra, V.M. Wiegant, R.A.
Adan, Differential regulation of agouti-related protein and neuro-
peptide Y in hypothalamic neurons following a stressful event, J.
Mol. Endocrinol. 35 (2005) 159–164.

[90] J. Kaye, P. Soothill, M. Hunt, S. Lightman, Responses to the 35%
CO challenge in postpartum women, Clin. Endocrinol. (Oxf) 61
(2004) 582–588.

[91] M. Keller-Wood, C.E. Wood, Pregnancy alters cortisol feedback
inhibition of stimulated ACTH: studies in adrenalectomized ewes,
Am. J. Physiol. Regul. Integr. Comp. Physiol. 280 (2001) R1790–
R1798.

[92] H. Khachaturian, M.E. Lewis, S.N. Haber, R.A. Houghten, H. Akil,
S.J. Watson, Prodynorphin peptide immunocytochemistry in rhesus
monkey brain, Peptides 6 (Suppl 66) (1985).

[93] P.J. Kim, M.A. Cole, B.A. Kalman, R.L. Spencer, Evaluation of
RU28318 and RU40555 as selective mineralocorticoid receptor and
glucocorticoid receptor antagonists, respectively: receptor measures
and functional studies, J. Steroid Biochem. Mol. Biol. 67 (1998) 213–
222.

[94] R.D. Kineman, R.R. Kraeling, J.W. Crim, L.S. Leshin, C.R. Barb,
G.B. Rampacek, Localization of proopiomelanocortin (POMC)
immunoreactive neurons in the forebrain of the pig, Biol. Reprod. 40
(1989) 1119–1126.



A.J. Tilbrook, I.J. Clarke / Frontiers in Neuroendocrinology 27 (2006) 285–307 303
[95] C. Kirschbaum, J.C. Prussner, A.A. Stone, I. Federenko, J. Gaab,
D. Lintz, N. Schommer, D.H. Hellhammer, Persistent high cortisol
responses to repeated psychological stress in a subpopulation of
healthy men, Psychosom. Med. 57 (1995) 468–474.

[96] J.I. Kitay, Sex differences in adrenal cortical secretion in the rat,
Endocrinology 68 (1961) 818–824.

[97] J.I. Kitay, Pituitary adrenal function in the rat after gonadectomy
and gonadal hormone replacement, Endocrinology 73 (1963) 253–
260.

[98] P.G. Kopelman, A. Grossman, P. Lavender, G.M. Besser, L.H.
Rees, D. Coy, The cortisol response to corticotrophin-releasing
factor is blunted in obesity, Clin. Endocrinol. (Oxf) 28 (1988) 15–18.

[99] E.O. Koylu, P.R. Couceyro, P.D. Lambert, M.J. Kuhar, Cocaine-
and amphetamine-regulated transcript peptide immunohistochemi-
cal localization in the rat brain, J. Comp Neurol. 391 (1998) 115–
132.

[100] E.O. Koylu, P.R. Couceyro, P.D. Lambert, N.C. Ling, E.B.
DeSouza, M.J. Kuhar, Immunohistochemical localization of novel
CART peptides in rat hypothalamus, pituitary and adrenal gland, J.
Neuroendocrinol. 9 (1997) 823–833.

[101] P. Kristensen, M.E. Judge, L. Thim, U. Ribel, K.N. Christjansen,
B.S. Wulff, J.T. Clausen, P.B. Jensen, O.D. Madsen, N. Vrang, P.J.
Larsen, S. Hastrup, Hypothalamic CART is a new anorectic peptide
regulated by leptin, Nature 393 (1998) 72–76.

[102] E. Kristenssson, M. Sundqvist, M. Astin, M. Kjerling, H. Mattsson,
D.I.C. Dornonville, R. Hakanson, E. Lindstrom, Acute psycholog-
ical stress raises plasma ghrelin in the rat, Regul. Pept. 134 (2006)
114–117.

[103] R. Krysiak, E. Obuchowicz, Z.S. Herman, Interactions between the
neuropeptide Y system and the hypothalamic-pituitary-adrenal axis,
Eur. J. Endocrinol. 140 (1999) 130–136.

[104] R. Landgraf, Animal models of anxiety, Stress 6 (2003) 73–75.
[105] R. Landgraf, A. Wigger, High vs low anxiety-related behavior rats:

an animal model of extremes in trait anxiety, Behav. Genet. 32
(2002) 301–314.

[106] R. Landgraf, A. Wigger, Born to be anxious: neuroendocrine and
genetic correlates of trait anxiety in HAB rats, Stress 6 (2003) 111–
119.

[107] S.C. Langley, D.A. York, Effects of antiglucocorticoid RU 486 on
development of obesity in obese fa/fa Zucker rats, Am. J. Physiol.
259 (1990) R539–R544.

[108] S.C. Langley, D.A. York, Increased type II glucocorticoid-receptor
numbers and glucocorticoid-sensitive enzyme activities in the brain
of the obese Zucker rat, Brain Res. 533 (1990) 268–274.

[109] S.C. Langley, D.A. York, Glucocorticoid receptor numbers in the
brain and liver of the obese Zucker rat, Int. J. Obes. Relat. Metab.
Disord. 16 (1992) 135–143.

[110] L. Lapidus, C. Bengtsson, T. Hallstrom, P. Bjorntorp, Obesity,
adipose tissue distribution and health in women – results from a
population study in Gothenburg, Sweden, Appetite 13 (1989) 25–
35.

[111] L.S. Leshin, L.A. Rund, R.R. Kraeling, J.W. Crim, T.E. Kiser,
Distribution of b-endorphin immunoreactivity in the arcuate nucleus
and the median eminence of postpartum anestrus and luteal pahse
cows, Neuroendocrinology 56 (1992) 436–444.

[112] B.E. Levin, Reduced norepinephrine turnover in organs and brains
of obesity-prone rats, Am. J. Physiol. 268 (1995) R389–R394.

[113] S.L. Lightman, Alterations in hypothalamic-pituitary responsiveness
during lactation, Ann. N.Y. Acad. Sci. 652 (1992) 340–346.

[114] S.L. Lightman, M.S. Harbuz, Expression of corticotropin-releasing
factor mRNA in response to stress, Ciba Found Symp. 172 (1993)
173–187.

[115] S.L. Lightman, R.J. Windle, S.A. Wood, Y.M. Kershaw, N. Shanks,
C.D. Ingram, Peripartum plasticity within the hypothalamo-pitui-
tary-adrenal axis, Prog. Brain Res. 133 (2001) 111–129.

[116] S.L. Lightman, W.S. Young, Changes in hypothalamic preproen-
kephalin A mRNA following stress and opiate withdrawal, Nature
328 (1987) 643–645.
[117] S.L. Lightman, W.S. Young III, Lactation inhibits stress-mediated
secretion of corticosterone and oxytocin and hypothalamic accu-
mulation of corticotropin-releasing factor and enkephalin messenger
ribonucleic acids, Endocrinology 124 (1989) 2358–2364.

[118] D.E. Livingstone, G.C. Jones, K. Smith, P.M. Jamieson, R. Andrew,
C.J. Kenyon, B.R. Walker, Understanding the role of glucocorti-
coids in obesity: tissue-specific alterations of corticosterone metab-
olism in obese Zucker rats, Endocrinology 141 (2000) 560–563.

[119] D.E. Livingstone, C.J. Kenyon, B.R. Walker, Mechanisms of
dysregulation of 11 beta-hydroxysteroid dehydrogenase type 1 in
obese Zucker rats, J. Endocrinol. 167 (2000) 533–539.

[120] T. Ljung, B. Andersson, B.A. Bengtsson, P. Bjorntorp, P. Marin,
Inhibition of cortisol secretion by dexamethasone in relation to body
fat distribution: a dose-response study, Obes. Res. 4 (1996) 277–282.

[121] M. Maccario, S. Grottoli, L. DiVito, R. Rossetto, F. Tassone, C.
Ganzaroli, S.E. Oleandri, E. Arvat, E. Ghigo, Adrenal responsive-
ness to high, low and very low ACTH 1-24 doses in obesity, Clin.
Endocrinol. (Oxf) 53 (2000) 437–444.

[122] M.A. Magiakou, G. Mastorakos, D. Rabin, A.N. Margioris, B.
Dubbert, A.E. Calogero, C. Tsigos, P.J. Munson, G.P. Chrousos,
The maternal hypothalamic-pituitary-adrenal axis in the third
trimester of human pregnancy, Clin. Endocrinol. (Oxf) 44 (1996)
419–428.

[123] P.V. Malven, Searching for an inhibitory action of blood-borne b-
endorphin on LH release, J. Reprod. Fert. Suppl. 34 (1987) 9–16.

[124] P. Marin, N. Darin, T. Amemiya, B. Andersson, S. Jern, P.
Bjorntorp, Cortisol secretion in relation to body fat distribution in
obese premenopausal women, Metabolism 41 (1992) 882–886.

[125] L. Marson, T.J. Lauterio, M.A. Della-Fera, C.A. Baile, Immuno-
histochemical distribution of cholecystokinin, dynorphin A and met-
enkephalin neurons in sheep hypothalamus, Neurosci. Lett. 81
(1987) 35–40.

[126] S. Mathews, R. Heavens, D. Sirinathsinghji, Distribution and
cellular localization of preproenkephalin mRNA in the ovine brain
and the pituitary, Brain Res. Mol. Brain Res. 12 (1992) 349–353.

[127] C. Mattsson, M. Lai, J. Noble, E. McKinney, J.L. Yau, J.R. Seckl,
B.R. Walker, Obese Zucker rats have reduced mineralocorticoid
receptor and 11beta-hydroxysteroid dehydrogenase type 1 expres-
sion in hippocampus-implications for dysregulation of the hypotha-
lamic-pituitary-adrenal axis in obesity, Endocrinology 144 (2003)
2997–3003.

[128] M.J. Meaney, V. Viau, D.H. Aitken, S. Bhatnagar, Glucocorticoid
receptors in brain and pituitary of the lactating rat, Physiol. Behav.
45 (1989) 209–212.

[129] N. Memain, K. Arvaniti, F. Bruneel, C. Leport, M. Wolff, B.
Regnier, Septic shock with liver abscess in an immunocompetence
patient. Presentation of an unusual Fusobacterium nucleatum
infection, Presse Med. 30 (2001) 1777–1779.

[130] E. Mezey, J.Z. Kiss, L.R. Skirboll, M. Goldstein, J. Axelrod,
Increase of corticotropin-releasing factor staining in rat paraven-
tricular nucleus neurones by depletion of hypothalamic adrenaline,
Nature 310 (1984) 140–141.

[131] E.S. Mezzacappa, A.Y. Tu, M.M. Myers, Lactation and weaning
effects on physiological and behavioral response to stressors,
Physiol. Behav. 78 (2003) 1–9.

[132] A.H. Miller, R.L. Spencer, M. Stein, B.S. McEwen, Adrenal steroid
receptor binding in spleen and thymus after stress or dexametha-
sone, Am. J. Physiol. 259 (1990) E405–E412.

[133] D. Mitsushima, J. Masuda, F. Kimura, Sex differences in the stress-
induced release of acetylcholine in the hippocampus and corticoste-
rone from the adrenal cortex in rats, Neuroendocrinology 78 (2003)
234–240.

[134] P.E. Molina, Stress-specific opioid modulation of haemodynamic
counter-regulation, Clin. Exp. Pharmacol. Physiol. 29 (2002) 248–
253.

[135] F.L. Moore, S.J. Evans, Steroid hormones use non-genomic
mechanisms to control brain functions and behaviors: a review of
evidence, Brain Behav. Evol. 54 (1999) 41–50.



304 A.J. Tilbrook, I.J. Clarke / Frontiers in Neuroendocrinology 27 (2006) 285–307
[136] P. Mormede, H. Courvoisier, A. Ramos, N. Marissal-Arvy, O.
Ousova, C. Desautes, M. Duclos, F. Chaouloff, M.P. Moisan,
Molecular genetic approaches to investigate individual variations in
behavioral and neuroendocrine stress responses, Psychoneuroendo-
crinology 27 (2002) 563–583.

[137] A.E. Moyer, J. Rodin, C.M. Grilo, N. Cummings, L.M. Larson, M.
Rebuffe-Scrive, Stress-induced cortisol response and fat distribution
in women, Obes. Res. 2 (1994) 255–261.

[138] J.A. Moyer, L.R. Herrenkohl, D.M. Jacobowitz, Effects of stress
during pregnancy on catecholamines in discrete brain regions, Brain
Res. 121 (1977) 385–393.

[139] C. Murgatroyd, A. Wigger, E. Frank, N. Singewald, M. Bunck, F.
Holsboer, R. Landgraf, D. Spengler, Impaired repression at a
vasopressin promoter polymorphism underlies overexpression of
vasopressin in a rat model of trait anxiety, J. Neurosci. 24 (2004)
7762–7770.

[140] A.B. Negrao, P.A. Deuster, P.W. Gold, A. Singh, G.P. Chrousos,
Individual reactivity and physiology of the stress response, Biomed.
Pharmacother 54 (2000) 122–128.

[141] I. Neumann, M. Ludwig, M. Engelmann, Q.J. Pittman, R. Landg-
raf, Simultaneous microdialysis in blood and brain: oxytocin and
vasopressin release in response to central and peripheral osmotic
stimulation and suckling in the rat, Neuroendocrinology 58 (1993)
637–645.

[142] I. Neumann, J.A. Russell, R. Landgraf, Oxytocin and vasopressin
release within the supraoptic and paraventricular nuclei of pregnant,
parturient and lactating rats: a microdialysis study, Neuroscience 53
(1993) 65–75.

[143] I.D. Neumann, Alterations in behavioral and neuroendocrine stress
coping strategies in pregnant, parturient and lactating rats, Prog.
Brain Res. 133 (2001) 143–152.

[144] I.D. Neumann, O.J. Bosch, N. Toschi, L. Torner, A.J. Douglas, No
stress response of the hypothalamo-pituitary-adrenal axis in partu-
rient rats: lack of involvement of brain oxytocin, Endocrinology 144
(2003) 2473–2479.

[145] I.D. Neumann, H.A. Johnstone, M. Hatzinger, G. Liebsch, M.
Shipston, J.A. Russell, R. Landgraf, A.J. Douglas, Attenuated
neuroendocrine responses to emotional and physical stressors in
pregnant rats involve adenohypophysial changes, J. Physiol. 508 (Pt
1) (1998) 289–300.

[146] I.D. Neumann, S.A. Kromer, N. Toschi, K. Ebner, Brain oxytocin
inhibits the (re)activity of the hypothalamo-pituitary-adrenal axis in
male rats: involvement of hypothalamic and limbic brain regions,
Regul. Pept. 96 (2000) 31–38.

[147] I.D. Neumann, L. Torner, A. Wigger, Brain oxytocin: differential
inhibition of neuroendocrine stress responses and anxiety-related
behaviour in virgin, pregnant and lactating rats, Neuroscience 95
(2000) 567–575.

[148] I.D. Neumann, N. Toschi, F. Ohl, L. Torner, S.A. Kromer,
Maternal defence as an emotional stressor in female rats: correlation
of neuroendocrine and behavioural parameters and involvement of
brain oxytocin, Eur. J. Neurosci. 13 (2001) 1016–1024.

[149] W.E. Nolten, P.A. Rueckert, Elevated free cortisol index in
pregnancy: possible regulatory mechanisms, Am. J. Obstet. Gynecol.
139 (1981) 492–498.

[150] K.W. Nowak, K. Pierzchala-Koziec, C. Tortorella, G.G. Nussdor-
fer, L.K. Malendowicz, Effects of prolonged leptin infusion on rat
pituitary-adrenocortical function, Int. J. Mol. Med. 9 (2002) 61–64.

[151] E. Odagiri, N. Ishiwatari, Y. Abe, K. Jibiki, T. Adachi, R. Demura,
H. Demura, K. Shizume, Hypercortisolism and the resistance to
dexamethasone suppression during gestation, Endocrinol. Jpn. 35
(1988) 685–690.

[152] M. Orchinik, T.F. Murray, F.L. Moore, A corticosteroid receptor in
neuronal membranes, Science 252 (1991) 1848–1851.

[153] P.C. Owens, R. Smith, Opioid peptides in blood and cerebrospinal
fluid during acute stress, Bailliere. Clin. Endoc. 1 (1987) 415–437.

[154] K. Pacak, R. McCarty, M. Palkovits, G. Cizza, I.J. Kopin, D.S.
Goldstein, G.P. Chrousos, Decreased central and peripheral cate-
cholaminergic activation in obese Zucker rats, Endocrinology 136
(1995) 4360–4367.

[155] S.R. Page, V.T. Ang, R. Jackson, A. White, S.S. Nussey, J.S.
Jenkins, The effect of oxytocin infusion on adenohypophyseal
function in man, Clin. Endocrinol. (Oxf) 32 (1990) 307–313.

[156] M.C. Pardon, G.G. Gould, A. Garcia, L. Phillips, M.C. Cook, S.A.
Miller, P.A. Mason, D.A. Morilak, Stress reactivity of the brain
noradrenergic system in three rat strains differing in their neuroen-
docrine and behavioral responses to stress: implications for suscep-
tibility to stress-related neuropsychiatric disorders, Neuroscience 115
(2002) 229–242.

[157] R.F. Parrott, S.V. Vellucci, Stress-induced changes in c-fos immu-
noreactivity in the porcine brain, British Veterinary Journal 150
(1994) 355–363.

[158] R. Pasquali, Is the hypothalamic-pituitary-adrenal axis really
hyperactivated in visceral obesity? J. Endocrinol. Invest. 21 (1998)
268–271.

[159] R. Pasquali, B. Anconetani, R. Chattat, M. Biscotti, G. Spinucci, F.
Casimirri, V. Vicennati, A. Carcello, A.M. Labate, Hypothalamic-
pituitary-adrenal axis activity and its relationship to the autonomic
nervous system in women with visceral and subcutaneous obesity:
effects of the corticotropin-releasing factor/arginine-vasopressin test
and of stress, Metabolism 45 (1996) 351–356.

[160] R. Pasquali, S. Cantobelli, F. Casimirri, M. Capelli, L. Bortoluzzi,
R. Flamia, A.M. Labate, L. Barbara, The hypothalamic-pituitary-
adrenal axis in obese women with different patterns of body fat
distribution, J. Clin. Endocrinol. Metab. 77 (1993) 341–346.

[161] R. Pasquali, F. Casimirri, S. Cantobelli, N. Melchionda, A.M.
Morselli Labate, R. Fabbri, M. Capelli, L. Bortoluzzi, Effect of
obesity and body fat distribution on sex hormones and insulin in
men, Metabolism 40 (1991) 101–104.

[162] R. Pasquali, V. Vicennati, F. Calzoni, U. Gnudi, A. Gambineri, L.
Ceroni, P. Cortelli, R. Menozzi, R. Sinisi, G.D. Rio, alpha2-
adrenoceptor regulation of the hypothalamic-pituitary-adrenocorti-
cal axis in obesity, Clin. Endocrinol. (Oxf) 52 (2000) 413–421.

[163] V.K. Patchev, O.F. Almeida, Gender specificity in the neural
regulation of the response to stress: new leads from classical
paradigms, Molecular Neurobiology 16 (1998) 63–77.

[164] L. Paut-Pagano, R. Roky, J.L. Valatx, K. Kitahama, M. Jouvet,
Anatomical distribution of prolactin-like immunoreactivity in the
rat brain, Neuroendocrinology 58 (1993) 682–695.

[165] U. Pesonen, J. Jolkkonen, R. Huupponen, M. Koulu, Differential
hypothalamic arginine vasopressin response to glucocorticoid recep-
tor antagonism in lean and obese Zucker rats, Neuroendocrinology
56 (1992) 271–277.

[166] U. Pesonen, M. Koulu, O. Heikinheimo, R. Huupponen, The
glucocorticoid antagonist mifepristone reveals abnormal regulation
of the adrenocortical system in obese Zucker rats, J. Endocrinol. 132
(1992) 425–431.

[167] J.S. Petrides, P.W. Gold, G.P. Mueller, A. Singh, C. Stratakis, G.P.
Chrousos, P.A. Deuster, Marked differences in functioning of the
hypothalamic-pituitary-adrenal axis between groups of men, J.
Appl. Physiol. 82 (1997) 1979–1988.

[168] J.S. Petrides, G.P. Mueller, K.T. Kalogeras, G.P. Chrousos, P.W.
Gold, P.A. Deuster, Exercise-induced activation of the hypothalam-
ic-pituitary- adrenal axis: marked differences in the sensitivity to
glucocorticoid suppression, J. Clin. Endocrinol. Metab. 79 (1994)
377–383.

[169] P.M. Plotsky, E.T. Cunningham Jr., E.P. Widmaier, Catecholam-
inergic modulation of corticotropin-releasing factor and adrenocor-
ticotropin secretion, Endocr. Rev. 10 (1989) 437–458.

[170] P.M. Plotsky, K.V. Thrivikraman, A.G. Watts, R.L. Hauger,
Hypothalamic-pituitary-adrenal axis function in the Zucker obese
rat, Endocrinology 130 (1992) 1931–1941.

[171] F. Przekop, D. Tomaszewska, Responses in the hypothalamic
monoaminergic system activity in ewes to beta-endorphin,
CRF and their antagonists, Acta Neurobiol. Exp. 56 (1996)
807–817.



A.J. Tilbrook, I.J. Clarke / Frontiers in Neuroendocrinology 27 (2006) 285–307 305
[172] G.A. Qureshi, S. Hansen, P. Sodersten, Offspring control of
cerebrospinal fluid GABA concentrations in lactating rats, Neurosci.
Lett. 75 (1987) 85–88.

[173] J.M. Reul, E.R. de Kloet, Two receptor systems for corticosterone in
rat brain: microdistribution and differential occupation, Endocri-
nology 117 (1985) 2505–2511.

[174] M.E. Rhodes, R.T. Rubin, Functional sex differences (‘sexual
diergism’) of central nervous system cholinergic systems, vasopres-
sin, and hypothalamic-pituitary- adrenal axis activity in mammals: a
selective review, Brain Res. Brain Res. Rev. 30 (1999) 135–152.

[175] D. Richard, R. Rivest, N. Naimi, E. Timofeeva, S. Rivest,
Expression of corticotropin-releasing factor and its receptors in the
brain of lean and obese Zucker rats, Endocrinology 137 (1996) 4786–
4795.

[176] P. Richard, F. Moos, M.J. Freund-Mercier, Central effects of
oxytocin, Physiol. Rev. 71 (1991) 331–370.

[177] E.T. Rivalland, J. Iqbal, I.J. Clarke, A.I. Turner, A.J. Tilbrook, Co-
localization and distribution of corticotrophin-releasing hormone,
arginine vasopressin and enkephalin in the paraventricular nucleus
of sheep: a sex comparison, Neuroscience 132 (2005) 755–766.

[178] C. Rivier, Effect of acute alcohol treatment on the release of ACTH,
corticosterone, and pro-inflammatory cytokines in response to
endotoxin, Alcohol. Clin. Exp. Res. 23 (1999) 673–682.

[179] C. Rivier, S. Rivest, Effect of stress on the activity of the
hypothalamic-pituitary- gonadal axis: peripheral and central mech-
anisms, Biol. Reprod. 45 (1991) 523–532.

[180] R. Rosmond, P. Bjorntorp, Blood pressure in relation to obesity,
insulin and the hypothalamic-pituitary-adrenal axis in Swedish men,
J. Hypertens. 16 (1998) 1721–1726.

[181] R. Rosmond, M.F. Dallman, P. Bjorntorp, Stress-related cortisol
secretion in men: relationships with abdominal obesity and endo-
crine, metabolic and hemodynamic abnormalities, J. Clin. Endocri-
nol. Metab. 83 (1998) 1853–1859.

[182] R. Rosmond, L. Lapidus, P. Marin, P. Bjorntorp, Mental distress,
obesity and body fat distribution in middle-aged men, Obes. Res. 4
(1996) 245–252.

[183] N.Y. Rots, A.R. Cools, J. de Jong, E.R. de Kloet, Corticosteroid
feedback resistance in rats genetically selected for increased dopa-
mine responsiveness, J. Neuroendocrinol. 7 (1995) 153–161.

[184] N.Y. Rots, A.R. Cools, M.S. Oitzl, J. de Jong, W. Sutanto, E.R. de
Kloet, Divergent prolactin and pituitary-adrenal activity in rats
selectively bred for different dopamine responsiveness, Endocrinol-
ogy 137 (1996) 1678–1686.

[185] J.A. Russell, A.J. Douglas, C.D. Ingram, Brain preparations for
maternity – adaptive changes in behavioral and neuroendocrine
systems during pregnancy and lactation, An overview. Prog. Brain
Res. 133 (2001) 1–38.

[186] A.D. Salbe, M. Nicolson, E. Ravussin, Total energy expenditure
and the level of physical activity correlate with plasma leptin
concentrations in five-year-old children, J. Clin. Invest. 99 (1997)
592–595.

[187] N. Salome, P. Salchner, O. Viltart, H. Sequeira, A. Wigger, R.
Landgraf, N. Singewald, Neurobiological correlates of high (HAB)
versus low anxiety-related behavior (LAB): differential Fos expres-
sion in HAB and LAB rats, Biol. Psychiatry 55 (2004) 715–723.

[188] M. Sar, W.E. Stumpf, R.J. Miller, K.J. Chang, P. Cuatrecasas,
Immunohistochemical localization of enkephalin in rat brain and
spinal cord, J. Comp. Neurol. 182 (1978) 17–37.

[189] M.A. Satta, M.L. Maussier, G. De Rosa, V. Valenza, A. Testa, I.
Saletnich, G. Napolitano, F. Monaco, Effects of naloxone on
adrenocorticotrophin (ACTH) and cortisol in obese subjects, Horm.
Metab. Res. 24 (1992) 44–45.

[190] P.E. Sawchenko, H.Y. Li, A. Ericsson, Circuits and mechanisms
governing hypothalamic responses to stress: a tale of two paradigms,
Prog. Brain Res. 122 (2000) 61–78.

[191] P.E. Sawchenko, L.W. Swanson, The organization of noradrenergic
pathways from the brainstem to the paraventricular and supraoptic
nuclei in the rat, Brain Res. 257 (1982) 275–325.
[192] P.A. Schlein, M.X. Zarrow, V.H. Denenberg, The role of prolactin
in the depressed or ‘‘buffered’’ adrenocorticosteroid response of the
rat, J. Endocrinol. 62 (1974) 93–99.

[193] N.C. Schommer, D.H. Hellhammer, C. Kirschbaum, Dissociation
between reactivity of the hypothalamus-pituitary-adrenal axis and
the sympathetic-adrenal-medullary system to repeated psychosocial
stress, Psychosom. Med. 65 (2003) 450–460.

[194] C.J. Scott, I.J. Clarke, A. Rao, A.J. Tilbrook, Sex differences in the
distribution and abundance of androgen receptor mRNA-containing
cells in the preoptic area and hypothalamus of the ram and ewe, J.
Neuroendocrinol. 16 (2004) 956–963.

[195] N. Shanks, H. Anisman, Stressor-provoked behavioral changes in
six strains of mice, Behav. Neurosci. 102 (1988) 894–905.

[196] N. Shanks, H. Anisman, Escape deficits induced by uncontrollable
foot-shock in recombinant inbred strains of mice, Pharmacol.
Biochem. Behav. 46 (1993) 511–517.

[197] N. Shanks, J. Griffiths, H. Anisman, Central catecholamine alter-
ations induced by stressor exposure: analyses in recombinant inbred
strains of mice, Behav. Brain Res. 63 (1994) 25–33.

[198] N. Shanks, J. Griffiths, H. Anisman, Norepinephrine and serotonin
alterations following chronic stressor exposure: mouse strain differ-
ences, Pharmacol. Biochem. Behav. 49 (1994) 57–65.

[199] N. Shanks, J. Griffiths, S. Zalcman, R.M. Zacharko, H. Anisman,
Mouse strain differences in plasma corticosterone following uncon-
trollable footshock, Pharmacol. Biochem. Behav. 36 (1990) 515–519.

[200] N. Shanks, A. Kusnecov, M. Pezzone, J. Berkun, B.S. Rabin,
Lactation alters the effects of conditioned stress on immune function,
Am. J. Physiol. 272 (1997) R16–R25.

[201] N. Shanks, A.W. Kusnecov, Differential immune reactivity to stress
in BALB/cByJ and C57BL/6J mice: in vivo dependence on macro-
phages, Physiol. Behav. 65 (1998) 95–103.

[202] N. Shanks, S. Larocque, M.J. Meaney, Neonatal endotoxin expo-
sure alters the development of the hypothalamic-pituitary-adrenal
axis: early illness and later responsivity to stress, J. Neurosci. 15
(1995) 376–384.

[203] N. Shanks, R.J. Windle, P. Perks, S. Wood, C.D. Ingram, S.L.
Lightman, The hypothalamic-pituitary-adrenal axis response to
endotoxin is attenuated during lactation, J. Neuroendocrinol. 11
(1999) 857–865.

[204] N. Shanks, R.J. Windle, P.A. Perks, M.S. Harbuz, D.S. Jessop, C.D.
Ingram, S.L. Lightman, Early-life exposure to endotoxin alters
hypothalamic-pituitary-adrenal function and predisposition to
inflammation, Proc. Natl. Acad. Sci. USA 97 (2000) 5645–5650.

[205] N. Shanks, S. Zalcman, R.M. Zacharko, H. Anisman, Alterations of
central norepinephrine, dopamine and serotonin in several strains of
mice following acute stressor exposure, Pharmacol. Biochem. Behav.
38 (1991) 69–75.

[206] C.J. Smith, R.L. Norman, Influence of the gonads on cortisol
secretion in female rhesus macaques, Endocrinology 121 (1987)
2192–2198.

[207] W.P. Smotherman, S.G. Wiener, S.P. Mendoza, S. Levine, Pituitary-
adrenal responsiveness of rat mothers to noxious stimuli and stimuli
produced by pups, Ciba Found. Symp. (1976) 5–25.

[208] M.P. Solano, M. Kumar, B. Fernandez, L. Jones, R.B. Goldberg,
The pituitary response to ovine corticotropin-releasing hormone is
enhanced in obese men and correlates with insulin resistance, Horm.
Metab. Res. 33 (2001) 39–43.

[209] R. Spinazzi, P.G. Andreis, G.P. Rossi, G.G. Nussdorfer, Orexins in
the regulation of the hypothalamic-pituitary-adrenal axis, Pharma-
col. Rev. 58 (2006) 46–57.

[210] S.C. Stanford, Central noradrenergic neurones and stress, Pharma-
col. Ther. 68 (1995) 297–342.

[211] S.A. Stanley, C.J. Small, K.G. Murphy, E. Rayes, C.R. Abbott, L.J.
Seal, D.G. Morgan, D. Sunter, C.L. Dakin, M.S. Kim, R. Hunter,
M. Kuhar, M.A. Ghatei, S.R. Bloom, Actions of cocaine- and
amphetamine-regulated transcript (CART) peptide on regulation of
appetite and hypothalamo-pituitary axes in vitro and in vivo in male
rats, Brain Res. 893 (2001) 186–194.



306 A.J. Tilbrook, I.J. Clarke / Frontiers in Neuroendocrinology 27 (2006) 285–307
[212] J.M. Stern, L. Goldman, S. Levine, Pituitary-adrenal responsiveness
during lactation in rats, Neuroendocrinology 12 (1973) 179–191.

[213] J.M. Stern, S. Levine, Pituitary-adrenal activity in the postpartum
rat in the absence of suckling stimulation, Horm. Behav. 3 (1972)
237–246.

[214] E.M. Sternberg, J.M. Hill, G.P. Chrousos, T. Kamilaris, S.J.
Listwak, P.W. Gold, R.L. Wilder, Inflammatory mediator-induced
hypothalamic-pituitary-adrenal axis activation is defective in strep-
tococcal cell wall arthritis-susceptible Lewis rats, Proc. Natl. Acad.
Sci. USA 86 (1989) 2374–2378.

[215] E.M. Sternberg, W.S. Young III, R. Bernardini, A.E. Calogero,
G.P. Chrousos, P.W. Gold, R.L. Wilder, A central nervous system
defect in biosynthesis of corticotropin-releasing hormone is associ-
ated with susceptibility to streptococcal cell wall-induced arthritis in
Lewis rats, Proc. Natl. Acad. Sci. USA 86 (1989) 4771–4775.

[216] T. Stohr, T. Szuran, H. Welzl, V. Pliska, J. Feldon, C.R. Pryce,
Lewis/Fischer rat strain differences in endocrine and behavioural
responses to environmental challenge, Pharmacol. Biochem. Behav.
67 (2000) 809–819.

[217] G.W. Strain, B. Zumoff, J. Kream, J.J. Strain, J. Levin, D. Fukushima,
Sex difference in the influence of obesity on the 24 h mean plasma
concentration of cortisol, Metabolism 31 (1982) 209–212.

[218] E.B. Thoman, R.L. Conner, S. Levine, Lactation suppresses adrenal
corticosteroid activity and aggressiveness in rats, J. Comp. Physiol.
Psychol. 70 (1970) 364–369.

[219] A.J. Tilbrook, B.J. Canny, M.D. Serapiglia, T.J. Ambrose, I.J.
Clarke, Suppression of the secretion of luteinizing hormone due to
isolation/restraint stress in gonadectomized rams and ewes is
influenced by sex steroids, J. Endocr. 160 (1999) 469–481.

[220] A.J. Tilbrook, A.I. Turner, I.J. Clarke, Effects of stress on
reproduction in non-rodent mammals: considerations of the role
of glucocorticoids and sex differences, Rev. Reprod. 5 (2000) 105–
113.

[221] A.J. Tilbrook, A.I. Turner, I.J. Clarke, Stress and reproduction:
central mechanisms and sex differences in non-rodent species, Stress
5 (2002) 83–100.

[222] A.J. Tilbrook, A.I. Turner, M.D. Ibbott, I.J. Clarke, Activation of
the hypothalamo-pituitary adrenal axis by isolation and restraint
stress during lactation in ewes: effect of the presence of the lamb and
suckling, Endocrinology (2006), doi:10.1210/en2005-1632.

[223] Y. Tillet, Distribution of neurotransmitters in the sheep brain, J.
Reprod. Fert. Suppl. 49 (1995) 199–220.

[224] E. Timofeeva, Y. Deshaies, F. Picard, D. Richard, Corticotropin-
releasing hormone-binding protein in brain and pituitary of food-
deprived obese (fa/fa) Zucker rats, Am. J. Physiol. 277 (1999)
R1749–R1759.

[225] E. Timofeeva, F. Picard, M. Duclos, Y. Deshaies, D. Richard,
Neuronal activation and corticotropin-releasing hormone expression
in the brain of obese (fa/fa) and lean (fa/?) Zucker rats in response to
refeeding, Eur. J. Neurosci. 15 (2002) 1013–1029.

[226] E. Timofeeva, D. Richard, Functional activation of CRH neurons
and expression of the genes encoding CRH and its receptors in food-
deprived lean (Fa/?) and obese (fa/fa) Zucker rats, Neuroendocri-
nology 66 (1997) 327–340.

[227] L. Torner, I.D. Neumann, The brain prolactin system: involvement
in stress response adaptations in lactation, Stress 5 (2002) 249–257.

[228] L. Torner, N. Toschi, G. Nava, C. Clapp, I.D. Neumann, Increased
hypothalamic expression of prolactin in lactation: involvement in
behavioural and neuroendocrine stress responses, Eur. J. Neurosci.
15 (2002) 1381–1389.

[229] L. Torner, N. Toschi, A. Pohlinger, R. Landgraf, I.D. Neumann,
Anxiolytic and anti-stress effects of brain prolactin: improved
efficacy of antisense targeting of the prolactin receptor by molecular
modeling, J. Neurosci. 21 (2001) 3207–3214.

[230] D.J. Toufexis, S. Tesolin, N. Huang, C.D. Walker, Altered pituitary
sensitivity to corticotropin-releasing factor and arginine vasopressin
participates in the stress hyporesponsiveness of lactation in the rat, J.
Neuroendocrinol. 11 (1999) 757–764.
[231] D.J. Toufexis, K.V. Thrivikraman, P.M. Plotsky, D.A. Morilak, N.
Huang, C.D. Walker, Reduced noradrenergic tone to the hypotha-
lamic paraventricular nucleus contributes to the stress hyporespon-
siveness of lactation, J. Neuroendocrinol. 10 (1998) 417–427.

[232] D.J. Toufexis, C.D. Walker, Noradrenergic facilitation of the
adrenocorticotropin response to stress is absent during lactation in
the rat, Brain Res. 737 (1996) 71–77.

[233] E. Tribollet, C. Barberis, S. Jard, M. Dubois-Dauphin, J.J. Dreifuss,
Localization and pharmacological characterization of high affinity
binding sites for vasopressin and oxytocin in the rat brain by light
microscopic autoradiography, Brain Res. 442 (1988) 105–118.

[234] C. Tsigos, G.P. Chrousos, Hypothalamic-pituitary-adrenal axis,
neuroendocrine factors and stress, J. Psychosom. Res. 53 (2002)
865–871.

[235] M.T. Tu, S.J. Lupien, C.D. Walker, Measuring stress responses in
postpartum mothers: perspectives from studies in human and animal
populations, Stress 8 (2005) 19–34.

[236] A.I. Turner, B.J. Canny, R.J. Hobbs, J.D. Bond, I.J. Clarke, A.J.
Tilbrook, Influence of sex and gonadal status of sheep on cortisol
secretion in response to ACTH and on cortisol and LH secretion in
response to stress: importance of different stressors, J. Endocrinol.
173 (2002) 113–122.

[237] A.I. Turner, P.H. Hemsworth, A.J. Tilbrook, The susceptibility of
reproduction in female pgis to impairment by stress and the role of
the hypothalamo-pituiary adrenal axis, Reprod. Fertil. Dev. 14
(2002) 377–391.

[238] A.I. Turner, P.H. Hemsworth, A.J. Tilbrook, Susceptibility of
reproduction in female pigs to impairment by stress or elevation of
cortisol, Domest. Anim. Endocrinol. 29 (2005) 398–410.

[239] Y. Uehara, H. Shimizu, K. Ohtani, N. Sato, M. Mori, Hypotha-
lamic corticotropin-releasing hormone is a mediator of the anorex-
igenic effect of leptin, Diabetes 47 (1998) 890–893.

[240] K. Uvnas-Moberg, Oxytocin linked antistress effects – the relaxation
and growth response, Acta Physiol. Scand. Suppl. 640 (1997) 38–42.

[241] N.C. Vamvakopoulos, G.P. Chrousos, Evidence of direct estrogenic
regulation of human corticotropin-releasing hormone gene expres-
sion. Potential implications for the sexual dimophism of the stress
response and immune/inflammatory reaction, J. Clin. Invest. 92
(1993) 1896–1902.

[242] L.D. Van de Kar, M.L. Blair, Forebrain pathways mediating stress-
induced hormone secretion, Front. Neuroendocrinol. 20 (1999) 1–
48.

[243] A.H. Veenema, O.C. Meijer, E.R. de Kloet, J.M. Koolhaas, B.G.
Bohus, Differences in basal and stress-induced HPA regulation of
wild house mice selected for high and low aggression, Horm. Behav.
43 (2003) 197–204.

[244] V. Viau, M.J. Meaney, Variations in the hypothalamic-pituitary-
adrenal response to stress during the estrous cycle in the rat,
Endocrinology 129 (1991) 2503–2511.

[245] V. Vicennati, R. Pasquali, Abnormalities of the hypothalamic-
pituitary-adrenal axis in nondepressed women with abdominal
obesity and relations with insulin resistance: evidence for a central
and a peripheral alteration, J. Clin. Endocrinol. Metab. 85 (2000)
4093–4098.

[246] N. Vrang, P.J. Larsen, J.T. Clausen, P. Kristensen, Neurochemical
characterization of hypothalamic cocaine- amphetamine-regulated
transcript neurons, J. Neurosci. 19 (1999) RC5.

[247] N. Vrang, P.J. Larsen, P. Kristensen, M. Tang-Christensen, Central
administration of cocaine-amphetamine-regulated transcript acti-
vates hypothalamic neuroendocrine neurons in the rat, Endocrinol-
ogy 141 (2000) 794–801.

[248] N. Vrang, P.J. Larsen, M. Tang-Christensen, L.K. Larsen, P.
Kristensen, Hypothalamic cocaine-amphetamine regulated tran-
script (CART) is regulated by glucocorticoids, Brain Res. 965
(2003) 45–50.

[249] R.B.H.O.T.M.J.P.E.T. Waldstein, Cardiovascular reactivity and
central adiposity in older African Americans, Health Psychol. 18
(2005) 221–228.

http://dx.doi.org/10.1210/en2005-1632


A.J. Tilbrook, I.J. Clarke / Frontiers in Neuroendocrinology 27 (2006) 285–307 307
[250] C.D. Walker, S. Deschamps, K. Proulx, M. Tu, C. Salzman, B.
Woodside, S. Lupien, N. Gallo-Payet, D. Richard, Mother to infant
or infant to mother? Reciprocal regulation of responsiveness to
stress in rodents and the implications for humans, J. Psychiatry
Neurosci. 29 (2004) 364–382.

[251] C.D. Walker, S.L. Lightman, M.K. Steele, M.F. Dallman, Suckling
is a persistent stimulus to the adrenocortical system of the rat,
Endocrinology 130 (1992) 115–125.

[252] C.D. Walker, K.A. Scribner, J.S. Stern, M.F. Dallman, Obese
Zucker (fa/fa) rats exhibit normal target sensitivity to corticosterone
and increased drive to adrenocorticotropin during the diurnal
trough, Endocrinology 131 (1992) 2629–2637.

[253] C.D. Walker, F.J. Tilders, A. Burlet, Increased colocalization of
corticotropin-releasing factor and arginine vasopressin in paraven-
tricular neurones of the hypothalamus in lactating rats: evidence
from immunotargeted lesions and immunohistochemistry, J. Neu-
roendocrinol. 13 (2001) 74–85.

[254] C.D. Walker, D.J. Toufexis, A. Burlet, Hypothalamic and limbic
expression of CRF and vasopressin during lactation: implications
for the control of ACTH secretion and stress hyporesponsiveness,
Prog. Brain Res. 133 (2001) 99–110.

[255] C.D. Walker, G. Trottier, J. Rochford, D. Lavallee, Dissociation
between behavioral and hormonal responses to the forced swim
stress in lactating rats, J. Neuroendocrinol. 7 (1995) 615–622.

[256] R.J. Walsh, F.J. Slaby, B.I. Posner, A receptor-mediated mechanism
for the transport of prolactin from blood to cerebrospinal fluid,
Endocrinology 120 (1987) 1846–1850.

[257] J.U. Weaver, P.G. Kopelman, G.A. Hitman, Central obesity and
hyperinsulinaemia in women are associated with polymorphism in
the 50 flanking region of the human insulin gene, Eur. J. Clin. Invest.
22 (1992) 265–270.

[258] R. Weizman, E. Dagan, S.H. Snyder, M. Gavish, Impact of
pregnancy and lactation on GABA(A) receptor and central-type
and peripheral-type benzodiazepine receptors, Brain Res. 752 (1997)
307–314.

[259] B.D. White, R.J. Martin, Alterations in the binding characteristics
of glucocorticoid receptors from obese Zucker rats, J. Steroid
Biochem. 36 (1990) 681–686.

[260] A. Wigger, M.M. Sanchez, K.C. Mathys, K. Ebner, E. Frank, D.
Liu, A. Kresse, I.D. Neumann, F. Holsboer, P.M. Plotsky, R.
Landgraf, Alterations in central neuropeptide expression, release,
and receptor binding in rats bred for high anxiety: critical role of
vasopressin, Neuropsychopharmacology 29 (2004) 1–14.

[261] R.L. Wilder, Neuroendocrine-immune system interactions and
autoimmunity, Annu. Rev. of Immunol. 13 (1995) 307–338.

[262] M.E. Wilson, J. Fisher, J. Brown, Chronic subcutaneous leptin
infusion diminishes the responsiveness of the hypothalamic-pitui-
tary-adrenal (HPA) axis in female rhesus monkeys, Physiol. Behav.
84 (2005) 449–458.

[263] R.J. Windle, M.M. Brady, T. Kunanandam, A.P. da Costa, B.C.
Wilson, M. Harbuz, S.L. Lightman, C.D. Ingram, Reduced response
of the hypothalamo-pituitary-adrenal axis to alpha1- agonist stim-
ulation during lactation, Endocrinology 138 (1997) 3741–3748.

[264] R.J. Windle, Y.M. Kershaw, N. Shanks, S.A. Wood, S.L. Lightman,
C.D. Ingram, Oxytocin attenuates stress-induced c-fos mRNA
expression in specific forebrain regions associated with modulation
of hypothalamo-pituitary-adrenal activity, J. Neurosci. 24 (2004)
2974–2982.

[265] R.J. Windle, N. Shanks, S.L. Lightman, C.D. Ingram, Central
oxytocin administration reduces stress-induced corticosterone
release and anxiety behavior in rats, Endocrinology 138 (1997)
2829–2834.

[266] R.J. Windle, S. Wood, N. Shanks, P. Perks, G.L. Conde, A.P. da
Costa, C.D. Ingram, S.L. Lightman, Endocrine and behavioural
responses to noise stress: comparison of virgin and lactating female
rats during non-disrupted maternal activity, J. Neuroendocrinol. 9
(1997) 407–414.

[267] R.J. Windle, S.A. Wood, S.L. Lightman, C.D. Ingram, The pulsatile
characteristics of hypothalamo-pituitary-adrenal activity in female
Lewis and Fischer 344 rats and its relationship to differential stress
responses, Endocrinology 139 (1998) 4044–4052.

[268] R.J. Windle, S.A. Wood, N. Shanks, S.L. Lightman, C.D. Ingram,
Ultradian rhythm of basal corticosterone release in the female rat:
dynamic interaction with the response to acute stress, Endocrinology
139 (1998) 443–450.

[269] R.R. Wing, K.A. Matthews, L.H. Kuller, E.N. Meilahn, P.
Plantinga, Waist to hip ratio in -middle-aged women. Associations
with behavioral and psychosocial factors and with changes in
cardiovascular risk factors, Arterioscler. Thromb. 11 (1991) 1250–
1257.

[270] B. Woodside, S. Amir, Lactation reduces fos induction in the
paraventricular and supraoptic nuclei of the hypothalamus after
urethane administration in rats, Brain Res. 752 (1997) 319–323.

[271] S. Wust, I.S. Federenko, E.F. van Rossum, J.W. Koper, D.H.
Hellhammer, Habituation of cortisol responses to repeated psycho-
social stress-further characterization and impact of genetic factors,
Psychoneuroendocrinology 30 (2005) 199–211.

[272] S. Wust, E.F. van Rossum, I.S. Federenko, J.W. Koper, R. Kumsta,
D.H. Hellhammer, Common polymorphisms in the glucocorticoid
receptor gene are associated with adrenocortical responses to
psychosocial stress, J. Clin. Endocrinol. Metab. 89 (2004) 565–573.

[273] E.A. Young, J. Abelson, S.L. Lightman, Cortisol pulsatility and its
role in stress regulation and health, Front. Neuroendocrinol. 25
(2004) 69–76.


	Neuroendocrine mechanisms of innate states of attenuated responsiveness of the hypothalamo-pituitary adrenal axis to stress
	Introduction
	Physiological responses to stress
	Physiological states can influence stress responsiveness
	Physiological states in which stress responses are attenuated
	Lactating females
	Level of visceral adipose tissue
	Individuals with attenuated stress reactivity

	Mechanisms for attenuated responsiveness of the HPA axis
	Synthesis and Secretion of CRH and AVP
	Lactating females
	Level of visceral adipose tissue
	Individuals with attenuated stress reactivity

	Glucocorticoid negative feedback
	Lactating females
	Level of visceral adipose tissue
	Individuals with attenuated stress reactivity

	Noradrenergic inputs to the paraventricular nucleus
	Lactating females
	Level of visceral adipose tissue
	Individuals with attenuated stress reactivity

	Influence of other central factors on function of the paraventricular nucleus
	Pituitary responsiveness to CRH and AVP
	Lactating females
	Level of visceral adipose tissue
	Individuals with attenuated stress reactivity

	Oxytocin and prolactin as mediators of stress hyporesponsiveness
	Influence of appetite regulating peptides on stress hyporesponsiveness

	Conclusions and future directions
	Acknowledgments
	References


