
INTRODUCTION

Concept of stress

All living organisms strive towards a dynamic
equilibrium that is called homeostasis. Cannon first
introduced the term“homeostasis”to describe this
coordinated physiological processes (1). For main-
tenance of the steady states in the organism, hemainly
focused on the sympathetic nervous system as an
essential homeostatic one that serves to restore stress-

induced disturbed homeostasis and to promote sur-
vival of the organism. Selye introduced the term

“stress”as a medical and scientific idea (2), describ-
ing a pathological triad (adrenal enlargement, gastro-
intestinal ulceration, and thymicolymphatic involu-
tion) caused by a variety of stressors. From this patho-
logical triad, Selye developed a theory of stress that
aroused intense research interest. He defined stress
as the nonspecific response (revealed after subtraction
of the specific components from the total response)
of the body to any demand, emphasizing that the same
pathological triad“stress syndrome”, which would
result from exposure to any stressor. In contrast to
Cannon, Selye mainly focused on the hypothalamus-
pituitary-adrenal (HPA) axis as the key effector of the
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stress response. Selye also introduced the term“gen-
eral adaptation syndrome”with its three phases : the
alarm, resistance, and exhaustion stages (3). The in-
tensity of the stress response might vary ; however,
the stage of“alarm”characterized the neural and
endocrine patterns would be essentially the same.

Concept of “allostasis”

Many current views concerningwhat stressmeans
and how to define and approach it exist, but none has
been widely accepted. Recently, McEwen (4) intro-
duced the term“allostasis”into stress research. In con-
trast to homeostatic systems such as blood oxygen,
blood pH, and body temperature, whichmust bemain-
tained within narrow ranges, allostatic regulations are
broader and do not depend on set-point mechanisms,
signals are not constant, and anticipation of need is an
important element. Another aspect of this theory is
that allostatic load also reflects aspects of lifestyle (e.g.,
eating a high-fat diet, lack of exercise, etc.) and dis-
turbances of diurnal rhythms (e.g., sleep deprivation)
that result fromoverexposure of various tissues to stress
mediators. The most common allostatic responses in-

volve the sympathetic nervous systems and the HPA
axis. Allostatic systems enable us to respond to our
physical states (e.g., awake, asleep, supine, standing,
exercising) and to cope with noise, crowding, isola-
tion, hunger, extremes of temperature, danger, and
microbial infection. In response to a stressor, the body
turns on an allostatic response that initiates a complex
adaptive pathway, and then shut off this responsewhen
the threat is past, the infection is contained, the living
environment is improved, or the speechhasbeengiven
(Fig. 1A). However, if the inactivation is inefficient,
there is overexposure to stress hormones. Longer-term
exposure to increased secretion of stress hormones
results in allostatic load and its pathophysiologic con-
sequences. According to the allostasis theory, patho-
logical stress responses can be classified into three
types of allosteric load (Fig. 1). In the first type of ab-
normal adaptive response (Fig. 1B), adaptation to re-
peated stressors of the same type is lacking, resulting
in prolonged exposure to stress hormones, as was the
case for some of the people subjected to the repeated-
public-speaking challenge (5). In the second type of
abnormal load (Fig. 1C), there is an inability to shut

Fig.1．Three types of pathological stress response (allostatic load). Normal allostatic response is initiated by a stressor,
sustained for an appropriate time, and then terminated (A). Abnormal stress responses are classified into lack of adaptation
to the repeated exposures to the same stressor (B), prolonged response due to impairment of negative-feedback systems
(C), and inadequate response that leads to compensatory hyperactivities of other mediators (D). These figures aremodified
from the data described in ref. 4.
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off allostatic responses after a stress is terminated.
Impaired negative-feedback pathways results in pro-
longed exposure to cortisol or cathecolamines, which
may accelerate progressive structural damage and
functional impairment. One speculation is that this
type of allostatic load over a lifetimemay cause the al-
lostatic systems to wear out or become exhausted (6).
A vulnerable link in the regulation of the HPA axis
and cognition is the hippocampal region. The hip-
pocampus play a crucial role in turning off the HPA
axis. According to the“glucocorticoid-cascade hy-
pothesis”, wear and tear on this region of the brain
leads to dysregulation of the HPA axis and cognitive
impairment (7), which is associated hippocampal dam-
age (8). In the third type of allostatic load (Fig. 1D),
impaired responses by some allostatic systems trigger
compensatory increases in others.When one system
does not respond adequately to a stressor, the activity
of other systems increases, since the underactive sys-
tem is not providing the usual counterregulation. For
example, if cortisol secretion does not increase in re-
sponse to stress, secretion of inflammatory cytokines
(which are counterregulated by cortisol) increases
and results in an enhanced inflammatory response.

THE HPA AXIS

Regulation of the HPA axis

To understand the underlyingmechanism for patho-
logical allostatic loads, it is particularly important to
reveal the complex networks for regulation of theHPA
axis (Fig. 2). Corticotropin-releasing hormone (CRH)
plays a central role in the regulation of the HPA axis,
i.e., the final common pathway in the stress response.
The action of CRH on adrenocorticotropic hormone
(ACTH) release is strongly potentiated by vasopressin
that is co-produced in increasing amounts when the
hypothalamic paraventricular neurons are chronically
activated. Whereas vasopressin stimulates ACTH
release in humans, oxytocin inhibits it. ACTH release
results in the release of corticosteroids from the ad-
renal that, subsequently, through mineralocorticoid
and glucocorticoid receptors, exert negative feed-
back on the hippocampus, the pituitary, and the hy-
pothalamus. The most important glucocorticoid in
humans is cortisol, present in higher levels in women
than in men. The inability to cope with stressful life
events, which leads to the hypersecretion of corti-
costeroids, causes an increased risk for depression,
obesity, osteoporosis, and cardiovascular disorders
(9). The hippocampus expresses glucocorticoid re-

ceptor (GR), responds to increased glucocorticoids
under stressful situations, and exerts an important,
mostly inhibitory influence on the activities of the
amygdala, the paraventricular nulei (PVN), the locus
ceruleus, and noradrenergic cell groups. The impair-
ment of this negative feedback system is implicated
in the pathogenesis of stress-related disorders, par-
ticularly in major depression (10, 11). Hypercorti-
solaemia that is associated with coping problems is
primarily related to emotional arousal, psychotic symp-
toms, and cognitive impairment (12). Hypercortiso-
laemia that occurs secondarily in patients with Cushing
disease or after prolonged glucocorticoid administra-
tion causes similar symptoms. Research in nonhuman
primates has suggested that stress and prolonged glu-
cocorticoid exposure may damage the hippocampus
(13, 14), thus raising the possibility that traumatic stress
or the chronic stress of having post-traumatic stress
syndrome (PTSD) may induce hippocampal degen-
eration in human. Studies examining postmortem
tissue from suicide victims and individuals with major
depression have revealed decreased GR mRNA ex-
pression in the hippocampus and cortex (15). Further-

Fig.2．Organization, function, and regulation of the HPA axis.
Glucocorticoid production and release from the adrenal glands
is stimulated upstream regulators including corticotropin-releasing
hormone (CRH) and arginine vasopressin (AVP) from the paraven-
tricular nucleus (PVN) of the hypothalamus and adrenocortico-
tropic hormone (ACTH) from the pituitary. Proinflammatory cy-
tokines, such as interleukin-1 (IL-1), interleukin-6 (IL-6), tumor
necrosis factor-α (TNF-α), leukemia inhibitory factor (LIF) are also
potent stimulators of CRH and thus hypothalamic-pituitary-adrenal
(HPA) axis activity andglucocorticoid release.Glucocorticoids regu-
late their own production through negative-feedback pathways at
the levels of the hippocampus, hypothalamus (CRH), and pituitary
(ACTH) as well as the immune system (proinflammatory cytok
ines). Glucocorticoid receptors in the hippocampus play a crucial
role in turning off the HPA axis. Recently, ACTH-mediated pro-
duction of IL-18 from the adrenal cortex has been shown to trigger
IL- 6 production and possibly to participate in the positive-feedback
pathway (20).
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more, GR mRNA expression and its hormon-binding
activity are both increased after treatment with anti-
depressants (16). Recently, it has been shown that
acquired defect of forebrain GR produces depression-
like changes in adrenal axis regulation and behavior
(17). Thus, dysregulation of the HPA axis may be a
primary factor in the pathogenesis of stress-related
disorders including major depression.

Neuro-immune-endocrine interactions

The central nervous system (CNS), the endocrine
system, and the immune system are complex systems
that interact with each other. Modulation of the im-
mune response by the CNS ismediated by a complex
network of bidirectional signals between the central
nervous, endocrine, and immune systems (Fig. 2). For
example, the catecholamines (adrenaline and nora
drenaline), ACTH, cortisol, growthhormoneandprolac-
tin are all influenced by negative events and negative
emotions, and each of these hormones can induce quan-
titative and qualitative changes in immune function.
Depression can substantially boost cortisol levels, and
increases in cortisol levels can provokemultiple adverse
immunological changes (18). At the same time, nu-
merous other cytokines including IL-1 are capable of
influencingHPA secretory axis activity, withmost hav-
ing a stimulatory action (19). Cytokine receptors are
localized to many neuroendocrine tissues. The HPA
axis exposure to cytokines is not restricted to those
carried within the vascular supply, since the CNS, pi-
tuitary, and adrenal synthesize a variety of cytokines
and express their receptors at varied extents. Further-
more, cytokine regulation of the HPA axis occurs not
only during infection, inflammation, and trauma, but
also during periods of psychological and/or physical

stress unrelated to the presence of tissue disease or
damage. The pituitary and adrenal glands represent
potential targets of cytokine action on the HPA axis
when these organs are exposed to prolonged elevated
cytokine levels. However, either direct or indirect stimu-
lation of hypothalamic CRF secretion is the primary
means by which cytokines (at least IL-1, IL-6, and
TNF-α) activate the HPA axis. Since IL-1 induces the
secretion of IL-6, IL-6 may be, at least partly, respon-
sible for activation of the HPA axis. However, elabo-
ration of a single cytokine in response to a homeostatic
threat is an unlikely event. Furthermore, there are
no systematic studies of the mechanisms by which
multiple cytokines (e.g. , IL-1 plus IL-6) may induce
HPA axis activation.

With regard to the interaction between cytokine
and the HPA axis, Sekiyama et al. have recently shown
a crucial role of IL-18 in this interaction (20). Mice
exposed to immobilization stress causes elevation of
both pro-IL-18 in the adrenal gland and mature IL-18
in plasma. ACTH is involved in the elevation of pro
and mature IL-18, and superoxide-dependent activa-
tion of caspase 1 is likely to trigger the production of
IL-18 (Fig. 3A). Interestingly, mice deficient of IL-18
fail to increase IL-6 when exposed to immobilization
stress (Fig. 3B). These results have provided two im-
portant mechanisms of acute psychological stress.
First, production of superoxide anionmay trigger the
acute stress response. Second, IL-18mayplay a crucial
role in the initiation of stress-triggered cytokine produc-
tion (20). Further studies will reveal the IL-18-mediated
regulation of theHPA axis, whichmay openanew field
of research interest in the pathogenesis of stress-related
disorders.

Fig.3．Effect of an immobilization stress on interleukin-18 (IL-18) levels in mouse plasma. Mice exposed to immobilization
stress increase the plasma IL-18 level, which is blocked by administration of superoxide dismutase (SOD) (A). IL-6 production
stimulated by immobilization stress is absent in IL-18 deficient mice (18KO). Values are means ± SD, n=9. *P < 0.001, compared
with untreated control mice. #P< 0.01, compared with stressed wild mice. These figures are modified from the data described
in ref. 20.
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NEW STRATEGY FOR ASSESSMENT OF
STRESS RESPONSE
Development of a stress DNA chip

The microarray is now recognized as a useful clinical
device to make diagnostic, therapeutic, or prognostic
decisions for patients. The examples of special note
are applications in the differential diagnosis of adult
acute leukemias (21) and the identification of clinical-
outcome predictors in adult acute myeloid leukemia
(22) and breast cancer (23, 24). In addition to these
applications, high-throughput analysis of gene expres-
sion by microarray may have a potential advantage
of being able to study complex responses, such as psy-
chological stress response, in which themeasurement
of limited numbers of gene products does not always
reflect the status.Therewere several classical approaches
from social aspects or personal traits to assess stress.
There are also physiological, biochemical, and clinical
approaches for evaluation of stress response. But all
of these methods take time and are not suitable to ob-
jectively assess the complex response regulated by the
brain, immune, and endocrine systems. Unfortunately,
at present there is no method to correctly and objec-
tively assess the stress response. Now it is known that
a number of stress-responsive genes including those
with unknown functions are involved in the adaptive
response. We are preferentially using aDNAmicroar-
ray to objectively assess the complex response. Par-
ticularly, microarray is suitable for detection of ab-
normal stress response thatmay be related to the devel-
opment of psychiatric disease or mental disorders.
In addition to measurement of the levels of stress-
related hormones, their receptors, signal transduction
molecules, and transcription factors, many studies on
the polymorphism of functionally key genes that may
participate in the development of mental disorders
are currently underway. Proteomics analysis of stress-
responsive proteinmarkers is also available. Compared
to thesemethods, themicroarray technique is, however,
well-established, powerful, and practical one.

We had developed a unique DNA microarray to spe-
cifically detect stress response in peripheral leuko-
cytes, collaborating with Hitachi Life Science Group
(Table 1). We selected 1,467 genes that are categorized
into stress hormones, neurotransmitters, cytokines,
chemokines, growth factors, and receptors for these
stress mediators, signal transductionmolecules, tran-
scription factors, heat shock proteins, cell cycle- or
growth-related molecules, apoptosis-relatedmolecules,
and others. We confirmed that transcripts for these
genes were actually amplified by PCRusing peripheral

leukocytes from healthy volunteers. This microarray
(named as stress DNA chip) needs only 2.5 ml of pe-
ripheral blood for analysis. It is not a genetic diagnosis.
This method is highly reproducible and a powerful tool
for evaluation of complex stress response. Actually it
is impossible to examine the gene expression profile
in the brain of living subjects. Peripheral leukocytes
express most receptors for stress-related or stress-
regulating molecules. We decided to detect gene
expression profile thatmay indirectly assess the event
in the CNS. With cluster analysis, data mining, and
bioinformatics, we can select around three hundred
genes that can be used for assessmentofmental status.

Gene expression profile in peripheral leukocytes from
healthy students exposed to life event stress

We applied this microarray for assessment of stress
response in students of ourmedical school,who received
an examination to enter into our graduate school (25).
We collected the control blood one day before the
examination. After a 6-hour paper test, changes in the
mRNAexpression of 1,467 geneswere examined (Fig.
4). Only one student (student 2) responded to the life-
event stress, while the others did not. These results
suggest that gene expression profiling is a reliable
method to find out individuals highly responsive to
stressful life events.

This method was also applied to examine stress re-
sponse of graduate students subjected to one of the
most stressful events for them. We collected control
blood samples one month before the official examina-
tion for their PhD, and thenwe examined the change
in gene expression profile in peripheral leukocytes 2
hours before, or 2 and 24 hours after the oral presen-
tation. As shown in Fig. 5, the individual responses
varied. One student (student 9) washighly responsive
and showed a marked change, whereas for other stu-
dents (students 1, 4, and 6), the event was not so se-

Table 1. Characteristics of a stress DNA chip

1. Stress DNA chip carries cDNAs or 80 mer oligonucleotides
for 1,467 genes, including stress hormones, neurotransmitters,
cytokines, chemokines, growth factors, receptors for these
ligands, signal transduction molecules, transcription factors,
heat shock proteins, cell cycle- or growth-related molecules,
apotosis-related molecules, and others.

2. Stress DNA chip needs only 2.5 ml of peripheral blood for
analysis.

3. Stress DNA chip is not a tool for genetic diagnosis.
4. Stress DNA chip is highly reproducible (CV values, <20% for

cDNA chip and <10% for oligoDNA chip; dynamic range,
three orders of magnitude).

5. Stress DNA chip is a powerful tool for assessment of mental
status.
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Fig.5．Time courses of gene expression values in peripheral leukocytes from 10 healthy students during stress exposure. After 10
students of postgraduate school passed the initial screening of their PhD manuscripts, they took the final examination, which
consisted of an oral presentation of the PhD theses and a question-and-answer session. Venous blood (10 ml) was taken from each
subject 2 h before and 2 or 24 h after the examination. The sample collected 4 wk before the presentation was used as a reference.
All blood samples were collected under fasting conditions. Time-dependent changes in 519 mRNA levels 2 h before and 2 h or 24 h
after the examination are shown.

Fig.4． Changes in gene expression in peripheral leukocytes from healthy students taking entrance examination for graduate school.
Control blood was collected from 6 healthy university students one day before the entrance examination for graduate school. After
a 6-hour paper test, changes in the mRNA expression of 1,467 genes were examined. Individual response is shown by scatter plots.
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rious. The other student (student 2), for example, was
already stressed before the presentations, and stress-
related changes in gene expression still continued 24
hours after the presentation. Using this technique, we
can clearly detected individual variations with regard
to themagnitude and timecourseof the stress response.

A cluster analysis of the gene expression patterns
in 10 students provided very important findings (Fig.
6). In spite of individual variations in magnitude and
time course, a distinct group of genes are involved in
this response. A group of genes are up-regulated,while
another group of genes are down-regulated. Situations
and performances might be different among the sub-

jects: some students exhibited good performances,
while others did not. In spite of the individually dif-
ferent backgrounds, only a distinct group of genes uni-
formly up-regulated or down-regulated are involved
in the response to the life event stress.Wecould select
70 genes that were significantly responsive genes (Fig.
6). We also confirmed that expressionof these 70 genes
was not significantly changed during the daily activities,
suggesting that the selected 70genes areusefulmaker
genes for assessment of acute psychological stress
in healthy subjects.

Future applications of stress DNA chip

We are also using this technique for diagnosis of
major depression and found that patients with depres-
sion had unique gene expression profiles in peripheral
leukocytes. Fromour preliminary studies, wehave iden-
tified a group of trait-related genes, a group of state-
related genes, and maker genes for sub-grouping pa-
tients with major depression. Thesemaker genesmay
be useful for diagnosis, or assessmentsofdisease status,
therapy, and possibly prognosis ofmajor depression.
We also found the important evidence that only one
gene overlaps betweenstress-responsivegenes inhealthy
subjects and depression-related genes. Furthermore,
this gene changes its expression intoopposite direction
between the two groups. These results suggest that
the patient with depression shows abnormal stress
response. Thus, in addition to the measurement of
magnitude and duration of stress response, the quali-
tative analysis of the response is likely to be essential
for detecting disease-associated stress response. For
this purpose, a simplemicroarray carrying only several
hundred genes is enough for detection of the patho-
logical stress response. Now we are making a newmi-
croarray carrying a limited number of maker genes.
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Fig.6．Hierarchical clustering of significantly responsive genes
to psychological stress. Changes in gene expression in leukocytes
from 10 students of graduate school were examined as described
in the legend to Fig. 5. Significantly responsive genes were ana-
lyzed by the Bayesian t-test at P < 0.05. The results of hierarchical
clustering for the responsive 70 genes among 10 healthy subjects
are displayed with a gene tree Individual genes are listed in ref. 25.
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