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Protective and damaging effects of stress

mediators: central role of the brain
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tress” is a commonly used word that generally
refers to experiences that cause feelings of anxiety and
frustration because they push us beyond our ability to
successfully cope. “There is so much to do and so little
time!” is a common expression. Besides time pressures
and daily hassles at work and home, there are stressors
related to economic insecurity, poor health, and inter-
personal conflict. More rarely, there are situations that
are life-threatening—accidents, natural disasters, vio-
lence—and these evoke the classical “fight or flight”

The mind involves the whole body, and two-way communication between the brain and the cardiovascular, immune, and
other systems via neural and endocrine mechanisms. Stress is a condition of the mind-body interaction, and a factor in the
expression of disease that differs among individuals. It is not just the dramatic stressful events that exact their toll, but
rather the many events of daily life that elevate and sustain activities of physiological systems and cause sleep deprivation,
overeating, and other health-damaging behaviors, producing the feeling of being “stressed out.” Over time, this results
in wear and tear on the body, which is called “allostatic load,” and it reflects not only the impact of life experiences but
also of genetic load, individual lifestyle habits reflecting items such as diet, exercise, and substance abuse, and develop-
mental experiences that set life-long patterns of behavior and physiological reactivity. Hormones associated with stress
and allostatic load protect the body in the short run and promote adaptation by the process known as allostasis, but in
the long run allostatic load causes changes in the body that can lead to disease. The brain is the key organ of stress, allosta-
sis, and allostatic load, because it determines what is threatening and therefore stressful, and also determines the physio-
logical and behavioral responses. Brain regions such as the hippocampus, amygdala, and prefrontal cortex respond to acute
and chronic stress by undergoing structural remodeling, which alters behavioral and physiological responses. Translational
studlies in humans with structural and functional imaging reveal smaller hippocampal volume in stress-related condlitions,
such as mild cognitive impairment in aging and prolonged major depressive illness, as well as in individuals with low self-
esteem. Alterations in amygdala and prefrontal cortex are also reported. Besides pharmaceuticals, approaches to alleviate
chronic stress and reduce allostatic load and the incidence of diseases of modern life include lifestyle change, and policies
of government and business that would improve the ability of individuals to reduce their own chronic stress burden.
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Selected abbreviations and acronyms

ACTH acetylcholine

BDNF brain-derived neurotrophic factor
CRS chronic restraint stress

CRF corticotropin-releasing factor
CRH corticotropin-releasing hormone
NCAM  neural cell adhesion molecule

response. In contrast to daily hassles, these stressors are
acute, and yet they also usually lead to chronic stress in
the aftermath of the tragic event.

The most common stressors are therefore ones that oper-
ate chronically, often at a low level, and that cause us to
behave in certain ways. For example, being “stressed out”
may cause us to be anxious and or depressed, to lose
sleep at night, to eat comfort foods and take in more
calories than our bodies need, and to smoke or drink
alcohol excessively. Being stressed out may also cause us
to neglect to see friends, or to take time off or engage in
regular physical activity as we, for example, sit at a com-
puter and try to get out from under the burden of too
much to do. Often we are tempted to take medications—
anxiolytics, sleep-promoting agents—to help us cope,
and, with time, our bodies may increase in weight...
The brain is the organ that decides what is stressful and
determines the behavioral and physiological responses,
whether health-promoting or health-damaging. And the
brain is a biological organ that changes under acute and
chronic stress, and directs many systems of the body—
metabolic, cardiovascular, immune—that are involved in
the short- and long-term consequences of being stressed
out. What does chronic stress do to the body and brain?
This review summarizes some of the current information,
placing emphasis on how the stress hormones can play
both protective and damaging roles in brain and body,
depending on how tightly their release is regulated, and
it discusses some of the approaches for dealing with
stress in our complex world.

Definition of stress, allostasis,
and allostatic load

“Stress” is an ambiguous term, and has connotations that
make it less useful in understanding how the body han-
dles the events that are stressful. Insight into these
processes can lead to a better understanding of how best
to intervene, a topic that will be discussed at the end of
this article. There are two sides to this story’: on the one

hand, the body responds to almost any event or challenge
by releasing chemical mediators—eg, catecholamines
that increase heart rate and blood pressure—that help us
cope with the situation; on the other hand, chronic ele-
vation of these same mediators—eg, chronically
increased heart rate and blood pressure—produce
chronic wear and tear on the cardiovascular system that
can result, over time, in disorders such as strokes and
heart attacks. For this reason, the term “allostasis” was
introduced by Sterling and Eyer? to refer to the active
process by which the body responds to daily events and
maintains homeostasis (allostasis literally means “achiev-
ing stability through change”). Because chronically
increased allostasis can lead to disease, we introduced the
term “allostatic load or overload” to refer to the wear
and tear that results from either too much stress or from
inefficient management of allostasis, eg, not turning off
the response when it is no longer needed.'** Other forms
of allostatic load are summarized in Figure 1, and involve
not turning on an adequate response in the first place, or
not habituating to the recurrence of the same stressor,
and thus dampening the allostatic response.

Protection and damage as the two sides of
the response to stressors

Thus, protection and damage are the two contrasting
sides of the physiology involved in defending the body
against the challenges of daily life, whether or not we call
them “stressors.” Besides adrenaline and noradrenaline,
there are many mediators that participate in allostasis,
and they are linked together in a network of regulation
that is nonlinear (Figure 2), meaning that each mediator
has the ability to regulate the activity of the other medi-
ators, sometimes in a biphasic manner.

Glucocorticoids produced by the adrenal cortex in

Figure 1. Four types of allostatic load. The top panel illustrates the normal
allostatic response, in which a response is initiated by a stressor,
sustained for an appropriate interval, and then turned off. The
remaining panels illustrate four conditions that lead to allostatic
load: top left—repeated “hits” from multiple stressors; top
right—lack of adaptation; bottom left—prolonged response
due to delayed shut down; and bottom right—inadequate
response that leads to compensatory hyperactivity of other medi-
ators (eg, inadequate secretion of glucocorticoid, resulting in
increased levels of cytokines that are normally counter-regulated
by glucocorticoids). Reproduced from reference 1: McEwen BS.
Protective and damaging effects of stress mediators. N Engl J
Med. 1998; 338:171-179. Copyright © Massachusetts Medical
Society 1998.
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response to acetylcholine (ACTH) from the pituitary
gland is the other major “stress hormone.” Pro- and anti-
inflammatory cytokines are produced by many cells in
the body; they regulate each other and are, in turn, regu-
lated by glucocorticoids and catecholamines. Whereas
catecholamines can increase proinflammatory cytokine
production, glucocorticoids are known to inhibit this pro-
duction.” Yet, there are exceptions—proinflammatory
effects of glucocorticoids that depend on dose and cell or
tissue type.*’ The parasympathetic nervous system also
plays an important regulatory role in this nonlinear net-
work of allostasis, since it generally opposes the sympa-
thetic nervous system and, for example, slows the heart
and also has anti-inflammatory effects.*

What this nonlinearity means is that when any one medi-
ator is increased or decreased, there are compensatory
changes in the other mediators that depend on time
course and level of change of each of the mediators.
Unfortunately, we cannot measure all components of this
system simultaneously, and must rely on measurements
of only a few of them in any one study. Yet the nonlin-
earity must be kept in mind in interpreting the results.

CNS function

eg, cognition
depression
aging
diabetes
Alzheimer’s disease

Cortisol

DHEA
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Stress in the natural world

The operation of allostasis in the natural world provides
some insight into how animals use this response to their
own benefit or for the benefit of the species. As an exam-
ple of allostasis, in spring, a sudden snowstorm causes
stress to birds and disrupts mating, and stress hormones
are pivotal in directing the birds to suspend reproduction,
to find a source of food, and to relocate to a better mat-
ing site, or at least to delay reproduction until the
weather improves.”” As an example of allostatic load,
bears preparing to hibernate for the winter eat large
quantities of food and put on body fat to act as an energy
source during the winter." This accumulation of fat is
used, then, to survive the winter and provide food for
gestation of young; this is in contrast to the fat accumu-
lation that occurs in bears that are captive in zoos and
eating too much, partially out of boredom, while not
exercising.! The accumulation of fat under these latter
conditions can be called “allostatic overload,” referring
to a condition that is associated with pathophysiology.
However, allostatic overload can also have a useful pur-

Sympathetic

Metabolism
eg, diabetes
obesity
» Inflammatory cytokines
> Anti-inflammatory cytokines

.

Parasympathetic

Cardiovascular function
eg, endothelial cell damage
atherosclerosis

Oxidative stress

Immune function
eg, immune enhancement
immune suppression

Figure 2. Nonlinear network of mediators of allostasis involved in the stress response. Arrows indicate that each system regulates the others in a reci-
procal manner, creating a nonlinear network. Moreover, there are multiple pathways for regulation—eg, inflammatory cytokine production
is negatively regulated via anti-inflammatory cytokines as well as via parasympathetic and glucocorticoid pathways, whereas sympathetic activ-
ity increases inflammatory cytokine production. Parasympathetic activity, in turn, restrains sympathetic activity. DHEA, dehydroepiandrosterone
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pose for the preservation of the species, such as in migrat-
ing salmon or the marsupial mouse, which die of exces-
sive stress after mating—the stress, and allostatic load,
being caused for salmon, in part, by the migration up the
rapidly flowing rivers, but also because of physiological
changes that represent accelerated aging.””** The result is
freeing up food and other resources for the next genera-
tion. In the case of the marsupial mouse, it is only the
males that die after mating, due apparently to a response
to mating that reduces the binding protein, corticos-
teroid-binding globulin (CBG), for glucocorticoids and
renders them much more active throughout the body.”

Being “stressed out,” especially sleep
deprivation and its consequences

The common experience of being “stressed out” has as
its core the elevation of some of the key systems that lead
to allostatic load—cortisol, sympathetic activity, and
proinflammatory cytokines, with a decline in parasym-
pathetic activity. Nowhere is this better illustrated than
for sleep deprivation, which is a frequent result of being
“stressed out.” Sleep deprivation produces an allostatic
overload that can have deleterious consequences.

Sleep restriction to 4 hours of sleep per night increases
blood pressure, decreases parasympathetic tone, increases

Environmental stressors
(work, home, neighborhood)

Individual
differences
(genes, development, experience)

\, Physiologic

Major life events

evening cortisol and insulin levels, and promotes increased
appetite, possibly through the elevation of ghrelin, a proap-
petitive hormone, and decreased levels of leptin.'*"
Proinflammatory cytokine levels are increased, along with
performance in tests of psychomotor vigilance, and this has
been reported to result from a modest sleep restriction to
6 hours per night.” Reduced sleep duration was reported
to be associated with increased body mass and obesity in
the NHANES study.”

Sleep deprivation also causes cognitive impairment. The
brain is the master regulator of the neuroendocrine, auto-
nomic, and immune systems, along with behaviors that
contribute to unhealthy or health lifestyles, which, in turn,
influence the physiological processes of allostasis (Figure
3).? Alterations in brain function by chronic stress can,
therefore, have direct and indirect effects on the cumu-
lative allostatic overload. Allostatic overload resulting
from chronic stress in animal models causes atrophy of
neurons in the hippocampus and prefrontal cortex, brain
regions involved in memory, selective attention, and
executive function, and causes hypertrophy of neurons
in the amygdala, a brain region involved in fear and anx-
iety, as well as aggression.” Thus, the ability to learn and
remember and make decisions may be compromised by
chronic stress, and may be accompanied by increased lev-
els of anxiety and aggression.

Trauma, abuse

Behavioral
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(personal behavior—diet,
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Figure 3. Central role of the brain in allostasis and the behavioral and physiological response to stressors. Reproduced from reference 1: McEwen BS.
Protective and damaging effects of stress mediators. N Engl J Med. 1998;338:171-179. Copyright © Massachusetts Medical Society 1998.
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Although sleep deprivation has not yet been studied in
terms of all these aspects, there is increasing evidence, not
only for cognitive impairment resulting from sleep restric-
tion, but also for altered levels of cytokines, oxidative stress
markers, glycogen levels, and structural changes in the
form of reduced dentate gyrus neurogenesis.

With respect to proinflammatory cytokines, IL-1f3 mes-
senger ribonucleic acid (mRNA) levels in brain are
reported to increase following sleep deprivation by gen-
tle handling and to be higher in daytime (during the nor-
mal sleep period in rodents) than in darkness (during the
normal activity time for rodents).” Closely related to
inflammatory processes through the actions of reduced
nicotinamide adenine nucleotide phosphate (NADPH)
oxidase”* is oxidative stress involving the generation of
free radicals. Sleep deprivation in mice for 72 hours by
the “flowerpot” or platform method has been reported
to increase oxidative stress in hippocampus, as measured
by increased lipid peroxidation and increased ratios of
oxidized to reduced glutathione.”

Another noteworthy effect of sleep deprivation is regu-
lation of the level of glycogen, found predominantly in
white matter, which is reported to decrease by as much
as 40% in rats deprived of sleep for 24 hours by novelty
and gentle handling, and reversed by recovery sleep.””
It is noteworthy that glycogen in astrocytes is able to sus-
tain axon function during glucose deprivation in central
nervous system (CNS) white matter.?

Sleep deprivation in rats using a treadmill for 96 hours
has been reported to decrease proliferation of cells in the
dentate gyrus of the hippocampal formation by as much
as 50%.” A similar effect has also been reported by keep-
ing rats in a slowly rotating drum, but here again, there is
a question of how much physical activity and physical
stress may have contributed to the suppression of cell
proliferation.” Nevertheless, sleep restriction by novelty
exposure, a more subtle method, prevented the increased
survival of new dentate gyrus neurons promoted by spa-
tial training in a Morris water maze.”

Indeed, with respect to memory and cognitive perfor-
mance, there are numerous reports of impairments fol-
lowing sleep deprivation. For example, sleep deprivation
by the platform (or flowerpot) method resulted in
impaired retention of passive avoidance memory, a con-
text-dependent fear memory task,” as well as impaired
performance of spatial memory in the Morris water
maze®” and a reduction in long-term potentiation in the
CA1 region of the hippocampus.®

Sleep deprivation by gentle stimulation or novelty in the
aftermath of contextual fear conditioning has been
reported to impair memory consolidation.* Moreover, a
6-hour period of total sleep deprivation by novelty expo-
sure impaired acquisition of a spatial task in the Morris
water maze.” Furthermore, a 4-hour period of sleep
deprivation by gentle stimulation impaired the late-phase
long-term potentiation (LTP) in the dentate gyrus 48
hours later, but had the opposite effect of enhancing late-
phase LTP in the prefrontal cortex.*

Sleep deprivation has also been associated with increases
in fighting behavior after deprivation of rapid eye move-
ment (REM) sleep;” there is also a report of increased
aggression in the form of muricide after phencyclidine
administration after sleep deprivation.”® These findings
may be related to the finding of increased aggression
among cagemates in rats subjected to 21 days of 6 hours
per day of chronic restraint stress during the resting
period when some sleep deprivation may occur.”
Interestingly, a 12-hour sleep deprivation that is applied
by using a slowly rotating drum which minimizes physi-
cal stress, but does produce locomotor activity, reversed
the decreased open-field behavior induced by a single
social defeat.”

Key role of the brain in response to stress

The brain is the key organ of the stress response because
it determines what is threatening, and therefore, stress-
ful, and also controls the behavioral and physiological
responses that have been discussed earlier in this article
(see Figure 3). There are enormous individual differences
in the response to stress, based upon the experience of
the individual early in life and in adult life. Obviously,
positive or negative experiences in school, at work, or in
romantic and family interpersonal relationships can bias
an individual towards either a positive or negative
response in a new situation. For example, someone who
has been treated badly in a job by a domineering and
abusive supervisor and/or has been fired will approach a
new job situation quite differently than someone who has
had positive experiences in employment.

Early life experiences perhaps carry an even greater
weight in terms of how an individual reacts to new situ-
ations. Early life physical and sexual abuse imposes a life-
long burden of behavioral and pathophysiological prob-
lems."** Cold and uncaring families produce long-lasting
emotional problems in children.” Some of these effects
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are seen on brain structure and function, and in the risk
for later depression and post-traumatic stress disorder
(PTSD).*

Animal models have been useful in providing insights
into behavioral and physiological mechanisms. Early life
maternal care in rodents is a powerful determinant of
life-long emotional reactivity and stress hormone reac-
tivity, and increases in both are associated with earlier
cognitive decline and a shorter lifespan.”* Effects of
early maternal care are transmitted across generations
by the subsequent behavior of the female offspring as
they become mothers, and methylation of deoxyribonu-
cleic acid (DNA) on key genes appears to play a role in
this epigenetic transmission.” Furthermore, in rodents,
abuse of the young is associated with an attachment,
rather than an avoidance, of the abusive mother, an effect
that increases the chances that the infant can continue to
obtain food and other support until weaning.* Moreover,
other conditions that affect the rearing process can also
affect emotionality in offspring. For example, uncertainty
in the food supply for rhesus monkey mothers leads to
increased emotionality in offspring and possibly an ear-
lier onset of obesity and diabetes. >

So far, we have emphasized the important role of the
environment and experiences of individuals in the health
outcomes, but clearly genetic differences also play an
important role. Different alleles of commonly occurring
genes determine how individuals will respond to experi-
ences. For example, the short form of the serotonin trans-
porter is associated with a number of conditions such as
alcoholism, and individuals who have this allele are more
vulnerable to respond to stressful experiences by devel-
oping depressive illness.” In childhood, individuals with
an allele of the monoamine oxidase A gene are more vul-
nerable to abuse in childhood and more likely to them-
selves become abusers and to show antisocial behaviors
compared with individuals with another commonly
occurring allele.” Yet another example is the conse-
quence of having the Val66Met allele of the brain-
derived neurotrophic factor (BDNF) gene on hip-
pocampal volume, memory, and mood disorders.™*’

The brain as a target of stress
The hippocampus

One of the ways that stress hormones modulate function
within the brain is by changing the structure of neurons.

The hippocampus is one of the most sensitive and mal-
leable regions of the brain, and is also very important in
cognitive function. Within the hippocampus, the input from
the entorhinal cortex to the dentate gyrus is ramified by
the connections between the dentate gyrus and the CA3
pyramidal neurons. One granule neuron innervates, on the
average, 12 CA3 neurons, and each CA3 neuron inner-
vates, on the average, 50 other CA3 neurons via axon col-
laterals, as well as 25 inhibitory cells via other axon collat-
erals. The net result is a 600-fold amplification of
excitation, as well as a 300-fold amplification of inhibition,
that provides some degree of control of the system.*

As to why this type of circuitry exists, the dentate gyrus
(DG)-CA3 system is believed to play a role in the mem-
ory of sequences of events, although long-term storage of
memory occurs in other brain regions.” However,
because the DG-CA3 system is so delicately balanced in
its function and vulnerability to damage, there is also
adaptive structural plasticity, in that new neurons con-
tinue to be produced in the dentate gyrus throughout
adult life, and CA3 pyramidal cells undergo a reversible
remodeling of their dendrites in conditions such as hiber-
nation and chronic stress.”**% The role of this plasticity
may be to protect against permanent damage. As a result,
the hippocampus undergoes a number of adaptive
changes in response to acute and chronic stress.

One type of change involves replacement of neurons. The
subgranular layer of the dentate gyrus contains cells that
have some properties of astrocytes (eg, expression of glial
fibrillary acidic protein) and which give rise to granule
neurons.”® After BrdU administration to label DNA of
dividing cells, these newly born cells appear as clusters in
the inner part of the granule cell layer, where a substantial
number of them will go on to differentiate into granule
neurons within as little as 7 days. In the adult rat, 9000 new
neurons are born per day, and survive with a half-life of 28
days.* There are many hormonal, neurochemical, and
behavioral modulators of neurogenesis and cell survival in
the dentate gyrus including estradiol, insulin-like growth
factor (IGF)-1, antidepressants, voluntary exercise, and
hippocampal-dependent learning.”” With respect to stress,
certain types of acute stress and many chronic stressors
suppress neurogenesis or cell survival in the dentate gyrus,
and the mediators of these inhibitory effects include exci-
tatory amino acids acting via N-methyl-D-aspartate
(NMDA) receptors and endogenous opioids.*

Another form of structural plasticity is the remodeling of
dendrites in the hippocampus. Chronic restraint stress
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causes retraction and simplification of dendrites in the
CA3 region of the hippocampus.™® Such dendritic reor-
ganization is found in both dominant and subordinate rats
undergoing adaptation of psychosocial stress in the visible
burrow system, and it is independent of adrenal size.”
What this result emphasizes is that it is not adrenal size or
presumed amount of physiological stress per se that deter-
mines dendritic remodeling, but a complex set of other fac-
tors that modulate neuronal structure. Indeed, in species
of mammals that hibernate, dendritic remodeling is a
reversible process, and occurs within hours of the onset of
hibernation in European hamsters and ground squirrels,
and it is also reversible within hours of wakening of the
animals from torpor.®¢"" This implies that reorganization
of the cytoskeleton is taking place rapidly and reversibly,
and that changes in dendrite length and branching are not
“damage,” but a form of structural plasticity.

Regarding the mechanism of structural remodeling,
adrenal steroids are important mediators of remodeling
of hippocampal neurons during repeated stress, and
exogenous adrenal steroids can also cause remodeling in
the absence of an external stressor. The role of adrenal
steroids involve many interactions with neurochemical
systems in the hippocampus, including serotonin, y-
aminobutyric acid (GABA), and excitatory amino
acids.”** Probably the most important interactions are
those with excitatory amino acids such as glutamate.
Excitatory amino acids released by the mossy fiber path-
way play a key role in the remodeling of the CA3 region
of the hippocampus, and regulation of glutamate release
by adrenal steroids may play an important role.*®
Among the consequences of restraint stress is the eleva-
tion of extracellular glutamate levels, leading to induction
of glial glutamate transporters, as well as increased activa-
tion of the nuclear transcription factor, phosphoCREB.”
Moreover, 21d chronic restraint stress (CRS) leads to
depletion of clear vesicles from mossy fiber terminals and
increased expression of presynaptic proteins involved in
vesicle release.”” Taken together with the fact that vesi-
cles that remain in the mossy fiber terminal are near active
synaptic zones and that there are more mitochondria in
the terminals of stressed rats, this suggests that CRS
increases the release of glutamate.”

Extracellular molecules play a role in remodeling. Neural
cell adhesion molecule (NCAM) and its polysialated-
NCAM (PSA-NCAM), as well as L1 are expressed in the
dentate gyrus and CA3 region, and the expression of both
NCAM, L1, and PSA-NCAM are regulated by 21d CRS.”

State of the art

Tissue plasminogen activator (tPA, see below) is an extra-
cellular protease and signaling molecule that is released with
neural activity and is required for chronic stress-induced loss
of spines and NMDA receptor subunits on CA1 neurons.”
Within the neuronal cytoskeleton, the remodeling of hip-
pocampal neurons by chronic stress and hibernation alters
the acetylation of microtubule subunits that is consistent
with a more stable cytoskeleton,” and alters microtubule
associated proteins, including the phosphorylation of a sol-
uble form of tau, which is increased in hibernation and
reversed when hibernation is terminated.”

Neurotrophic factors also play a role in dendritic branch-
ing and length in that BDNF +/- mice show a less
branched dendritic tree and do not show a further reduc-
tion of CA3 dendrite length with chronic stress, whereas
wild-type mice show reduced dendritic branching
(Magarinos and McEwen, unpublished data). However,
there is contradictory information thus far concerning
whether CRS reduces BDNF mRNA levels, some report-
ing a decrease” and other studies reporting no change.**'
This may reflect the balance of two opposing forces,
namely, that stress triggers increased BDNF synthesis to
replace depletion of BDNF caused by stress.”* BDNF and
corticosteroids appear to oppose each other—with
BDNF reversing reduced excitability in hippocampal
neurons induced by stress levels of corticosterone.®
Corticotropin-releasing factor (CRF) is a key mediator
of many aspects related to stress.* CRF in the paraven-
tricular nucleus regulates ACTH release from the ante-
rior pituitary gland, whereas CRF in the central amyg-
dala is involved in control of behavioral and autonomic
responses to stress, including the release of tPA that is an
essential part of stress-induced anxiety and structural
plasticity in the medial amygdala.* CRF in the hip-
pocampus is expressed in a subset of GABA neurons
(Cajal-Retzius cells) in the developing hippocampus, and
early life stress produces a delayed effect that reduces
cognitive function and the number of CA3 neurons, as
well as decreased branching of hippocampal pyramidal
neurons.*¥ Indeed corticotropin-releasing hormone
(CRH) inhibits dendritic branching in hippocampal cul-
tures in vitro.®

Prefrontal cortex and amygdala
Repeated stress also causes changes in other brain

regions, such as the prefrontal cortex and amygdala.
Repeated stress causes dendritic shortening in medial
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prefrontal cortex.®* but produces dendritic growth in
neurons in amygdala,” as well as in orbitofrontal cortex.”
Along with many other brain regions, the amygdala and
prefrontal cortex also contain adrenal steroid receptors;
however, the role of adrenal steroids, excitatory amino
acids, and other mediators has not yet been studied in
these brain regions. Nevertheless, in the amygdala, there
is some evidence regarding mechanism, in that tPA is
required for acute stress to activate not only indices of
structural plasticity but also to enhance anxiety.” These
effects occur in the medial and central amygdala and not
in basolateral amygdala, and the release of CRH acting
via CRH1 receptors appears to be responsible.®

Acute stress induces spine synapses in the CA1 region of
hippocampus® and both acute and chronic stress also
increases spine synapse formation in amygdala,””” but
chronic stress decreases it in hippocampus.” Moreover,
chronic stress for 21 days or longer impairs hippocampal-
dependent cognitive function™ and enhances amygdala-
dependent unlearned fear and fear conditioning,' which
are consistent with the opposite effects of stress on hip-
pocampal and amygdala structure. Chronic stress also
increases aggression between animals living in the same
cage, and this is likely to reflect another aspect of hyper-
activity of the amygdala.” Behavioral correlates of
remodeling in the prefrontal cortex include impairment
in attention set shifting, possibly reflecting structural
remodeling in the medial prefrontal cortex.”

Translation to the human brain

Much of the impetus for studying the effects of stress on
the structure of the human brain has come from the ani-
mal studies summarized thus far. Although there is very lit-
tle evidence regarding the effects of ordinary life stressors
on brain structure, there are indications from functional
imaging of individuals undergoing ordinary stressors, such
as counting backwards, that there are lasting changes in
neural activity."” Moreover, the study of depressive illness
and anxiety disorders has also provided some insights. Life
events are known to precipitate depressive illness in indi-
viduals with certain genetic predispositions.”™''*
Moreover, brain regions such as the hippocampus, amyg-
dala, and prefrontal cortex show altered patterns of activ-
ity in positron emission tomography (PET) and functional
magnetic resonance imaging (fMRI), and also demonstrate
changes in volume of these structures with recurrent
depression: decreased volume of hippocampus and pre-

frontal cortex and amygdala (Figure 4)."*'* Interestingly,
amygdala volume has been reported to increase in the first
episode of depression, whereas hippocampal volume is not
decreased."'™ It has been known for some time that stress
hormones, such as cortisol, are involved in psychopathol-
ogy, reflecting emotional arousal and psychic disorganiza-
tion rather than the specific disorder per se.'” We now
know that adrenocortical hormones enter the brain and
produce a wide range of effects upon it.

In Cushing’s disease, there are depressive symptoms that
can be relieved by surgical correction of the hypercorti-
solemia."""! Both major depression and Cushing’s disease
are associated with chronic elevation of cortisol that results
in gradual loss of minerals from bone and abdominal obe-
sity. In major depressive illness, as well as in Cushing’s dis-
ease, the duration of the illness, and not the age of the sub-
jects, predicts a progressive reduction in volume of the
hippocampus, determined by structural magnetic reso-
nance imaging.'*""> Moreover, there are a variety of other
anxiety-related disorders, such as PTSD'*"* and border-
line personality disorder,"” in which atrophy of the hip-
pocampus has been reported, suggesting that this is a com-
mon process reflecting chronic imbalance in the activity of
adaptive systems, such as the hypothalamo-pituitary-
adrenocortical (HPA) axis, but also including endogenous
neurotransmitters, such as glutamate.

The brain under stress:
structural remodeling

Hippocampus

Prefrontal cortex atrophy

Hippocampus Amygdala,
hypertrophy
and later
atrophy

Figure 4. Brain regions that are involved in perception and response to
stress, and which show structural remodeling as a result of stress.
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Another important factor in hippocampal volume and
function is glucose regulation. Poor glucose regulation is
associated with smaller hippocampal volume and poorer
memory function in individuals in their 60s and 70s who
have “mild cognitive impairment” (MCI),"® and both
MCI and type 2, as well as type 1, diabetes are recognized
as risk factors for dementia."”""

Positive affect, self-esteem,
and social support

Having a positive outlook on life and good self-esteem
appear to have long-lasting health consequences,' and
good social support is also a positive influence on the
measures of allostatic load.” Positive affect, assessed by
aggregating momentary experiences throughout a work-
ing or leisure day, was found to be associated with lower
cortisol production and higher heart rate variability
(showing higher parasympathetic activity), as well as a
lower fibrinogen response to a mental stress test.'”

On the other hand, poor self-esteem has been shown to
cause recurrent increases in cortisol levels during a rep-
etition of a public speaking challenge in which those indi-
viduals with good self-esteem are able to habituate, ie,
attenuate their cortisol response after the first speech.””
Furthermore, poor self-esteem and low internal locus of
control have been related to a 12% to 13% smaller vol-
ume of the hippocampus, as well as higher cortisol levels
during a mental arithmetic stressor.'*'*

Related to both positive affect and self-esteem is the role
of friends and social interactions in maintaining a healthy
outlook on life. Loneliness, often found in people with
low self-esteem, has been associated with larger cortisol
responses to wakening in the morning and higher fib-
rinogen and natural killer cell responses to a mental
stress test, as well as sleep problems.”” On the other hand,
having three or more regular social contacts, as opposed
to zero to two such contacts, is associated with lower allo-
static load scores."”!

Conclusions: what can one do about being
stressed out?

If being stressed out has such pervasive effects on the
brain as well as the body, what are the ways that individ-
uals, as well as policymakers in government and business,
can act to reduce the negative effects and enhance the
ability of the body and brain to deal with stress with min-
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imal consequences? The answers are simple and obvious,
but often difficult to achieve.

From the standpoint of the individual, a major goal
should be to try to improve sleep quality and quantity,
have good social support and a positive outlook on life,
maintain a healthy diet, avoid smoking, and have regular
moderate physical activity. Concerning physical activity,
it is not necessary to become an extreme athlete, and
seemingly almost any amount of moderate physical activ-
ity helps.”””"*® Regarding self-esteem, although this is still
early in the story, efforts to build self-esteem in individ-
uals might have long-term benefits for physical as well as
mental health.

From the standpoint of policy, the goal should be to cre-
ate incentives at home and in work situations and build
community services and opportunities that encourage the
development of the beneficial individual lifestyle prac-
tices.

As simple as the solutions seem to be, changing behavior
and solving problems that cause stress at work and at
home is often difficult, and may require professional help
on the personal level, or even a change of job or profes-
sion. Yet these are important issues because the preven-
tion of later disease is very important for full enjoyment
of life, and also to reduce the financial burden on the
individual and on society.

Nevertheless, many people often lack the proactive, long-
term view of themselves and/or feel that they must main-
tain a stressful lifestyle and, if they deal with these issues
at all, they want to treat their problems with “a pill.” Are
there any medications to treat being stressed out? In fact,
there are many useful pharmaceutical agents: sleeping
pills, anxiolytics, B-blockers, and antidepressants are all
drugs that are used to counteract some of the problems
associated with being stressed out. Likewise, drugs that
reduce oxidative stress or inflammation, block choles-
terol synthesis or absorption, and treat insulin resistance
or chronic pain can help deal with the metabolic and neu-
rologic consequences of being stressed out. All are valu-
able to some degree, and yet each one has its side effects
and limitations that are based in part on the fact that all
of the systems that are dysregulated in allostatic overload
are also systems that interact with each other and per-
form normal functions when properly regulated. Because
of the nonlinearity of the systems of allostasis, the con-
sequences of any drug treatment may be either to inhibit
the beneficial effects of the systems in question or to per-
turb other systems that interact with it in a direction that
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promotes an unwanted side effect. So the best solution
would seem to be not to rely solely on such medications
and find ways to change lifestyle in a positive direction.
Being able to change lifestyle and associated behavior is
not just an individual matter, and might become easier
with changes via another level of intervention, namely,
policies in government and business. The Acheson
Report™ from the United Kingdom in 1998 recognized
that no public policy should be enacted without consid-
ering the implications for health of all citizens. Thus, basic
education, housing, taxation, setting of a minimum wage,
and policies and programs addressing occupational
health and safety and environmental pollution regula-
tions are all likely to affect health via a myriad of mech-
anisms. At the same time, providing higher-quality food
and making it affordable and accessible in poor as well
as affluent neighborhoods is necessary for people to eat
better, providing they also learn what types of food to
eat. Likewise, making neighborhoods safer and more
congenial and supportive™ can improve opportunities for
positive social interactions and increased recreational
physical activity.

However, governmental policies are not the only way to
reduce allostatic load. For example, businesses that
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Efectos protectors y daninos de los mediatores del estrés: papel central del cerebro

La mente se extiende a todo el cuerpo y a la comunicacidn bilateral entre el cerebro y los aparatos cardio-
vascular, sistema inmunitario y otros a través de mecanismos neurales y endocrinos. El estrés es un estado
de interaccidon entre la mente y el cuerpo e interviene en la expresion diferente de la enfermedad entre las
personas. No son unicamente los sucesos estresantes mas llamativos los que cuestan mas, sino mds bien los
multiples episodios de la vida cotidiana que elevan y sostienen la actividad de los sistemas fisioldgicos y
determinan una privacion del suefio, sobrealimentacion y otras conductas daAinas para la salud que pro-
ducen una sensacion de “agotamiento por estrés”. Con el tiempo, el organismo desgasta por la llamada
“carga alostatica”, que refleja no sdlo el impacto de las experiencias vitales sino también de la carga gené-
tica, de los habitos personales de vida —que traducen aspectos como la alimentacion, el ejercicio y el abuso
de sustancias— y de las experiencias del desarrollo que fijan los patrones duraderos de conducta y reacti-
vidad fisioldgica. Las hormonas asociadas al estrés y a la carga alostdtica protegen el organismo a corto
plazo y fomentan la adaptacion a través de un proceso llamado alostasia pero, a la larga, la carga alosta-
sica determina cambios corporales que pueden causar enfermedades. El cerebro es el drgano destinata-
rio del estrés, la alostasia y la carga alostatica, porque decide qué informacidn resulta amenazadora y, en
consecuencia, estresante y determina, ademas, las respuestas fisiologicas y conductuales. Las regiones cere-
brales, como el hipocampo, la amigdala (nucleo amigdalino) y la corteza prefrontal, responden al estrés
agudo y cronico sometiéndose a una remodelacion estructural que modifica las respuestas comportamen-
talesl y fisioldgicas. Los estudios translacionales de imagenes estructurales y funcionales de seres humanos
revelan un volumen hipocampico mas reducido en los estados de estrés, por ejemplo una ligera alteracion
cognitiva con el envejecimiento y el trastorno depresivo mayor prolongado, asi como entre las personas
que se subestiman. Se han descrito también alteraciones de la amigdala y de la corteza prefrontal. Ademas
del enfoque farmacéutico, las medidas para aliviar el estrés cronico y reducir la carga alostasica asi como
la incidencia de las enfermedades de la vida moderna se basan en cambios en los hdbitos de vida y politi-
cas gubernamentales y empresariales para mejorar la capacidad del individuo y reducir la carga propia y
cronica del estrés.
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Effets protecteurs et délétéres des médiateurs du stress : réle central du cerveau

L’esprit implique le corps entier, et il existe une intercommunication entre le cerveau, les systémes cardio-
vasculaire, immunitaire et d’autres, par des mécanismes neuraux et endocriniens. Le stress est la manifes-
tation d’une interaction entre I’esprit et le corps et un facteur d’expression de maladies qui différe selon
les individus. Les événements de la vie quotidienne, plus que les stress aigus ou intenses de la vie, élévent
et entretiennent les niveaux d’activité des systémes physiologiques, entrainant privation de sommeil, bou-
limie et autres comportements néfastes pour la santé qui donnent le sentiment d’étre « dépassé par les
événements ». Avec le temps, ceci entraine une usure du corps appelée « charge allostatique », qui refléte
non seulement l'impact des expériences de la vie mais aussi la charge génétique, les habitudes de vie quo-
tidienne comme le régime, I'exercice, I'usage de drogues et le vécu au cours du développement qui met-
tent en place tout au long de la vie des schémas de comportement et de réactivité physiologique. Les hor-
mones associées au stress et a la charge allostatique protégent le corps a court terme et favorisent
I'adaptation par un procédé nommé allostase mais a long terme, les modifications somatiques dues a la
charge allostatique peuvent entrainer I'apparition d’une maladie. Le cerveau est I'organe clé du stress, de
I’allostase et de la charge allostatique car il détermine ce qui est menacant et donc stressant ainsi que les
réponses physiologiques et comportementales. Les régions cérébrales comme I’hippocampe, I'amygdale et
le cortex préfrontal répondent au stress aigu et chronique par un remodelage structural qui modifie les
réponses physiologiques et comportementales. Des études réalisées chez 'homme par imagerie structurale
et fonctionnelle montrent que le volume de I'hippocampe est diminué dans des situations de stress comme
il I'est dans les déficits cognitifs Iégers dus a I’dge, les dépressions majeures prolongées et les individus qui
se sous-estiment. Des altérations de I'amygdale et du cortex préfrontal sont aussi rapportées. Outre les trai-
tements pharmacologiques, les modifications du mode de vie, les politiques gouvernementales et de tra-
vail pouvant améliorer la capacité individuelle a réduire la charge de stress chronique de chacun, sont autant
d’approches visant a alléger le stress chronique et réduire la charge allostatique et I'incidence des maladies
liées a la vie moderne.
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