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Introduction

The important topics discussed by Gunnar, Herrera, Hostinar and by Heim rely upon a basic
knowledge of brain-body interactions over the lifecourse. That is, effects of stress early in life
clearly have a lasting effect on later mental and physical processes, increasing the risk for both
mood and anxiety disorders, as well as cardiovascular and other systemic diseases. As a result of
the recent progress of modern neuroscience and medicine, there is a growing understanding of
brain-body interactions that underlie adaptation to stress and the accumulated pathophysiology
that is associated with excessive and prolonged stress. Among the important concepts that have
emerged is the notion that the brain is the central organ of stress because it regulates the major
systems involved in adaptation and pathophysiology and is itself influenced both structurally and
functionally by those systems. As summarized by both Gunnar et al.1 and by Heim,2 these effects
begin early in life. Another major concept is that of “allostasis” and “allostatic overload,”
reflecting the protective and damaging effects of the mediators of stress and adaptation and
cumulative change resulting from prolonged stress and the lifestyle and behaviours associated
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with chronic stress. Related to this is the concept of biological embedding, namely, that those
early life influences “get under the skin” and increase the impact of the cumulative aspects of
prolonged stress and lifestyle.3

Subject

Research has made progress in understanding the role of the brain as the central organ of stress.
Indeed, the brain is the key organ of the adaptive and maladaptive responses to stress because it
determines what is threatening and, therefore, potentially stressful, as well as initiating the
behavioural and many of the physiological responses to the stressors, which can be either
adaptive or damaging.4,5 Stress involves two-way communication between the brain and the
cardiovascular, immune and metabolic system via the autonomic nervous system and via
endocrine mechanisms. The effects of stress involve measurements of multiple endpoints related
to mediators of stress and adaptation and cumulative change in the body and brain.

Problems

The mediators of stress and adaptation operate in a non-linear manner (Figure 1) meaning that
many of these mediators regulate each other in both positive and negative ways and also operate
in a "U" shaped manner that is now referred to by the term hormesis.7 Beyond the “flight or fight”
response to acute stress, there are events in daily life, including the individual life style, that
produce a type of chronic stress and lead over time to wear and tear on the body (“allostatic
overload”). Yet, the hormones and other mediators associated with stress and adaptation protect
the body in the short-run and promote adaptation (“allostasis”).4,5,8 These systems are regulated
by the brain via the hypothalamus and outputs via the autonomic and neuroendocrine systems.
Input to the hypothalamus involves brain areas, such as the amygdala, the hippocampus and the
prefrontal cortex, and these brain areas, along with the hypothalamus, respond to hormonal
signals.
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Figure 1. Non-linear network of mediators of allostasis involved in the stress response. Arrows indicate that each system regulates
the others in a reciprocal manner, creating a non-linear network.  Moreover, there are multiple pathways for regulation – e.g.
inflammatory cytokine production is negatively regulated via anti-inflammatory cytokines, and via parasympathetic and
glucocorticoid pathways, whereas sympathetic activity increases inflammatory cytokine production.  Parasympathetic activity, in
turn, modulates and limits sympathetic activity. Furthermore, mediators, such as cortisol and inflammatory cytokines, produce
biphasic effects that are described now by the term hormesis (see text).  Reprinted from McEwen6 by permission.

Research Context 

The assessment of allostasis and allostatic overload is based upon collection of clinical information
for the multiple systems involved in stress and adaptation; namely, the Hypothalamic-Pituitary-

Adrenocorticol (HPA) axis, the autonomic nervous system, and metabolic parameters.9,10-12 Brain
mechanisms involved in allostasis and allostatic overload can be studied in animal models using
methods of modern neuroscience and translated to human subjects by brain imaging techniques
that are rapidly developing.13
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Figure 2. Hypothalamic-Pituitary Adrenocortical Axis (HPA) or Stress Hormone Axis.

Key Research Questions 

Experiences involving social interactions and events in the physical environment are processed by
the brain and are usually referred to under the rubric of “stress.” We now know, from animal
models, that  the brain changes in structure and function with experiences, including those of
chronic stress, and that these changes in brain represent “adaptive plasticity,” in that they are
largely reversible and appropriate for the conditions that cause them.5 With the exciting advances
in neuroimaging, the living human brain can now be studied in some detail as it responds to
stressful experiences during the life course, as well as how its structure and functions relate to
physiologic states in the body.

Recent Research Results 

Animal models have provided insights into how the brain responds to stress.5 The brain is a target
of stress and the hippocampus was the first brain region, besides the hypothalamus, to be

©2010-2023 CEECD | BRAIN 4

http://www.child-encyclopedia.com/Pages/PDF/Glossary_Brain_Neuroimaging.pdf


recognized as a target of glucocorticoids. Stress and stress hormones produce both adaptive and
maladaptive effects on this brain region throughout the life course. Early life events influence
lifelong patterns of emotionality and stress responsiveness and alter the rate of brain and body
aging. The amygdala and prefrontal cortex, as well as the hippocampus, undergo stress-induced
structural remodeling, which alters behavioural and physiological responses, including anxiety,
aggression, mental flexibility, memory and other cognitive processes; glucocorticoids play a role
in this remodeling along with excitatory amino acids, metabolic hormones and other intracellular
and extracellular mediators.5

Human brain structural imaging has begun to reveal how the human hippocampus changes with
experience. Recent evidence includes the relationship of 20 years of elevated perceived stress to
reduced hippocampal volume,14,and how the hippocampus shrinks in disease states, such as
Cushing’s disease, major depression, diabetes and posttraumatic stress disorder (PTSD)15,16 and
pre-disease conditions, such as resulting from chronic jet-lag17 and elevated circulating
inflammatory cytokines.18 Hippocampal volume is also smaller in both young and older people with
low self esteem, accompanied by elevated HPA activity and lack of habituation to repeated stress.
19

Based on animal models, and as noted above, the mechanisms for these changes are complex
and are likely to involve not only glucocorticoids, but other hormones and mediators. Furthermore,
physical activity and fitness in elderly subjects is associated with greater hippocampal volume and
better memory function,20 just as greater activation of prefrontal cortical activity is associated with
fitness and regular exercise and leads to better executive function.21,22

The prefrontal cortex, which is reversibly, functionally impaired by increased levels of perceived
stress in medical students studying for the board exam23 is smaller in major depression24 and is
smaller in people who self-report lower socioeconomic status.25  Functional activation of the
prefrontal cortex is related to blood pressure responses,26 whereas functional activation in the
amygdala is related to the negative response to fearful faces,27 which is exaggerated in people
with early life adversity.28 Elevated amygdala functional activity is also related to the development
of atherosclerosis.29

Animal models teach us that experiences, including stress-induced changes in brain structure, are
largely reversible and that resilience in both brain structure and behaviour is the name of the
game in adapting to changing environments.5 A corollary of this is that failure to show resilience is
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a feature of maladaptation and pathophysiology, including anxiety and depressive disorders and
the downstream effects that these have on the rest of the body via the autonomic,
neuroendocrine and immune systems. But how plastic is the human brain in response to
interventions that effectively treat disorders that affect the brain as well as the rest of the body? 

Although there is limited information, a few studies have shown longitudinally, in the same
subjects, changes, for example, in functional activity30 and prefrontal cortex (PFC) structure31 in
patients who successfully responded to behavioural therapy treatment for obsessive–compulsive

disorder OCD and chronic fatigue, respectively. Another, albeit cross-sectional, study reports
thicker cortical volume in right anterior insula and prefrontal cortex of subjects who had meditated
for many years compared to matched controls.32 It is well known that, as an adjunct to
pharmaceutical therapy, social and behavioural interventions, including regular physical activity
and social support, are able to reduce the chronic stress burden and benefit brain and body health
and resilience.5 Therefore, studies of how the brain is changed by behavioural, as well as by
pharmaceutical therapies, are important future applications of brain imaging.

Research Gaps

Experience tells us that the social and physical environments in which people live and work have a
huge effect upon psychological states. The nature of these environments also affects physical and
mental health and risk for disease. Yet the scientific study of this important topic has been
frustrated and fragmented by disciplinary boundaries between such fields as environmental
toxicology, social psychology, sociology, health psychology, economics, epidemiology, psychiatry,
pediatrics, neurology and medicine.  As a result, only some of the considerable knowledge has
penetrated, albeit inconsistently, into the mainline of medical teaching and practice, and
neuroscience has been largely out of the picture until recently. As a result, a coherent conceptual
framework has been missing, because the brain has not been fully recognized as playing a central
role in physiological adaptation and the effects of stress, as well as being a target of stress and
related behaviors.5 This is beginning to change with the translation of animal research findings to
the human being via brain imaging techniques that are summarized above.

With brain imaging, most of the information has come from cross sectional studies, which can be
only suggestive as to causality. With the advent of interventions that improve brain function and
treat behavioural disorders, longitudinal studies of brain structure and function are not only
possible, but essential, to show causality. As noted above, the best example thus far is that of the
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beneficial effects of physical activity.  Another important area is that of the brain effects of Type 2
diabetes, noted above, but an important gap that must be filled is that such studies be carried out
in the context of the developing brain and the consequences of Type 2 diabetes in childhood. 

Conclusions

The lasting effects of stress on the body beginning early in life must be considered in the context
of the whole lifecourse and the central role of the brain in the protective and damaging effects of
the physiological mediators of stress and adaptation. The powerful effects of early life stress on
the brain are beginning to be understood from animal models, as well as some brain imaging
studies.33 These are now being considered in relation to measures of the mediators of allostasis
and allostatic overload,34 since, as summarized above, circulating stress and metabolic hormones
have important effects on the brain.  In relation to the papers by Gunnar et al.1 and by Heim,2 it is
possible to envision heroic life-long longitudinal studies of the brain beginning early in life, but
perhaps more realistic to imagine shorter term studies of the effects of adversity on brain
development in parallel with cognitive and physiological measures patterned after recent studies
of a more limited nature.34,35 However, it would be even more valuable to follow longitudinally the
effects of interventions designed to ameliorate effect of early life adversity, based, for example,
on the nurse-family partnership program.a

Implications

Brain-body interactions are strongly influenced by the social and physical environments in which
we live, and these are, in part, the products of practices and policies of private enterprise and
government and these can be changed by changing those policies.  Indeed, virtually all of the
policies of government and business have effects upon health, and they are likely to  have a top
down effect via the brain on all the physiological systems involved in stress and adaptation.5 For
example, programs that promote physical activity are likely to benefit brain function (see above),
just as programs such as the Experience Corps produce benefits to the elderly volunteers in both
physical and mental health.36 Likewise, studies of the efficacy of programs for children, such as the
Perry School Project,b would benefit from assessment of cognitive function and brain health. 
Therefore, monitoring how the brain is affected by such policies is another important future
direction of neuroimaging research because animal models can only give clues, but the study of
the adaptability of  the human brain is the ultimate goal!
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