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ARTICLE INFO ABSTRACT

A tribute to Dirk Hellhammer.

Dirk Hellhammer and his colleagues have played a major role in creating the field of psychoneuroendocrinology

from their roots in psychology. In this review, using examples from the history of the McEwen laboratory and
neuroscience and neuroendocrinology colleagues, I summarize my own perspective as to how the fields of
neuroscience and neuroendocrinology have contributed to psychoneuroendocrinology and how they converged
with the contributions from Dirk Hellhammer and his colleagues.

1. Introduction

The field of psychoneuroendocrinology has matured and flourished
as an amalgam of neuroscience, neuroendocrinology and en-
docrinology, immunology and psychology. Dirk Hellhammer’ remark-
able contributions and that of his many successful trainees have con-
verged with the research interests of my laboratory — he from clinical
psychology and my laboratory from cell biology, neuroscience and
neuroendocrinology. Here I summarize my own path that has led to this
convergence and, in so doing, provide an overview of some molecular
as well as behavioral and physiological aspect of stress psychoneur-
oendocrinology and the key role of glucocorticoids.

2. From cell biology to neuroendocrinology

A chemistry major at Oberlin College, I came to The Rockefeller
University for graduate study. Because of my experience investigating
fatty acid oxidation by mitochondria (Fritz and Mc, 1959), I was fas-
cinated by oxidative metabolism and oxidative phosphorylation by
mitochondria, and I joined the laboratory of Alfred Mirsky and Vincent
Allfrey, to study the question of how the cell nucleus obtains the ATP to
make RNA. What I found in my Ph.D. thesis research is that there is
another terminal oxidase, involving cytochrome b5 located in the nu-
clear envelope, that is less sensitive to carbon monoxide than the cy-
tochome c of the mitochondria (McEwen et al., 1963a, b; McEwen et al.,
1963c, 1964).

While working in the Allfrey-Mirsky laboratory, I was imbued with
Mirsky’s fascination with environmental control of gene expression and
the Waddington concept of epigenetics (Waddington, 1942), together
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with Allfrey’s pioneering work on the modification of histones as the
start of the current blossoming of what is now called epigenetics
(Allfrey, 1977; Maze et al., 2013; Moberg, 2012). These have had a
powerful effect on my own science, and, indeed, when I returned to
Rockefeller in 1966, it was the Mirsky and Allfrey influence that led me
to study steroid hormone receptors in the brain because of the reali-
zation, at that time, that steroid hormones regulate gene expression in
liver and uterus, for example. Very little was known about the brain in
that regard.

The Rockefeller environment that I entered in 1966 was much dif-
ferent than the one I left in early 1964, because of the addition, not only
of Neal Miller, but also Carl Pfaffmann (both physiological psycholo-
gists), George Miller and William Estes (cognitive psychologists), and
Peter Marler and Donald Griffin (animal behaviorists). This constituted
the Behavioral Sciences Program that, for a number of years, had a field
program in Africa and connections with the New York Zoological
Society. Many current leaders in behavioral neuroscience received
training in this Program. For me, a number of younger colleagues,
notably, my contemporaries, Donald Pfaff and Fernando Nottebohm,
created an exciting environment where synthesis and cross-talk began
between animal behavior and physiological psychology. A common
denominator among us was the action of hormones, primarily sex
hormones for Pfaff and Nottebohm.

Because of Neal Miller’s interest in and development of “behavioral
medicine”, the topic of stress and stress hormones was one that I ad-
dressed, and our discovery of adrenal steroid receptors in the hippo-
campus in 1968 opened the path to the eventual realization in the latter
part of the 20" century and beginning of the new millenium that cir-
culating hormones of the gonads, adrenal cortex, thyroid gland and also
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the metabolic system affect many, if not most, areas of the brain, in-
cluding those involved in higher cognitive function (McEwen, 2007).
This provides a link, at least in retrospect, to what was in 1966 called
cognitive psychology and which now includes not only cognitive neu-
roscience, but also the burgeoning field of social neuroscience. I say this
because the circulating hormones are controlled, in part, by the social
environment - and, besides the hypothalamus, they affect the areas of
the brain involved in cognitive, social and emotional processes
(McEwen et al., 2015b)! How this came about takes us into the realm of
epigenetics.

3. Epigenetics

“Epigenetics” originally meant the emergence of developmentally-
programmed characteristics as a fertilized egg develops into a living
organism characteristic of that species (Waddington, 1942). This is
programmed into each species, but the characteristics of each in-
dividual are influenced by experiences, and that is where the modern
use of “epigenetics” comes from. An example of this is a pair of identical
twins with genes that predispose them to schizophrenia or bipolar ill-
ness. Even with the same DNA, the probability that one twin will de-
velop the disease when the other twin gets it is only in the range of
40-60%, which leave plenty of room for experiences and other en-
vironmental factors to either prevent or precipitate the disorder. As an
indicator of this, the methylation patterns of DNA diverge as identical
twins grow older (Fraga et al., 2005). Thus, “epigenetics”, now meaning
“above the genome”, that is, not changing the genetic code per se, and it
replaces and makes unnecessary the old question: “which is more im-
portant, genes or environment?”.

The CpG methylation of DNA is now a well-known form of epige-
netic modification (Szyf et al., 2008). But there are other mechanisms
that include histone modifications that repress or activate chromatin
unfolding (Allfrey, 1970) and the actions of non-coding RNA’s (Mehler,
2008), as well as transposons and retrotransposons (Griffiths and
Hunter, 2014) and RNA editing (Mehler and Mattick, 2007). This leads
to a discussion of how steroid hormones affect the brain.

4. Steroid hormone actions in hippocampus and beyond

It was the pioneering Allfrey/Mirsky work on epigenetic actions on
gene expression via histones that led me to look for cell nuclear re-
ceptors, first in hypothalamus for estrogens (Zigmond and McEwen,
1970) and then in hippocampus for glucocorticoids (McEwen et al.,
1968). (I had learned about the hippocampus as a postdoctoral fellow in
Goteborg Sweden in 1964-66 in the Institute of Neurobiology headed
by Holger Hyden). By administering *H corticosterone into adrena-
lectomized rats, we discovered receptors for adrenal steroids in the
hippocampal formation of the rat and, later, the rhesus monkey
(Gerlach and McEwen, 1972; Gerlach et al., 1976; McEwen and
Plapinger, 1970; McEwen et al., 1968). Other studies revealed such
receptors in the hippocampal homolog in other species including birds
(Dickens et al., 2009; McEwen, 1976).

While there was very little interest in 1968 in epigenetics in the
brain, the hippocampus has since become a “gateway” into learning
how stress hormones, and also sex, thyroid and metabolic hormones
like insulin, enter the brain, bind to receptors and act epigenetically to
positively regulate structure and function not only in hippocampus but
also throughout many part of the brain, affecting behavior and the
ability to function in daily life (McEwen et al., 2015b).

In fact, the hippocampus was the subject of the Nobel Prize to UK-
based researcher Prof John O'Keefe and Norwegian scientists, May-Britt
Moser and Edvard Moser in 2014 as the “GPS” of the brain. Indeed the
hippocampus is important for episodic and spatial memory and is now
also recognized for its role in mood regulation. For spatial memory, for
example, the hippocampus becomes active in London cab drivers
during functional MRI imaging when they remember a route from one
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place to another (Maguire et al., 1997). The hippocampus is also im-
portant for food caching behavior in squirrels and birds (Biegler et al.,
2001; Burger et al., 2013; Clayton, 2001). And the hippocampus is also
“the canary in the coal mine” as far as conditions such as ischemia and
seizures that cause brain damage as well as brain aging (Sapolsky,
1992). Last but not least, the hippocampus responds to sex hormones
with effects on spatial memory and other functions (Sandstrom and
Williams, 2001).

As a postdoctoral fellow in my laboratory, Ron de Kloet found that
synthetic glucocorticoids like dexamethasone (DEX) are actively ex-
cluded from the brain (DeKloet et al., 1975) and, in his subsequent
career, he showed that this is due to the “multi-drug resistance p
glycoprotein”(Karssen et al., 2001). Indeed, DEX is a very potent in-
hibitor of inflammation and immune function and stimulates of liver
glucose metabolism (hence the name “glucocorticoid”). We now know
that synthetic glucocorticoids like DEX, when given to quell in-
flammation can shut off for a while the ability to secrete ACTH and
make cortisol; and when DEX treatment is terminated the body and
brain become deficient in cortisol and this results in terrible mood
swings and metabolic and immune disruption (Judd et al., 2014).

Work by Hans Reul and Ron de Kloet demonstrated that there are
two types of adrenal steroid receptors, mineralocorticoid (Type 1 or
MR, not activated by DEX) and glucocorticoid (Type 2 or GR), in hip-
pocampus and other brain regions (Reul and DeKloet, 1985). This was
further elaborated by immunocytochemical mapping of the receptors
(Ahima et al., 1991; Ahima and Harlan, 1990). Studies in our labora-
tory as well as by Diamond and by Joéls have shown biphasic effects
mediated by MR and GR (Diamond et al., 1992; Joels, 2006; Pavlides
et al., 1995). Ultradian fluctuations of glucocorticoids drive GR acti-
vation and reactivation, while MR occupancy for nuclear activation is
more constant and promotes excitability (Stavreva et al., 2009).

Another important advance was made by Robert Sapolsky who
found that, over the lifespan of a rat, that the cortisol equivalent in the
rat, corticosterone, gradually cause a “wear and tear” on the hippo-
campus which impairs not only memory and mood but also the ability
to shut off the production of its glucocorticoids (Sapolsky, 1992). This
effect is more evident in animals and also people who have experienced
toxic stress. The “glucocorticoid-cascade hypothesis of stress and
aging”, as it is called, was one of the bases for the concept of allostatic
load and overload. Sapolsky also did seminal work on dominant and
subordinate baboons in Africa and laid the groundwork for how in-
come, education and human social hierarchies impact physical and
mental health. His books “Why Zebra’s Don’t Get Ulcers”, “A Primate’s
Memoir” and “Behave”, and writings in the Wall Street Journal have
made him an important figure for public awareness of behavioral sci-
ence, along with his popularity as a teacher at Stanford University.
While Robert Sapolsky’s findings emphasized the role of glucocorticoids
in neural damage and systemic pathophysiology, there was another side
to the story, namely, the role of glucocorticoids and other hormones in
adaptive plasticity of the adult as well as developing brain.

5. Plasticity of the brain

Long regarded as a rather static and unchanging organ, except for
electrophysiological responsivity, such as long-term potentiation (Bliss
and Lomo, 1973), the brain was finally recognized as capable of un-
dergoing rewiring after brain damage (Parnavelas et al., 1974) and also
able to grow and change as seen by dendritic branching, angiogenesis
and glial cell proliferation during cumulated experience (Bennett et al.,
1964; Greenough and Volkmar, 1973). More specific physiological
changes in synaptic connectivity were also recognized in relation to
hormone action in the spinal cord (Arnold and Breedlove, 1985), and in
environmentally directed plasticity of the adult songbird brain
(DeVoogd and Nottebohm, 1981). Seasonally varying neurogenesis in
restricted areas of the adult songbird brain is recognized as part of this
plasticity (Nottebohm, 2002). Indeed, adult neurogenesis in the adult
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mammalian brain was initially described (Altman and Das, 1965;
Kaplan and Bell, 1983) and then suppressed (Kaplan, 2001), only to be
rediscovered in the dentate gyrus of the hippocampus (Cameron and
Gould, 1994; Gould and McEwen, 1993) in the context of studies of
neuron cell death and actions of adrenal steroids and excitatory amino
acids in relation to stress. Neurogenesis in the dentate gyrus has gone
on to become a huge topic related to effects of stress (Gould et al.,
1997), exercise (van Praag et al, 1999), enriched environment
(Kempermann et al., 1997), antidepressants (Duman et al., 1997) and
learning and memory (Leuner et al., 2006). More than neurogenesis,
structural plasticity includes dendrite remodeling, synapse formation
and synaptic pruning. Chronic stress causes shrinkage of dendrites in
the CA3 region of the hippocampus (McEwen, 2016) and in the medial
prefrontal cortex (McEwen and Morrison, 2013), with expansion of
dendrites in the basolateral amygdala and orbitofrontal cortex
(Chattarji et al., 2015; Liston et al., 2006; Vyas et al., 2002).

In the human brain regular exercise increases the volume of the
hippocampus in elderly subjects (Erickson et al., 2011), and a recent
study shows how the brain architecture of a mother is sculpted during
pregnancy as part of the formation of attachment to the child
(Hoekzema et al., 2017). Moreover, a s’s brain develop with enhanced
size and connections of sensory and motor control regions of the cer-
ebral cortex (Merzenich, 1998). Furthermore, various types of mind-
fulness and meditation interventions are reported to sculpt the cerebral
cortex in specific ways.(Valk et al., 2017).

6. Behavioral medicine, allostasis and allostatic load

One step closer to my convergence with Dirk Hellhammer, my work
on adrenal steroid hormone effects on the hippocampus and other
limbic system brain areas attracted the attention of Eliot Stellar and
colleagues at Penn. Because of Stellar, I was drawn into a MacArthur
Foundation Network on Health and Behavior, together with Judith
Rodin at Yale and others from many universities, and this experience
broadened my perspective to learn about and include many aspects of
translational behavioral science and behavioral medicine. The Health
and Behavior Network also was the basis of the subsequent MacArthur
Foundation Research Network on Socioeconomic Status (SES) and
Health, where concepts of social neuroscience and behavioral medicine,
were either applied and/or developed under the leadership of Nancy
Adler, UCSF. They are helping to elucidate how SES “gets under the
skin” and affects health of human populations (http://www.macses.
ucsf.edu/). It was out of these two networks that the notion of “allo-
static load” was born, and out of which began my involvement in better
understanding stress effects upon the human brain and body.

Jerome Kagan has noted that the word “stress” is used so much in
different ways so as to be ambiguous and almost meaningless; and he
suggested that the word “stress” be used only in the cases where an
event poses a serious threat to someone’s well-being (Kagan, 2016).
There are other uses of the word “stress”. For starters, “good stress”
involves taking a chance on something one wants, like interviewing for
a job or admission to school, or giving a talk before strangers, and
feeling rewarded when we are successful. (A negative experience in a
job or school interview is not “good” stress, however, but may be tol-
erable!) “Tolerable stress” means that something bad happens, like
losing a job or death of a loved one, or being unsuccessful in a job or
school interview, but with personal resources, including good self es-
teem and locus of control, and support systems one is able to weather
the storm. “Toxic stress” means what Kagan refers to, that is, something
bad happens but one lacks the internal personal resources and/or ex-
ternal support systems, and feels a lack of control. As a result, one may
sleep poorly and adopt other health damaging behaviors and may de-
velop mental and physical health problems over time as a result of al-
lostatic overload, as explained below.

Putting these three forms of “stress” into a biological and behavioral
context, we know that “homeostasis” means the physiological state
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which the body maintains to keep us alive - that is, body temperature
and pH within a narrow range and adequate oxygen supply. In order to
maintain homeostasis, our body activates hormone secretion and turns
on our autonomic and central nervous system (we call these “media-
tors” like cortisol, adrenalin, the immune system and metabolism) to
help us adapt, for example, when we get out of bed in the morning,
walk up a flight of stairs, or have a conversation. These systems are also
turned on when we are surprised by something unexpected, or get into
an argument, or run to catch a train. Some of these experiences we may
refer to as “stressful” but others we do not. So using the word stress does
not really recognize all of the underlying biology, including the health-
promoting and health-damaging behaviors that also activate and
sometimes dysregulate these mediators. The mediators, themselves,
operate non-linearly and influence each other, so that abnormal activity
of one mediator perturbs and distorts the rest of the network.

In 1988, Peter Sterling and Joseph Eyer published a paper on the
concept of allostasis as applied to the cardiovascular system (Sterling
and Eyer, 1988). Thanks to Eliot Stellar, I met Sterling and heard him
speak. As my role in the network developed, Stellar and I wrote a paper
that broadened the allostasis concept beyond the cardiovascular system
and introduced the notion of cumulative change as a result of excessive
or dysregulated allostasis (McEwen and Stellar, 1993) that was ulti-
mately named “allostatic load” (McEwen, 1998). The MacArthur Net-
work “morphed” into the MacArthur Research Network on Socio-
economic Status and Health that continued the development and
validation of allostatic load with the important role of Teresa Seeman
from UCLA (McEwen and Seeman, 1999; Seeman et al., 2010a, 2010b;
Wiley et al., 2016). The basic concept behind allostatic load is an out-
growth of Robert Sapolsky’s “glucocorticoid cascade hypothesis” of
stress and aging (Sapolsky et al., 1986) that was broadened to en-
compass not only glucocorticoids and catecholamines but also other
interacting mediators of adaptation. Allostasis and allostatic load ac-
knowledge the central role of the brain in response to stress and the
resulting health-promoting and health-damaging behaviors (Fig. 1).

The “mediators” of allostasis help us adapt as long as they are
turned on in a balanced way when we need them and then turned off
again when the challenge is over. When that does not happen, they can
cause unhealthy changes in brain and body. This is also the case when
the “mediators” are not produced in an orchestrated and balanced
manner — for example, too much or too little cortisol or an elevated or
too low blood pressure. When this happens and continues over weeks
and months, we call it “allostatic load” to refer to the wear and tear on
the body that results from the chronic overuse and imbalance of the
“mediators”. Accumulation of abdominal fat is an example as is the
development of chronic hypertension.

One more development of the allostatic load concept was con-
tributed by a field biologist, John Wingfield, who pointed out that
animals in the wild are continually searching for calories to stay alive
while we humans, at least in affluent societies, are oversupplied with
calories (McEwen and Wingfield, 2003). Moreover, Wingfield pointed
out that forms of what we might call “allostatic load” are important
adaptive features in bears putting on body fat for the winter, during
which they burn it off. Yet, bears in a zoo can develop obesity asso-
ciated with cardiovascular disease out of over-feeding, boredom and
lack of physical activity.

This led to Wingfield’s suggestion that “allostatic overload” might
apply to those most negative aspects of dysregulated allostasis (McEwen
and Wingfield, 2003, 2010). Yet, migrating salmon and marsupial mice
experience “allostatic overload” that eliminates part of the population
in order to provide resources to the next generation (Carruth et al.,
2002; Poskitt et al., 1984). An example of allostatic overload in humans
is when hypertension leads to coronary artery blockade, and abdominal
fat contributes chemicals that accelerate the coronary artery blockade.
Note, however, that we are not talking about just one mediator, like
cortisol, but rather a host of mediators that are all released in allostasis
in a coordinated manner to promote adaptation but which can also
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The Brain as a Primary Organ of Stress
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Fig. 1. The brain as the primary organ of stress and response to stress (redrawn from (McEwen, 1998).

cause damage when overused and dysregulated as described above.
Because cortisol is well known in relation to stress and is an essential
component of multiple physiological adaptive processes, this is where
our interests converged with those of Dirk Hellhammer and his col-
leagues.

7. Convergence with Dirk Hellhammmer and the Trier Group

Cortisol is a component of the measurement of allostatic load, and
single measurements of cortisol are virtually meaningless because of its
moment-to-moment fluctuations. With Clemens Kirschbaum and other
colleagues, Dirk Hellhammer introduced salivary cortisol (and later
hair cortisol) and the Trier Social Stress Test (TSST), all of which have
been adopted and used worldwide (Kirschbaum et al., 1993). Salivary
samples can be taken repeatedly and do not involve the stress of blood
sampling; moreover, salivary cortisol reflects free cortisol that is pre-
sumably active.

One series of papers of particular importance to me concerned
salivary cortisol responses to repeated TSST exposure, in which a subset
of men failed to habituate their cortisol elevation and produced higher
cortisol levels and showed evidence of lower self-esteem (Kirschbaum
et al., 1995). This example led to a figure in my 1998 New England
Journal of Medicine paper defining allostatic load as one way that the
stress response can lead to allostatic load, namely, by not habituating to
repeated exposure to the same stressor (McEwen, 1998). Fig. 2. Indeed,
new work emphasizes that low child and adult SES are associated with
significantly slower recovery rate of the HPA response compared with
high child and adult SES (Le-Scherban et al., 2018).

Moreover, led by Jens Pruessner, who went from Trier to McGill for
some years, the Hellhammer team further explored the self esteem
linkage and showed an association with a smaller hippocampus
(Pruessner et al., 2005, 1999). The implications of this are very Im-
portant because low self esteem/locus of control and a smaller hippo-
campus are associated with increased risk for PTSD (Pitman et al.,
2006) as well as major depression (Sheline, 2003). The relationship of
self esteem and locus of control to hippocampal volume as been further
amplified in relation to poverty (Wang et al., 2016), PTSD (Agroskin
et al., 2014) and genetic vs environmental influences based on twin
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studies (Kubarych et al., 2012). This has implications for interventions
during “windows of opportunity” based upon our increasing knowledge
of brain plasticity. Recent work shows, for example, that intervention
with African-American adolescents at age 11 and their caregivers to
improve self-regulation and self-esteem/locus of control prevents a
decline in hippocampal and amygdala volume as measured at age 25
that occurs without such an intervention due to poverty and racial
discrimination among other stressors, (Brody et al., 2017).

8. The variety of roles of the HPA axis

As this work progressed, the Hellhammer group recognized and
summarized physiological and psychological factors that influence
variability in the HPA response (Hellhammer et al., 2009). Mechan-
istically, contributing factors include the balance of hypothalamic re-
leasing factors, the 11HSD 1 and 2 enzymes that metabolize gluco-
corticoids, variation in corticosteroid binding globulin levels, effects of
the innervation of the adrenal cortex by the splanchnic nerve, mod-
ulating effects of sex hormones and sex differences, along with level and
activity of mineralocorticoid (MR) and glucocorticoid (GR) receptors
and their allelic variants (Judd et al., 2014; McEwen, 2007; van Rossum
et al., 2006). It is also noteworthy that MR and GR have both genomic
and rapid non-genomic effects (Joels, 2006; McEwen, 2015; McEwen
et al., 2015a). These factors help determine differences between cortisol
levels measure in blood, saliva and urine (Hellhammer et al., 2009).

8.1. Hair cortisol

The emergence of cortisol in hair, pioneered by Kirschbaum KirKi
(Kirschbaum et al., 2009), as a more integrated, longer-term measure of
HPA activity has added to the ways of assessing effects of cumulative
stress as well as chronic circadian disruption. One surprising result is
the report that severe burnout characterized by exhaustion and reduced
work efficiency is reported to be associated with hypercortisolism, as
assessed by hair cortisol and reported and discussed by former Hell-
hammer trainees (Penz et al., 2018; Rohleder, 2018). For post-trau-
matic stress disorder (PTSD), hair cortisol measures have facilitated a
more sophisticated modeling of the complex changes occurring after
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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: repeated “hits” from multiplestressors; lack of adaptation; prolonged response due to delayed
shutdown; and inadequate response that leads to compensatoryhyperactivity of other mediators (e.g., inadequate secretion of glucocorticoids, resulting in increased
concentrations of cytokines that are normally counterregulated by glucocorticoids). From (McEwen, 1998).

trauma in which both cortisol elevation and reduction are reported
(Steudte-Schmiedgen et al., 2016).

8.2. Too much cortisol or cortisol at the wrong time

Examples include a flat diurnal rhythm (see below) and Cushing’s
Disease when excess cortisol is produced by a pituitary gland tumor
(Bas-Hoogendam et al., 2015; Starkman et al., 2003; van der Werff
et al., 2015; Young et al., 1994)! Furthermore, acutely, a glucocorticoid
elevation preceeding an inflammatory challenge exacerbates the in-
flammatory response, even though the inflammatory response triggers a
counter-regulatory anti-inflammatory HPA response (Frank et al., 2016;
Sorrells et al., 2009; Sorrells and Sapolsky, 2007).
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8.3. Systemic metabolic actions of glucocorticoids

Moreover, as implied by the name “glucocorticoid”, adrenalecto-
mized animals respond to sucrose ingestion by normalizing hypotha-
lamic expression of corticotropin-releasing-factor messenger ribonu-
cleic acid and energy balance; this indicates that there is a
glucocorticoid-systemic metabolic-brain axis that is independent of the
stress axis mediated by neural actions of glucocorticoids; this has led to
a new view of why we eat “comfort foods” when under stress (Dallman,
2003; Laugero et al., 2001)

8.4. Essential physiological role of glucocorticoids — circadian and immunity

We often forget that the cortisol response is not the “bad guy”, as it
is often implied by its elevation in the context of a bad experience;
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rather, cortisol, which keeps us alive under those adverse circum-
stances, has a normal physiological role not only helping us adapt to
stressors but also coordinating our metabolism with our daily activity
and sleep patterns (McEwen et al., 1993). For example, diurnal and
ultradian fluctuations of cortisol promote the formation and elimina-
tion of synapses in the brain and this helps us learn and adapt (Liston
et al., 2013; Liston and Gan, 2011).

It should also be remembered that the circadian variation of cortisol
determines the efficacy of the stress response, as shown by the Dallman
laboratory; that is, a flat cortisol rhythm leads to a sluggish turn-on and
turn-off of the HPA response, while a normal diurnal variation facil-
itates efficient allostasis (Akana et al., 1988; Jacobson et al., 1988).

Moreover, the diurnal early morning rise of cortisol, as well as an
acute stress response activates adaptive immune function so that one
can fight an infection or repair a wound, even though chronic stress has
the opposite effect and suppresses inflammation and adaptive immune
function (Dhabhar and McEwen, 1999). Beside cortisol and adrenalin
involvement in this important adaptive function, key biochemicals of
the immune system are also necessary and, together, they help immune
cells “go to their battle stations” where they are needed! (Dhabhar
et al., 2012). As exemplified by the concepts of allostasis and allostatic
load, the body’s response is like an orchestra involving many players
that need to work in harmony!

8.5. Glucocorticoids and immune-related cells in the brain

Glucocorticoids regulate microglial function in the brain. Microglia
express glucocorticoid receptors (GR) and also mineralocorticoid re-
ceptors (MR) that are the primary steroid hormone regulators of mi-
croglial inflammatory activity (Sierra et al., 2008). The down-regula-
tion of steroid hormone receptors after LPS challenge may serve as a
prerequisite to suppressing the anti-inflammatory actions of en-
dogenous steroid hormones on the immune system, and contribute to a
sustained activation of microglia (Sierra et al., 2008).

8.6. Variety of glucocorticoids actions over the life course

Finally, glucocorticoids do not play the same role across the life
course but rather serve different functions, starting with their role in
“wakening” of the amygdala in neonatal life (Moriceau and Sullivan,
2004) and continuing to their role in promoting ponderal growth in
adolescence (Romeo et al., 2006) and their influence on the vulner-
ability of the adolescent brain to stressful experiences (Pattwell et al.,
2011, 2016; Romeo, 2017) as well as the age-accelerating role of excess
cortisol in aging (Lupien et al., 1998; Sapolsky et al., 1986).

9. Diagnosis and interventions

How can this information be used for better diagnosis and treatment
of stress-related disorders? Besides the HPA axis, the Hellhammer group
recognizes that there are other mediators of allostasis including other
hormones, the immune system and the autonomic nervous system.
Moreover, behavioral assessments and functional and structural ima-
ging of the brain can also add useful information, in order to develop
better psychosocial interventions in addition to pharmacological
therapy. They have developed “neuropattern” as a diagnostic tool,
which is defined as follows: “Neuropatterns are conceptualized en-
dophenotypes of the activity and reactivity status of neurobiological
interfaces, which participate in the crosstalk between the brain and
peripheral organs under stressful conditions” (Hellhammer et al., 2012,
2018; Hero et al., 2012).

As to why this is so timely and important, the diversity of individual
differences in behavioral and physiological responses within broad
designations of “stress”, “burnout”, “PTSD” or “depression”, means that
no single behavioral or biological marker will be sufficient for diagnosis
of stress-related disorders and discovery of effective treatments. Rather,
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a combination of measures from diverse methodologies is a key feature
of Neuropattern, Allostatic Load, and RDoC. RDoC from the National
Institutes of Mental Health has the same goals and uses different levels
or units of analysis (molecular, circuit, behavior and symptom levels) to
define constructs that are presumed to underlie core symptoms of
mental disorders (Casey et al., 2013). For depression, for example,
functional imaging of the brain identifies “biotypes” and is helpful in
narrowing down a diagnosis (Drysdale et al., 2017). A future research
direction might therefore address whether “Neuropattern” in combi-
nation with functional imaging and other systemic and neural bio-
markers might narrow the possibilities of diagnosis and improve the
effectiveness of treatments for stress-related disorders. Furthermore,
and very important to keep in mind, the allostatic load/overload model
and its measurement and analysis (Seeman et al., 2010a; Wiley et al.,
2016) provides biomarkers for determining multisystem dysregulation
of the cumulative effects of a stressful lifestyle that results in multi-
morbidity of brain and systemic disorders, including such co-morbid-
ities of depression with diabetes and/or cardiovascular disease
(Tomasdottir et al., 2015).

10. Conclusions

The convergence of research described herein has revolved around
the many functions of glucocorticoids in organismal physiology, the
multiple mechanisms by which these actions occur, and the multiple
interactions between neural and body systems involving glucocorti-
coids, at least in part, along with the interacting mediators of allostasis.
The Trier group, led by Dirk Hellhammer and his many outstanding
colleagues, has led the way not only in non-invasive measurement of
free cortisol in relation to psychophysiological challenges but also the
dysregulation of these in conditions such as low self esteem and burn-
out along with sex differences and the influence of gonadal hormone
variations. This is now being integrated with discoveries as to how
cortisol interacts with other mediators of allostasis and contributes to
brain-body interactions by regulating structural and functional plasti-
city of the brain via epigenetic mechanisms.
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