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Preface

“Stress Challenges and Immunity in Space” although seemingly specific in its title
is broad in nature. The field of stress research is inherently multidisciplinary and
complex as stress can arise from an almost limitless combination of situations and
factors, and has the potential to influence all organ systems, either directly or indi-
rectly. As a result, in approaching immune system changes during spaceflight, a
highly unusual condition of life with a vast array of stressors and interactions, an
integrative and holistic pathway is needed. Yet biological research in space is inher-
ently limited in scope and detail. And therefore the question arises as to how to
obtain sufficient detail and understanding to ensure the safety of our astronauts/
cosmonauts.

This book is an attempt to approach this issue. It begins with a brief introduction
to stress, describes the general interactions between stress, the central nervous system,
and immunity; summarizes the current state of research with regard to immunity
during spaceflight; and finally concludes with the latest technology and approaches
to stress and immune monitoring, therapeutics, and future research platforms. The
aim is not only to provide the current state of the art but also to serve as an impetus
and drive for new research, which will eventually help mitigate the risks of voyage
far beyond Earth. Furthermore, knowledge gained will help humans adapt to many
extreme conditions of life, such as the critically ill, shift-workers, miners, Antarctic
expedition crews, submariners, and more.

The participation of authors and expert scientists spanning a number of fields
both from spaceflight and non-spaceflight research is a step toward an integrative
and holistic approach, from basic science to applied science to technology. However,
integrative and holistic implies that the current knowledge and views as presented
are far from complete or comprehensive and by default are open to future discover-
ies and interpretations.

There, therefore, will be space to continue this approach. This book will hope-
fully serve as a starting point for a more integrative approach to research in the field
of stress and immunity.

Munich, Germany Alexander Chouker
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Space Travel: A Personal
View from Above

Thomas Reiter

Spaceflight has become an indispensable part of our daily life — it significantly con-
tributes to the development of new technologies and applications. Furthermore, it
helps to expand our knowledge about our own planet and our environment beyond
the boundaries of our atmosphere. This applies especially to human space flight, for
example on board the ISS, where research is performed in a wide spectrum of sci-
entific disciplines.

Human space flight is also the source of great fascination. This constant, every-
day curiosity drives us to continually expand our boundaries, to find answers to ever
new questions. Curiosity is a deeply human quality, which has always played a cen-
tral role in our development. Space is an excellent environment for research, which
paves the way for solutions of earthly problems. Even in the medical field, for exam-
ple in the understanding of stress and immune interactions, research in the space-
environment provides unique possibilities.

The progression and further evolution of our technical and scientific knowledge
isthe merit of generations of engineers and researchers, who have been working in
the area of spaceflight and who will continue to push the limits of technology and
science. In the next few decades, humans could be returning to the moon or travel to
more distant destinations. More advanced spaceships will be needed, and a wide
range of medical issues have to be solved. Specifically the impact of the space envi-
ronment on the human body needs to be fully understood.

Astronaut, Director Human Space Flight and Operations of the European Space Agency (ESA)

T. Reiter

Director of Human Spaceflight and Operations (HSO),
Robert-Bosch-Strasse 5D-64293, Darmstadt, Germany
e-mail: officetr@esa.int

A. Chouker (ed.), Stress Challenges and Immunity in Space, 3
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4 T. Reiter

Spaceflight is an interdisciplinary regime with a direct impact on science,
technology and industrial capabilities. However, we should not loose sight of the
human — the cultural — aspect of spaceflight. During training astronauts get prepared
for every situation, for every off-nominal situation. Still, there is no preparation for
this overwhelming view out of the window. This view gives a totally different per-
spective on our planet ‘from outside’. The sojourn in space is a totally new experi-
ence, no matter what you might have done before. After returning to earth, one
wants to share this fantastic experience, the different views and insights with others.
The various colours of our planet, cloud formations, the different colours of our
atmosphere — a multitude of impressions that an astronaut registers, has to assimi-
late, and can never forget.



Space Travel: An Integrative View
from the Scientists of the Topical
Team “Stress and Immunity”

Sarah Baatout, Alexander Chouker, Ines Kaufmann,
Nicola Montano, Siegfried Praun,

Dominique de Quervain, Benno Roozendaal,
Gustav Schelling, and Manfred Thiel

For centuries, mankind has struggled to understand the profound complexity govern-
ing the principles of life and the universe. This quest has taken him on scientific
journeys far and wide: from the exquisitely simple atomic structure of our DNA to
the hellish and chaotic depths of our sun, the energy source for all life on Earth, and

The European Space Agency has supported the teaming up of international experts in “Topical
Teams”. Topical Teams are open structures lead by European researchers which should address a
scientific field in which gravity and access to space or planetary bodies constitute important cor-
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beyond. Scientific, artistic, and social discoveries are what drive us as humans, and
what distinguish us from all other species with which we share this planet. One of the
fundamental questions that still troubles us is how life began on this planet and
whether it exists elsewhere in the universe. This deep desire to understand and search
for life has taken humans on exploratory journeys to the extremes of our planet: from
the depths of our oceans to the heights of our mountains, and from the cold of
Antarctica to the darkness of space. Fifty years ago, Yuri Gagarin marked a defining
moment in the history of human exploration when he became the first human to
escape the clutches of Earth’s gravitational pull. Yet in 1960, before he launched into
space, it was not even clear if humans could survive in a zero-gravity environment.
At no stage in our evolution had we been prepared for such an environmental stress.
From the moment life began in the “pre-biotic soup,” some 3 billion years ago, all life
on earth, Eukaryotes, Prokaryotes, and Archaea alike, have been shaped by the uni-
versal force of gravity. Within the space of a few minutes however, the most complex
of these organisms, a human, Yuri Gagarin, seemingly “skipped” this evolutionary
force and successfully coped with the absence of gravity. Since his historic 108-min
voyage, others have survived for months not only in weightlessness, but also in
extreme isolation and confinement, darkness, and danger. However, adapting to such
hostile and unnatural conditions is not without any repercussions and is accompanied
by adverse physiological and psychological effects, which, over the last decades,
have been shown to disrupt almost all organ systems. Whilst our presence has
extended beyond low Earth orbit to the moon, manned exploration beyond Earth’s
vicinity into the depths of our solar system requires a much more detailed under-
standing of the adaptation of human beings to extreme environments. Major ques-
tions remain: What are the principal and most important environmental and social
threats to physical and mental health of crews during long-duration space flight mis-
sions, and how can we prevent and mitigate the adverse effects from adaptation to
these threats?

It was Hans Selye who first used the term “stress” in the 1930s to describe how a
biological system might adjust to the challenges and demands associated with major
environmental changes (Selye 1936). He realized that when a complex organism is
challenged by noxious conditions, the resulting symptoms are independent of the qual-
ity of the conditions, i.e., the qualitative end-result of different stressor types is the
same. Rather, it is the quantitative effects that vary however. He also recognized that stress-
ful conditions directly affect neural pathways, such as the autonomic nervous system,
but also indirectly affect other organ systems, e.g., the immune system. The steps
involved in the adaptation process to chronic stress are gradual and the biological sys-
tem either builds up resistance to the stress and maintains a healthy physiological and
psychological equilibrium, or succumbs to the stress, resulting in disequilibrium.

Stress research has expanded tremendously since then and Selye probably never
imagined that it would transcend Earth’s boundaries. Space flight is associated with
a very distinct and unique combination of stressors: zero-gravity, radiation, altered
microbial flora, isolation, confinement, altered day/night cycles and closed loop envi-
ronments. Such stressors will be experienced in the extreme during inter-planetary
travel. These combined and multi-factorial challenges affect many organ functions,
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including immunity, and overall health. Moreover, in the case of the immune system
for example, changes can influence other physiological systems, and even feedback
with neural pathways in a bidirectional manner (Tracey 2009).

Although astronauts are exceptionally well selected, trained, and healthy indi-
viduals, some are now known to be particularly prone to health alterations during
the course of space flight. When challenged by complex stressful conditions, e.g.,
space flight, individuals react differently and adjustment to the conditions can fail.
The “milieu intérieur” (Claude Bernard, 1813—1878) is no longer able to maintain
“coordinated physiological processes which maintain most of the steady states in
the organism,” as they “are so complex and so peculiar to living beings — involving,
as they may, the brain and nerves, the heart, lungs, kidneys and spleen, all working
cooperatively” (Cannon 1932). This concept of “homeostasis” is extended further
by the notion of homeodynamics, i.e., “the stability of the internal milieu toward
perturbation” (Lloyd et al. 2001).

Although studying specific cellular models and simple biological organisms
under conditions of simulated weightlessness, increased radiation, or isolation and
confinement can help unravel the neurophysiological consequences of standardized
emotional and physiological strains, no organ, especially in the case of humans, can
be considered as a stand-alone entity. For this reason, new integrative and holistic
approaches to the understanding of stress responses and individual predispositions
and reactions to stress have started to evolve. With the help of research on the
International Space Station and in analogous conditions and environments — e.g.,
group isolation and confinement in chamber studies (e.g., MARS500) or field oper-
ational conditions (e.g., Antarctica or sub-aquatic habitats) — the impact of distinct
emotional and physical stressors, or a combination thereof, can be investigated. This
will eventually help with the understanding of the incremental effects of stress on
organ allostasis, from an allostatic load to overload with subsequent exhaustion and
failure to re-establish an appropriate equilibrium.

Because allostasis is a continuous and evolving process, efficient and simple
tools to monitor physiological and behavioral adaptation processes and conse-
quences during long-duration deep space missions are needed to enable early detec-
tion of disease and early implementation of appropriate countermeasures. Given that
the reaction to stress can vary between individuals, how can we design strategies to
meet the astronauts’ individual needs under evolving and unpredictable conditions?
This may prove very difficult and will require new technologies and devices. Should
we select astronauts based on the presence of genetic characteristics that con-
fer resistance to stress? The new technological tools of molecular biology, such
as micro-arrays, will help to understand the genetic and epigenetic (e.g., DNA-
methylation, post-transcriptional regulation) reasons for (mal) adaption, and thera-
peutic consequences. If genetic testing were to provide the potential to select and
de-select candidates, this would have important ethical, social, and psychological
implications. However, because “reading genes” is not equivalent to “understanding
genes” and because human complexity goes beyond genetic heritage, identification
of genetic polymorphisms that appear to correlate with a higher predisposition to
physiological and behavioral stresses should not disqualify a potential space flight
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candidate. Although polymorphisms in genes, for example, genes regulating sleep
(Goel et al. 2009), or traumatic memory encoding, or DNA repair, may possibly
lead to increased risk, individuals may have unidentified genetic resistance to other
space-related stress factors, as well as behavioral resistance that may mitigate
genetic risk. “The right stuff” seems very likely to be a very complex mix of gene—
environment interactions. Given the ethical implications, the use of genetic analysis
is not to define candidates who are suitable or not suitable for space flight, but rather
to identify possible risks in order to personalize the frequency and mode of physi-
ological and psychological assessments and countermeasures in space, and during
rehabilitation upon return to Earth.

There is much left to qualify and quantify but with time we will refine the physi-
ological, psychological, and pharmaceutical factors and interventions that will allow
humans to travel inter-planetary distances. Along the way, these developments will
not only benefit our space agencies but also wider society. Stress has the ability to
alter the function of virtually every single organ system and cell type in the human
body. The study of healthy humans experiencing high levels of stress in confine-
ment and isolation, and in other space analogous environments, allows us to draw
clear causal links between stress and physiological disequilibrium and disease.
Understanding the interaction between stress and the human body and mind will
lead to better healthcare not only for astronauts, but also for the vast majority of us
who will never escape gravity’s pull. Every single person on this planet experiences
stress and no one is completely immune to its effects.

Acknowledgment The authors acknowledge the funding of this Topical Team by the European
Space Agency (ESA) and express their thanks to Dr. Oliver Anger (ESA) for his support. The fund-
ing of the authors by national space agencies or other national or international funding institutions
is acknowledged and specified in more detail in the authors’ individual chapters
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Partll

“Stress and Immunity” - Research:
A Link Between Space and Earth



What Is Stress?

Bruce S. McEwen and llia N. Karatsoreos

‘I am stressed out’ is non-accusatory, apolitical and detached. It is a good way to keep the
peace and, at the same time, a low-cost way to complain.

— America’s Latest Export: A Stressed-Out World
By Richard A. Shweder
Published: January 26, 1997

3.1 Introduction

Stress is a word that is used throughout the world, and it has many meanings. There
is “good stress” and “bad stress.” Some would prefer to use “stress” to refer only to
the experience and consequences of a situation when one is unable to cope physi-
cally or psychologically with the challenge (Cohen et al. 2007; Lazarus and Folkman
1984). Physiologically, cortisol and adrenalin are stress hormones and the fight or
flight response is usually the focus of discussions of stress. But that is only part of
the story. There are multiple biological mediators besides the adrenal stress hor-
mones that are responsible for adaptation in situations that evoke the fight or flight
response (McEwen and Stellar 1993; Sterling and Eyer 1988) and help us stay alive,
but these same mediators also contribute to pathophysiology when overused and
dysregulated, resulting in allostatic load and overload (McEwen 1998; McEwen and
Wingfield 2003).

The brain is the central organ of stress and adaptation because it determines not
only what is threatening, or at least different and potentially threatening, in a new

B.S. McEwen (I4) * I.N. Karatsoreos

Harold and Margaret Milliken Hatch Laboratory of Neuroendocrinology,
The Rockefeller University, New York, NY, USA

e-mail: mcewen @mail.rockefeller.edu

A. Chouker (ed.), Stress Challenges and Immunity in Space, 1
DOI 10.1007/978-3-642-22272-6_3, © Springer-Verlag Berlin Heidelberg 2012
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Environmental stressors
-Social stress/isolation
-Sleep loss
-Heavy workload

|

Perceived stress
-Threat/no threat
-Helplessness
-Vigilance

Behavioral responses

Individual differences Prefrontal

G ~ Cortex -Fight or flight
“aenes Hippocampus -~“Coping” strategies
-Development Amygdala -Eatin
-Experiences PVN, etc. -Drinkigng

-Drug use/abuse

Physiologic responses

Allostasis Adaptation
Allostatic load

Fig.3.1 The brain is the central organ of stress and adaptation and plays a major role in determin-
ing whether there is successful adaptation as well as cumulative wear and tear on the body and
brain, i.e., allostatic load and overload. PVN paraventricular nucleus in the hypothalamus

situation, but also determines the physiological and behavioral responses (Fig. 3.1).
Alterations in brain structure and function by experiences throughout life determine
how each individual will respond to new events. But there are also important contri-
butions from genes; individual life-style habits reflecting items, such as sleep quality
and quantity; diet, exercise and substance abuse; adverse early life experiences that
set life-long patterns of behavior and physiological reactivity; and exposure to toxic
agents in the environment.

One purpose of this chapter is to describe the concepts of allostasis and allostatic
load and overload as a way of making the discussion of the physiology and psycho-
biology of stress more precise and biologically based and related to life style and
health-related behaviors, as well as the stressful experiences themselves. The other
purpose of this chapter is to highlight ways in which the brain and its architecture
play a key role in how individuals respond to new challenges. The relevance of the
adaptation to stressors will be discussed in relation to the challenges of space flight
and adaptation to microgravity providing further basis for understanding how the
brain, immune system and health can be affected under such conditions.
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Box 3.1: Levels of Stressful Experiences: Their Causes, Consequences and Why
We Experience Them!

Positive Stress

* A personal challenge that has a satisfying outcome

* Result: Sense of mastery and control

* HEALTHY BRAIN ARCHITECTURE

* Good self-esteem, judgment and impulse control

Tolerable Stress

* Adverse life events buffered by supportive relationships
* Result: Coping and recovery

e HEALTHY BRAIN ARCHITECTURE

* Good self-esteem, judgment, and impulse control

Toxic Stress

* Unbuffered adverse events of greater duration and magnitude
 Result: Poor coping and compromised recovery

* Result: Increased life-long risk for physical and mental disorders
* COMPROMISED BRAIN ARCHITECTURE

» Dysregulated physiological systems

3.2  Types of Stress

This chapter will use the following classifications of types of stress: good stress,
tolerable stress, and toxic stress (Box 3.1)".

Good stress is a term used in popular language to refer to the experience of rising
to a challenge, taking a risk and feeling rewarded by an often positive outcome.
A related term is “eustress.” Good self-esteem and good impulse control and decision-
making capability, all functions of a healthy architecture of the brain, are important
here. Even adverse outcomes can be “growth experiences” for individuals with such
positive, adaptive characteristics.

“Tolerable stress” refers to those situations where bad things happen, but the indi-
vidual with healthy brain architecture is able to cope, often with the aid of family, friends,
and other individuals who provide support. Here, “distress” refers to the uncomfortable
feeling related to the nature of the stressor and the degree to which the individual feels a
lack of ability to influence or control the stressor (Lazarus and Folkman 1984).

Finally, “toxic stress” refers to the situation in which bad things happen to an
individual who has limited support and who may also have brain architecture that
reflects effects of adverse early life events that have impaired the development of
good impulse control and judgment, and adequate self-esteem. Here, the degree

* See http://developingchild.harvard.edu/index.php/activities/council/ for the document ‘The Science
of Early Childhood Development: Closing the Gap Between What We Know and What We Do’ as
well as many other useful papers on the topic of brain development and stress
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and/or duration of “distress”” may be greater. With toxic stress, the inability to cope
is likely to have adverse effects on behavior and physiology, and this will result in a
higher degree of allostatic overload, as will be explained later in this chapter.

3.3 The Concepts of Allostasis and Allostatic
Load and Overload

The body responds to many experiences by releasing chemical mediators — for
example, catecholamines that increase heart rate and blood pressure. These media-
tors promote adaptation to simple acts like getting out of bed in the morning or
climbing a flight of stairs or more complex acts, like giving a lecture or a musical
performance. However, chronically increased heart rate and blood pressure can
cause pathophysiological changes. For example, in the cardiovascular system, these
changes can result, over time, in pathophysiological conditions like atherosclerosis,
that can result in stroke and myocardial infarctions (Cohen et al. 2007).

Because these mediators are involved, paradoxically, in both protection and
damage, and also because the word “stress” has ambiguities and connotations
that interfere with its precise use, the term “allostasis” was introduced (Sterling
and Eyer 1988) to refer to the active process by which the body responds to
daily events and maintains homeostasis (allostasis literally means “achieving
stability through change”). See Box 3.2 “Definitions.” Because chronically
increased allostasis can lead to pathophysiology, we introduced the terms “allo-
static load or overload” (see distinction in Box 3.2 “Definitions” and below) to
refer to the wear and tear that results from either too much stress or from inef-
ficient management of allostasis, such as not turning off the response when it is
no longer needed (McEwen 1998; McEwen and Stellar 1993; McEwen and
Wingfield 2003).

Other forms of allostatic load/overload involve not shutting off the response effi-
ciently, or not turning on an adequate response in the first place (McEwen 1998).
Having many stressful events and many stress responses also contributes to “wear and
tear” on the body and brain (McEwen 1998). Likewise, not habituating to the recur-
rence of the same stressor and thus dampening the allostatic response can also lead to
overexposure of the brain and body to the mediators of allostasis (McEwen 1998).

Box 3.2: Definitions

Homeostasis is the stability of physiological systems that maintain life, used
here to apply strictly to a limited number of systems such as pH, body tem-
perature, glucose levels, and oxygen tension that are truly essential for life
and are therefore maintained within a range optimal for each life history
stage.

Allostasis is achieving stability through change, a process that supports
homeostasis, i.e., those physiological parameters essential for life defined
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above, as environments and/or life history stages change. This means that the
“setpoints” and other boundaries of control must also change. There are pri-
mary mediators of allostasis such as, but not confined to, hormones of the
hypothalamo—pituitary—adrenal (HPA) axis, catecholamines, and cytokines.
Allostasis also clarifies an inherent ambiguity in the term “homeostasis’ and
distinguishes between the systems that are essential for life (“homeostasis’)
and those that maintain these systems in balance (“allostasis”) as environment
and life history stage change.

Allostatic state: The allostatic state refers to altered and sustained activity
levels of the primary mediators, e.g., glucocorticoids, that integrate physiol-
ogy and associated behaviors in response to changing environments and chal-
lenges such as social interactions, weather, disease, predators, pollution, etc.
An allostatic state results in an imbalance of the primary mediators, reflecting
excessive production of some and inadequate production of others (Koob and
LeMoal 2001). Examples are hypertension, a perturbed cortisol rhythm in
major depression or after chronic sleep deprivation, chronic elevation of
inflammatory cytokines, and low cortisol that increases risk for autoimmune
and inflammatory disorders. Allostatic states can be sustained for limited
periods if food intake and/or stored energy such as fat can fuel homeostatic
mechanisms. For example, bears and other hibernating animals preparing for
the winter become hyperphagic as part of the normal life cycle and at a time
(summer and early autumn) when food resources can sustain it.

Allostatic load and allostatic overload: The cumulative result of an allostatic
state (e.g., a bear putting on fat for the winter) is allostatic load. It can be
considered the result of the daily and seasonal routines; organisms have to
obtain food and survive and extra energy needed to migrate, molt, breed, etc.
Within limits, these are adaptive responses to seasonal and other demands.
However, if one superimposes additional loads of unpredictable events in the
environment such as disease, human disturbance, and social interactions, then
allostatic load can increase dramatically. Type 1 allostatic overload occurs
when energy demands exceed energy income as well as what can be mobi-
lized from stores. Type 2 allostatic overload occurs if energy demands are not
exceeded and the organism continues to take in or store as much or even more
energy than it needs. This may be a result of stress-related food consumption,
choice of a fat-rich diet, or metabolic imbalances (prediabetic state) that favors
fat deposition. There are other cumulative changes in other systems, e.g., neu-
ronal remodeling or loss in hippocampus, atherosclerotic plaques, left ven-
tricular hypertrophy of the heart, glycosylated hemoglobin, and other proteins
by advanced glycosylation end products as a measure of sustained hypergly-
cemia. High cholesterol with low HDL may also occur, and chronic pain and
fatigue, e.g., in arthritis or psoriasis, may also occur associated with imbal-
ance of immune mediators.
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CNS function

e.g. Cognition
Depression
Aging Metabolism
Diabetes e.g. Diabetes
Alzheimer's Cortisol Obesity

DHEA / » |Inflammatory cytokines
Sympathetic Anti-inflammatory cytokines
Parasympathetic Oxidative stress
Cardiovascular function Immune function
e.g. Endothelial cell damage e.g. Immune enhancement
Atherosclerosis Immune suppression

Fig. 3.2 Multiple interacting mediators and nonlinearity of interactions between them. Arrows
represent direct and indirect regulatory influences of one mediator system upon the other systems.
At the corners of the figure are listed some of the body systems that are concurrently affected by
these mediators and their dysregulation (Reprinted from McEwen 2006 by permission). DHEA
dehydroepiandrosterone

3.4  Multiple Interacting Mediators

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 adrenalin and noradrenalin, there are many mediators that partici-
pate in allostasis, and they are linked together in a network of regulation that is non-
linear, meaning that each mediator has the ability to regulate the activity of the other
mediators, sometimes in a biphasic manner (Fig. 3.2). For example, glucocorticoids
produced by the adrenal cortex in response to ACTH (adrenocorticotropic hormone)
from the pituitary gland are the other major “stress hormone.” Yet, pro- and anti-
inflammatory cytokines are produced by many cells in the body, and they regulate
each other and are, in turn, regulated by glucocorticoids and catecholamines. That is,
whereas catecholamines can increase pro-inflammatory cytokine production (Bierhaus
et al. 2003), glucocorticoids are known to inhibit this production (Sapolsky et al.
2000). Yet, there are exceptions — e.g., pro-inflammatory effects of glucocorticoids
that depend on dose and cell or tissue type (Munhoz et al. 2010). The parasympathetic
nervous system also plays an important regulatory role in this nonlinear network of
allostasis, since it generally opposes the sympathetic nervous system and, for exam-
ple, slows the heart, and it also has anti-inflammatory effects (Borovikova et al. 2000;
Thayer and Lane 2000).
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What this nonlinearity means is that when any one mediator 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 (McEwen 2006).
Unfortunately, biomedical technology cannot yet measure all components of this
system simultaneously and must rely on measurements of only a few of them in any
one study, or their secondary consequences (McEwen and Seeman 1999). Yet the
nonlinearity must be kept in mind in interpreting the results. One approach to “tap
into” these mediators, and their surrogates, and obtain a broader picture of the net-
work of allostasis is the “allostatic load battery” (McEwen and Seeman 1999;
Seeman et al. 2010a, b).

A further, important aspect the mediators of allostasis is the biphasic nature of many
of their effects, a concept embodied by the term “hormesis” (Calabrese 2008) and rep-
resented very clearly for cortisol (Joels 2006) and for pro- and anti-inflammatory
cytokines, e.g., interleukin-6 (Campbell et al. 1993; Moidunny et al. 2010; Patterson
1992).

3.5 Stress in the Natural World

The operation of allostasis in the natural world provides some insight into how ani-
mals use this response to their own benefit or for the benefit of the species. As an
example of allostasis, in springtime, 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 mating site or at
least to delay reproduction until the weather improves (Wingfield and Romero
2000). 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 (Nelson 1980). This accumulation of fat is used, then, to survive the winter
and provide food for gestation of young. In contrast, the fat accumulation that occurs
in bears that are captive in zoos and eating too much, partially out of boredom,
while not exercising (McEwen and Wingfield 2003), is an example of “allostatic
overload” referring to a more extreme condition that is associated with pathophysi-
ology and is all-too-common in our own species.

Yet, allostatic overload can also have a useful purpose for the preservation of the
species, such as in migrating salmon or the marsupial mouse, that die of excessive
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 and include suppression of the immune sys-
tem (Gotz et al. 2005; Maule et al. 1989). One beneficial result of eliminating the
adult salmon is freeing up food and other resources for the next generation. In the
case of the marsupial mouse, it is only the males that die after mating, and the hypoth-
esized mechanism is a response to mating that reduces the binding protein, CBG, for
glucocorticoids and renders them much more active throughout the body, including
likely suppressive actions on the immune defense system (Cockburn and Lee 1988).
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3.6 Being “Stressed Out” and How It Affects the Way We Live

As noted by Shweder in the quote at the beginning of this chapter, while “stress” is
an ambiguous term, the common experience of being “stressed out” has somewhat
more specific meaning in terms of behavior and physiology and has, as its core, the
elevation of some of the key systems that lead to allostatic overload — e.g., cortisol,
sympathetic activity, and pro-inflammatory cytokines, with a decline in parasympa-
thetic activity. When we are stressed out, we often feel frustrated, anxious, and even
angry and we are likely to eat comfort foods, drink in excess of normal, smoke (if
we are so inclined) and neglect regular moderate physical activity. We are also likely
to sleep poorly. Indeed, poor or inadequate sleep is a frequent result of being
“stressed out.” Sleep deprivation produces an allostatic overload that can have del-
eterious consequences and a more detailed examination of this and circadian disrup-
tion via shift work and jet lag reveals how many aspects of health can be adversely
affected.

3.7 Sleep Deprivation and Circadian Disruption
as Sources of Allostatic Overload

Because the brain is the master regulator of the neuroendocrine, autonomic and
immune systems, as well as behavior (McEwen 1998) (Fig. 3.1), alterations in brain
function by chronic stress can have direct and indirect effects on cumulative allo-
static load. One of the key systems in the brain and body that regulates homeostasis
of these varied physiological and behavioral variables is the circadian system. Based
in the suprachiasmatic nucleus (SCN) of the hypothalamus, the brain’s clock con-
trols rhythms in the rest of the brain and body through both neural and diffusible
signals. Biological clocks at the molecular level have been detected in almost every
body organ and tissue so far examined, and these clocks are synchronized by the
SCN directly (by way of neural connections) or indirectly through hormonal signals
(e.g., cortisol, melatonin) or behavioral outputs (e.g., feeding). The SCN also regulates
the timing of sleep, and as such, sleep and circadian systems interact to regulate
rest—activity cycles and keep an organism in synchrony with the external environ-
ment. As such, disruption of these key homeostatic systems could clearly contribute
to allostatic overload.

Reduced sleep duration has been reported to be associated with increased body
mass and obesity in the NHANES study (Gangwisch et al. 2005). Sleep restriction
to 4 h of sleep per night increases blood pressure, decreases parasympathetic tone,
increases evening cortisol and insulin levels, and promotes increased appetite, pos-
sibly through the elevation of ghrelin, a pro-appetitive hormone, along with
decreased levels of leptin (Spiegel et al. 1999, 2004; Van Cauter et al. 1997).
Moreover, pro-inflammatory cytokine levels are increased with sleep deprivation,
along with decreased performance in tests of psychomotor vigilance, and this has
been reported to result from a modest sleep restriction to 6 h per night (Vgontzas
et al. 2004).
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Circadian disruption has sometimes been overlooked as a separate yet related
phenomenon to sleep deprivation. In modern industrialized societies, circadian dis-
ruption can be induced in numerous ways, the most common of which are shift
work and jet lag. A longitudinal study in a cohort of nurses in night shift work found
that exposure to night work can contribute to weight gain and obesity (Niedhammer
et al. 1996). Moreover, alternating shift work is an independent risk factor for the
development of obesity in a large longitudinal study of male Japanese shift workers
(Suwazono et al. 2008). Numerous mouse models have also contributed to our
understanding of the relationship between circadian disruption and metabolism:
CLOCK mutant mice show altered basal metabolism and a tendency toward obesity
and metabolic dysregulation (Turek et al. 2005), while normal C57B1/6 mice housed
in a disrupted 10 h light: 10 h dark cycle show accelerated weight gain and disrup-
tions in metabolic hormones (Karatsoreos et al. 2011). Behaviorally, circadian dis-
ruption can contribute to cognitive impairments. In a study of long recovery vs.
short recovery flight crews, it was found that short recovery crews had impaired
performance in a psychomotor task, reacting more slowly, and with more errors
when compared to a long recovery crew (Cho 2001).

3.8 TheBrain as a Target of Stress and Allostatic
Load and Overload

The brain is a target of stress and stress hormones, and the processes of allostasis
and allostatic load and overload are exemplified by how different brain regions
respond to acute and chronic stressors. Because the hippocampus was the first
higher brain center that was recognized as a target of stress hormones, it has figured
prominently in our understanding of how stress impacts brain structure and behav-
ior, and will be explored first. Effects of stress on the amygdala and prefrontal cor-
tex will then be summarized.

3.8.1 The Hippocampus

The hippocampus plays a key role in learning and remembering declarative and
spatial information, as well as processing the contextual aspects of emotional events,
and regulating visceral functions, including the HPA axis. The hippocampus, which
is interconnected with the amygdala and prefrontal cortex (Petrovich et al. 2001),
contains receptors for adrenal steroids, and for major metabolic hormones such as
insulin, leptin, ghrelin, and insulin-like growth factor 1 (IGF-1), all of which have
effects on the hippocampus (McEwen 2007). Specifically, these mediators can
enhance cognitive processes, affect mood and motivation, and promote excitability
and neuroprotection. Yet, these same mediators can have deleterious effects on the
hippocampus under conditions associated with chronic stress and allostatic over-
load, the most extreme being seizures, stroke, and diabetes (Gold et al. 2007,
McEwen 2007; Sapolsky 1992).
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A number of animal models demonstrate that chronic stressful experiences (e.g.,
prolonged immobilization, housing in dominance hierarchies, early maternal sepa-
ration) can remodel hippocampal neurons and result in changes in the morphology
of the hippocampus. Within the hippocampus, input from the entorhinal cortex to
the dentate gyrus is ramified by connections between the dentate gyrus and the CA3
pyramidal neurons. Hence, one granule neuron innervates, on average, 12 CA3 neu-
rons, and each CA3 neuron innervates, on average, 50 other CA3 neurons via axon
collaterals, as well as 25 inhibitory cells via other axon collaterals. The net result is
a 600-fold amplification of excitation, as well as a 300-fold amplification of inhibi-
tion, that provides some degree of control of the system (McEwen 1999).

As to why this type of circuitry exists, the dentate gyrus-CA3 system is believed
to play a role in the memory of event sequences, although long-term storage of
memory occurs in other brain regions. But, because the DG-CA3 system is so deli-
cately balanced in its function and vulnerability to damage, there is also adaptive
structural plasticity; that is, CA3 pyramidal cells undergo a reversible remodeling of
their dendrites in conditions such as hibernation and chronic stress. The role of this
plasticity may be to protect against permanent damage (McEwen 1999, 2007).

Another type of structural plasticity involves replacement of neurons via neuro-
genesis. The sub-granular layer of the dentate gyrus contains cells that have some
properties of astrocytes (e.g., expression of glial fibrillary acidic protein) and which
give rise to granule neurons (Seri et al. 2001). After Bromodeoxyuridine (5-bromo-
2-deoxyuridine, 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 sub-
stantial number, i.e., 5000-9000 per day, will subsequently differentiate into gran-
ule neurons within just 7 days (Cameron et al. 1993; Cameron and McKay 2001;
Gould and Gross 2002). There are many hormonal, neurochemical, and behavioral
modulators of neurogenesis and cell survival in the dentate gyrus, including estra-
diol, insulin-like growth factor 1 (IGF-1), antidepressants, voluntary exercise, and
hippocampal-dependent learning (Duman et al. 2001; Gould et al. 1999; Trejo et al.
2001; van Praag et al. 1999). 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 excitatory amino acids acting
via N-methyl-D-aspartic acid (NMDA) receptors and endogenous opioids (for review,
see McEwen 2007).

Another form of neuroplasticity is the remodeling of dendrites in the hippocam-
pus. Chronic restraint stress causes retraction and simplification of dendrites in the
CA3 region of the hippocampus (McEwen 1999). Such dendritic reorganization is
found in both dominant and subordinate rats undergoing adaptation of psychosocial
stress in the visible burrow system, which is independent of adrenal size (McKittrick
et al. 2000). What this particular result emphasizes is that it is not adrenal size or
presumed amount of physiological stress per se that determines dendritic remodel-
ing, but a complex set of other interacting factors that modulate neuronal structure.
Indeed, in species of mammals that hibernate, dendritic remodeling is a reversible
process, and it occurs within hours of the onset of hibernation in European hamsters
and ground squirrels (Magarinos et al. 2006; Popov et al. 1992). Moreover, it is
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reversible within hours of wakening of the animals from torpor (Magarinos et al.
2006). 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.

The plasticity of the hippocampus in animal models has fostered studies of the
human hippocampus that have revealed functional and structural changes that are
consistent with the animal model studies even though it is not possible to look
at individual neurons in the living human brain (McEwen and Gianaros 2010).
Functionally, spatial memories activate the human hippocampus, as in the London
cab driver studies (Maguire et al. 1997). Further, intensive learning experiences are
associated with increases in hippocampal volume, further suggesting dynamic
experience-dependent neuroplasticity in the hippocampus (Draganski et al. 2006).
Smaller hippocampal volume has been reported in Cushing’s disease, recurrent
major depression, Type 2 diabetes, posttraumatic stress disorder, a prolonged history
of high perceived stress, chronic systemic inflammation, chronic jet lag, lack of regu-
lar exercise, and low self-esteem (McEwen and Gianaros 2010). With respect to
exercise, there is evidence that physical fitness is associated with larger hippocam-
pal volume (Erickson et al. 2009).

3.8.2 Amygdala

A critical function of the amygdala in stressor-related processing involves fear, anx-
iety, and aggression. Sensory input is relayed through thalamic and cortical-thal-
amic pathways to the basolateral area and then to the central nucleus. As a primary
output nucleus, the central nucleus activates adrenalin and cortisol output and freez-
ing behavior (LeDoux 2003). The central nucleus is also networked with cortical
areas involved in stressor-related processing, including the anterior cingulate cor-
tex, ventromedial prefrontal cortex, and orbital prefrontal cortex (McEwen and
Gianaros 2010).

Chronic immobilization stress of the type that causes retraction of dendrites in
the CA3 region of the hippocampus, produces dendritic growth in neurons in baso-
lateral amygdala (Vyas et al. 2002). Moreover, chronic stress of this type not only
impairs hippocampal-dependent cognitive function, but also enhances amygdala-
dependent unlearned fear and fear conditioning; processes that are consistent with
the opposite effects of stress on hippocampal and amygdala structure (Conrad et al.
1999; Wood et al. 2008).

Chronic stress also increases aggression between animals living in the same
cage, and this is likely to reflect another aspect of hyperactivity of the amygdala
(Wood et al. 2008). Moreover, chronic corticosterone treatment in drinking water
produces an anxiogenic effect in mice (Ardayfio and Kim 2006; Karatsoreos et al.
2010), an effect that could be due to the glucocorticoid enhancement of CRF activity
in the amygdala (Makino et al. 1994).

As is the case for the hippocampus, neuropsychological and imaging studies on
the human amygdala have revealed biphasic changes in volume in acute versus
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chronic depression (Frodl et al. 2003; Sheline et al. 1998), as well as increased func-
tional activity (Drevets et al. 1992; Sheline et al. 2001). Moreover, functional
amygdala reactivity to facial expressions is increased by sleep deprivation (Yoo
et al. 2007), an early life history of lower socioeconomic status (Gianaros et al.
2009), and predisposition to cardiovascular disease (Gianaros et al. 2008).

3.8.3 Prefrontal Cortex

The prefrontal cortex is networked with the amygdala and exerts downstream con-
trol over amygdala activity, as well as midbrain and brainstem functions, including
functions of control, as opposed to learned helplessness (Amat et al. 2005; McEwen
and Gianaros 2010), and autonomic balance (Buchanan et al. 2010). Chronic stress
also causes functional and structural changes in the medial prefrontal cortex, par-
ticularly in areas of anterior cingulate, prelimbic, infralimbic, and orbitofrontal
regions. For example, chronic stress causes not only dendritic shortening in medial
prefrontal cortex (Dias-Ferreira et al. 2009; Liston et al. 2006; Radley et al. 2004;
Wellman 2001), but also produces dendritic growth in orbitofrontal cortex (Liston
et al. 2006). Taken together with the differential effects of the same stressors on the
hippocampus and amygdala, these actions of stress are reminiscent of recent work
on experimenter versus self-administered morphine and amphetamine, in which dif-
ferent, and sometimes opposite, effects were seen on dendritic spine density in orb-
itofrontal cortex, medial prefrontal cortex, and hippocampus CA1 (Robinson and
Kolb 1997). For example, amphetamine self-administration increases spine density
on pyramidal neurons in the medial prefrontal cortex and decreases spine density on
orbitofrontal pyramidal neurons (Crombag et al. 2005).

Behavioral correlates of CRS-induced remodeling in the prefrontal cortex
include impairment in attention set shifting (Liston et al. 2006) and other tests
of cognitive flexibility and decision making (Dias-Ferreira et al. 2009), possibly
reflecting structural remodeling in the medial prefrontal cortex. In a circadian dis-
ruption paradigm which may represent a chronic low-level allostatic load, we have
observed remodeling of neurons in the prelimbic region of the medial prefrontal
cortex of mice which resemble those observed in chronic stress, including a loss of
dendritic branching and reduction in length of the apical dendrites, though no
decrease in spine density has been observed (Karatsoreos et al. 2011). Behaviorally,
these circadian disrupted animals show normal acquisition of a spatial navigation
task, but show impaired cognitive flexibility and increased error rates when made
to switch their learning to a new location. This suggests that while chronic circa-
dian disruption may not impair simple cognitive tasks, more complex tasks requir-
ing flexibility may be impaired.

In the human prefrontal cortex, there are reported changes in functional connec-
tivity in medical students under stress that relate to reduced performance on a test of
cognitive flexibility like the attention set shifting study in rodents; these changes are
reversible with vacation, supporting the concept of reversible neuroplasticity (Liston
et al. 2009).
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3.9 Acute Versus Chronic Stress

The essence of the concept of allostasis and allostatic load/overload is that the medi-
ators of stress and adaptation have different effects in situations of acute stress ver-
sus chronic stress. We have discussed the effects of various types of stressors for the
body as a whole and also for three key brain regions. One way of visualizing the

range of effects of various stressful events for the hippocampus is as an inverted U

in which acute levels of adrenal steroids acting together with excitatory amino acids

and other intracellular mediators do the following things in space and time:

1. Low physiological levels acutely enhance excitability of neurons (Diamond et al.
1992; Pavlides et al. 1996) and enhance contextual fear memory (see also Chap. 5
in this volume).

2. Higher physiological and supraphysiological levels have the opposite effect and
acutely suppress excitability (Diamond et al. 1992; Joels 2006; Pavlides et al. 1996).

3. Chronic stress or chronic elevation of glucocorticoids produces “adaptive plas-
ticity” involving the changes in circuitry described in the previous section on the
hippocampus.

4. Uncontrolled events such as head trauma, seizures, and stroke activate both adre-
nal steroids and excitatory amino acids in a way that leads to damage and neu-
ronal loss (Sapolsky 1992).

Other physiological systems show differences in effects of acute versus chronic
stress. Effects of stress on delayed-type hypersensitivity (DTH) in the immune sys-
tem show that acute restraint stress enhances DTH whereas chronic restraint stress
for 21 days suppresses it (Dhabhar and McEwen 1997, 1999). Moreover, the acute
stress effect shows a dose—response relationship in that an acute restraint plus shak-
ing of the animal produces a larger enhancement of DTH than acute restraint stress
alone (Dhabhar and McEwen 1997, 1999). In the hippocampus, chronic restraint for
21d produced the remodeling of dendrites of CA3 neurons described, whereas lesser
durations of chronic restraint stress did not cause such remodeling (Magarinos and
McEwen 1995). Yet a shorter (10 days) period of a more intense stress, namely,
chronic immobilization, caused CA3 dendrites to shrink (Vyas et al. 2002).

The essence of the difference between “tolerable” vs. “toxic” stress (Box 3.1) is the
sense of control or lack thereof, as well as the quality and quantity of social support and
integration (McEwen and Gianaros 2010). As noted earlier in this chapter, “tolerable
stress” refers to those situations where bad things happen but the individual with health
brain architecture is able to cope, often with the aid of family, friends, and other indi-
viduals who provide support. In contrast, “toxic stress” refers to the situation in which
bad things happen to an individual who has limited support and who may also have
brain architecture that reflects effects of adverse early life events that have led to
impaired development of good impulse control and judgment and adequate self-esteem
(Shonkoff et al. 2009) (http://developingchild.harvard.edu/initiatives/council/). Thus,
with toxic stress, the inability to cope is likely to have adverse effects on behavior and
physiology, and this will result in a higher degree of allostatic overload.

The sense of control has several important neurobiological ramifications. Learned
helplessness is accompanied by a failure of top-down prefrontal cortical control of



24 B.S. McEwen and I.N. Karatsoreos

midbrain serotonergic activity (Amat et al. 2005). Moreover, lack of control of tail
shock stress in a classical eye blink conditioning paradigm revealed a stress effect
that inhibited performance in females, but enhanced performance in stressed males
(Wood and Shors 1998); giving the rats control of the tail shock stress abolished the
stress effect on performance as well as the sex difference (Shors et al. 2007).

Lack of control is often exacerbated by, and related to, low self-esteem and low
self-esteem has been linked to a smaller hippocampus and elevated cortisol secre-
tion, with lack of habituation to repeated public speaking challenges (Kirschbaum
et al. 1995; Pruessner et al. 1999, 2005). It remains to be seen what other aspects of
brain function are altered under these conditions and whether interventions that
improve an individual’s self-esteem and locus of control can alter brain structure
and function in measurable ways.

3.10 Space Flight, Microgravity, and Stress

Space flight, with reduced gravity and all the behavioral changes that are required
of the astronaut, is very likely to change brain structure and function, as well as
affecting hormone output, energy expenditure, cardiovascular, and autonomic and
immune system function [see also Chaps. 5—13] (Blanc et al. 2001; Strollo et al.
1998; Tipton et al. 1996). The experience of microgravity, which increases gluco-
corticoid levels (Macho et al. 1993) has been shown to increase dendritic growth by
acting through serum- and glucocorticoid-inducible kinase 1 (David et al. 2005).
Seven days of microgravity has been shown to result in a loss of proteins in hip-
pocampus (Sarkar et al. 2006). Further studies of brain regions involved in cognitive
function and emotional control are warranted. This is especially true for prolonged
space flight where neuroendocrine adaptations to shorter space missions may be
diminished (Strollo et al. 1998; Tipton et al. 1996). Exposure to microgravity has
been experimentally demonstrated to alter the length of the free-running (i.e.,
endogenous) period in insects (Hoban-Higgins et al. 2003), as well as altering the
nycthermal distribution of energy expenditure in rats (Blanc et al. 2001). Importantly,
circadian rhythms appear to function up to 90 days in space but weaken thereafter,
along with disruptions in sleep (Monk et al. 2001). Consequences of circadian and
sleep disruption such as those discussed earlier in this article must be undertaken to
fully appreciate the metabolic, neurological, behavioral, and immune system conse-
quences of weightlessness and prolonged space missions.

3.11 Conclusion: Toward a Better Understanding of Stress
Effects on Brain and Immune, Metabolic, Cardiovascular,
and Other Body Systems

Stress is a word that has communication value in our stressed-out world because it
identifies a state-of-mind that is common among many people and provides an
explanatory excuse for being harried and in a rush, as well as a means of generating
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understanding and sympathy. This chapter has described a physiological and neuro-
biological foundation that should permit a better understanding of the consequences
of acute and chronic stress on the body and brain; it has placed this foundation in the
context of life-long influences of the social, as well as physical environments. The
brain is the key to what these experiences do to the body because it determines
threat and controllability and activates the behavioral and physiological responses,
as well as the lifestyle choices and health-related behaviors that result from our
experiences. We have seen that the brain is also a target of stress and changes in
brain architecture do determine how the brain will respond.

The experiences of space flight are both physical and psychological stressors and
likely sources of allostatic load and overload, particularly when they persist over
weeks and months, and there is great need to better understand the ability of the
body and brain to adapt to both the acute and chronic aspects of these experiences.
The analysis provided in this chapter and in other chapters in this volume will help
in this quest by directing attention to the role of the brain, its structural and func-
tional plasticity, and its interaction with the immune system as well as metabolic,
cardiovascular, and other body systems in relation to health and disease.

Moreover, the view on this interacting nature of the brain-dependent biological
hormonal and neural mediators with other, direct gravitational, metabolic, micro-
bial, or radiation-dependent consequences of the stressful living conditions in space
will provide us a more complex insight into the adaptation of human organ-systems
and especially of the immune system, which, as noted above, shows biphasic effects
of the mediators of stress and adaptation. This is of importance in order to find the
appropriate means to prevent the occurrence and/or the negative consequences of
prolonged allostatic states and resulting allostatic overload that can result in disease,
in space as well as on Earth.
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The Impact of Everyday Stressors
on the Immune System and Health

Lisa M. Christian and Ronald Glaser

4.1 Stress and Inflammation

Much research linking stress and immune function has focused on inflammatory
processes. Although inflammation is an essential immune response to infection or
injury, exaggerated and/or chronic elevations in inflammatory proteins are detri-
mental to health. Indeed, inflammation contributes to risk and severity of chronic
health conditions including cardiovascular disease, arthritis, diabetes, inflammatory
bowel disease, periodontal disease, certain cancers, and age-related functional
decline (Hamerman et al. 1999; Ershler and Keller 2000; Bruunsgaard et al. 2001;
Black and Garbutt 2002; Ishihara and Hirano 2002). Via neuroendocrine pathways,
psychological stress directly promotes elevations in circulating inflammatory
proteins and primes the immune system to exhibit exaggerated inflammatory responses
when faced with an immune challenge (e.g., exposure to an infectious agent).
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Caregiving provides an important model for assessing the effects of chronic
stress on health; individuals who provide care for loved ones with chronic medical
conditions, such as a spouse with dementia, commonly experience long-term stress
characterized by significant life change and social isolation. We found that the
chronic stress of caregiving exacerbated typical age-related increases in the proin-
flammatory cytokine interleukin(IL)-6; caregivers experienced fourfold greater
increases in IL-6 in a 6-year longitudinal study compared to controls (Kiecolt-
Glaser et al. 2003). Thus, stress accelerated this aspect of the aging process and
increased risk for age-related diseases as already mentioned.

Proinflammatory cytokines also rise in response to acute stressors such as being
told that one is laid off or having an argument. Indeed, relatively minor and brief
laboratory stress tasks, such as public speaking, result in increases in circulating
inflammatory markers (Steptoe et al. 2001; Brydon et al. 2004). The magnitude of
inflammatory response seen following objective stressors is not necessarily pre-
dicted by subjective perceptions of stress (e.g., Brydon et al. 2004).

Importantly, repeated exposure to a stressor may not lead to habituation of inflam-
matory responses. For example, healthy middle-aged men were exposed to the same
laboratory stressor involving public speaking three times with 1-week intervals
between sessions. Although cortisol and blood pressure reactivity to the task habitu-
ated over time, stress-induced elevations in IL-6 were equivalent across visits (von
Kanel et al. 2005). Thus, exposure to relatively minor but recurrent stress in daily life
may contribute to morbidity and mortality by promoting inflammation.

In addition to directly promoting elevations in inflammatory markers, chronic
stress and depressive symptoms can also “prime” the immune system to show an
exaggerated inflammatory response upon exposure to psychological stressors and
biological challenges (Anisman et al. 1999; Maes 1995; 1999; Glaser et al. 2003,
Johnson et al. 2002; Maes et al. 2001; Stark et al. 2002; Avitsur et al. 2005; Quan
et al. 2001; LeMay et al. 1990; Zhou et al. 1993). For example, rats exposed to
repeated stressors mount exaggerated inflammatory responses upon exposure to an
antigen in vivo and by cells stimulated in vitro (Johnson et al. 2002; Stark et al.
2002; Avitsur et al. 2005). Similarly, we have shown that, among older adults
(Glaser et al. 2003) as well as healthy pregnant women (Christian et al. 2010),
greater depressive symptoms predicted greater inflammatory responses to a chal-
lenge with an influenza virus vaccine.

In sum, stress as well as psychological distress (e.g., depressive symptoms) can pro-
mote inflammation directly, and prime the immune system to show an exaggerated
inflammatory response when challenged. Via these pathways, exposure to chronic psy-
chological stress as well as minor but repeated stressors may ultimately contribute to risk
of a variety of health conditions for which inflammatory processes are implicated.

4.2  Stress and Wound Healing

The skin provides the body’s first line of immune defense by providing a physical
barrier against invasion by pathogens as well as antigens and limiting the movement
of water in and out of the body (Elias 2005; Marks 2004). Thus, the integrity of the
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skin and the ability of the skin to heal quickly following injury are important mea-
sures of immune competence. When tissue damage occurs in healthy people, heal-
ing progresses sequentially through three overlapping phases: inflammation,
proliferation, and remodeling (Baum and Arpey 2005; Singer and Clark 1999).
Success in later phases is highly dependent on preceding phases. A variety of stres-
sors can delay wound healing in humans and there is evidence that this is mediated,
in part, by effects of stress on the inflammatory stage of the healing process.

In one study, we found that women experiencing the chronic stress of caregiving
for a spouse with dementia required 24% longer to heal a small standardized punch
biopsy wound than controls (Kiecolt-Glaser et al. 1995). Similarly, dental students
who received mucosal punch biopsy wounds in the hard palate healed an average of
40% more slowly during an academic examination period than during a vacation
period, which was rated as less stressful by participants (Marucha et al. 1998). Stress
of an even shorter duration has measurable effects on healing (Fig. 4.1). In a study
of married couples, participants healed more slowly when they completed a 30-min
conflictive interaction with their spouses in a laboratory setting than when they
completed a supportive interaction (Kiecolt-Glaser et al. 2005). Those who demon-
strated consistently high levels of hostile behavior during both interactions healed
wounds at 60% of the rate of low-hostile individuals.
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Each of the studies described above also provides evidence that stress disrupts
the inflammatory stage of healing; in this context, a robust local inflammatory
response is beneficial. Among married couples, decreased production of three key
cytokines — IL-6, IL-1B, and TNF-a — was observed at the wound site following the
conflictive compared to supportive interaction. Similarly, compared to controls, cir-
culating peripheral blood leukocytes (PBLs) from caregivers expressed less IL-13-
encoded messenger RNA (mRNA) in response to lipopolysaccharide (LPS)
stimulation (Kiecolt-Glaser et al. 1995). Finally, in the study with dental students,
production of IL-1 mRNA by LPS-stimulated PBLs was lower in every dental
student during exams compared to vacation.

In addition to studies of wound healing, effects of stress on skin function can also
be assessed using tape stripping, a minimally invasive procedure. Through repeated
applications of cellophane tape, commonly to the forearm, a layer of epithelial skin
cells is removed from the outermost layer (stratum corneum) causing mild skin
barrier disruption. Tape stripping impairs the skin’s ability to regulate moisture,
resulting in greater transepidermal water loss (TEWL) (Marks 2004). Skin barrier
recovery can be quantified by measuring changes in TEWL over time.

Several studies have demonstrated that stress slows skin barrier recovery follow-
ing tape stripping. Dental students recovered significantly more slowly when
assessed during academic exams as compared to vacation with approximately 30%
versus 45% recovery at 3 h following tape stripping (Garg et al. 2000). Brief labora-
tory stressors such as public speaking also reduce the speed of skin barrier recovery
by 10-15% (Altemus et al. 2001; Robles 2007).

The magnitude to which the same stressor exerts an impact on healing may differ
across individuals. Dental students reporting the greatest stress during academic
exams showed the greatest decrements in skin barrier recovery following tape strip-
ping (Garg et al. 2000). Conversely, certain traits may buffer individuals from nega-
tive effects of stress; individuals high in trait positive affect did not show decrements
in skin barrier recovery upon exposure to an acute laboratory stressor, although
decrements were seen among those low in trait positive affect (Robles et al. 2009).

Together, data from these studies show that objective stressors ranging from
chronic (e.g., caregiving) to acute (e.g., brief laboratory task) significantly impact
healing and skin barrier recovery. Further, subjective ratings of stress as well as
individual characteristics (e.g., hostility, trait positive affect) can affect the magni-
tude of such effects. Thus, although the experience of objective stressors affects
healing, coping abilities, and personality characteristics that promote resilience may
buffer such effects, making some individuals less susceptible to stress-induced dec-
rements in healing.

4.3  Stress and Infectious Agents

Central to immune function is the ability to respond quickly and adequately in
response to infectious agents. As described below, it is well established that stress
not only makes individuals more susceptible to illness after exposure to infectious
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agents, but can also inhibit the antibody and virus-specific T-cell response to vac-
cines and can induce the reactivation of latent herpes viruses.

4.3.1 Vaccination Studies

Psychological stress predicted poorer immune responses to vaccines including
influenza, pneumococcal pneumonia, hepatitis B (Hep B), and meningococcal C
(Glaser et al. 1998, 2000; Kiecolt-Glaser et al. 1996; Vedhara et al. 1999; Phillips
et al. 2005; Burns et al. 2002, 2003; Glaser et al. 1992; Miller et al. 2004; Christian
et al. 2009; Cohen et al. 2001; Pedersen et al. 2009). This can result in inadequate
protection upon exposure to the infectious agent of interest (Couch and Kasel 1983).
Poor antibody responses to a bacterial vaccine (pneumococcus) and poor antibody
and virus-specific T-cell responses to viral vaccines (influenza and Hepatitis B) also
serve as a marker of diminished immune function in general, which may have impli-
cations beyond vulnerability to a specific infectious illness (Kiecolt-Glaser et al.
1996).

Effects of caregiving stress on antibody responses to influenza virus vaccina-
tion have been demonstrated by our group and others in elderly and nonelderly
caregivers (Fig. 4.2) (Vedhara et al. 1999, 2002; Glaser et al. 1998; Kiecolt-Glaser
etal. 1996; Segerstrom et al. 2008). In addition, greater perceived stress and more
frequent stressful life events have been associated with lower antibody responses
and poorer maintenance of antibody levels following influenza vaccination among
young adults (Phillips et al. 2005; Burns et al. 2003; Miller et al. 2004). A recent
meta-analysis of 13 studies concluded that the effect of stress on antibody
responses to influenza virus vaccination corresponded to adequate antibody
responses among 41% of stressed individuals versus 59% of less stressed
individuals with similar effects among older and younger adults (Pedersen
et al. 2009).
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Life stress has also been associated with poorer maintenance of antibody levels
against a pneumococcus vaccine (Glaser et al. 2000), poorer seroconversion and
maintenance of antibody against Hep B (Burns et al. 2002; Glaser et al. 1992), and
slower antibody responses to meningococcal C vaccination (Phillips et al. 2005).
Although detailed coverage of neuroendocrine mechanisms underlying these asso-
ciations is beyond the scope of the current chapter, animal models demonstrate mul-
tiple effects of glucocorticoid hormones on cell-trafficking, and production of
proinflammatory cytokines and chemokines which contribute to these effects (for
review see Godbout and Glaser 2006; Padgett and Glaser 2003).

4.3.2 Infectious lliness

Stress affects susceptibility, severity, and duration of infectious illnesses including
influenza and the common cold virus. A number of naturalistic studies have reported
associations between stress and frequency of infectious illness (e.g., Turner-Cobb
and Steptoe 1996; Graham et al. 1986). However, the strongest evidence of effects
of stress on infectious illness comes from controlled laboratory studies in which
participants have been exposed to infectious agents. In a key study, Cohen and col-
leagues demonstrated that self-reported stress predicted susceptibility to respiratory
viruses in a dose-response manner. Healthy subjects were exposed to one of five
respiratory viruses, quarantined, and assessed for respiratory symptoms and virus-
specific antibody titers. Those reporting greater stress (a composite measure of
major life events, perceptions of stress, and negative affect) showed greater likeli-
hood of developing respiratory infections as well as clinically defined colds (Cohen
etal. 1991). This effect was found across each of the five types of virus strains, and
the effect remained after controlling for numerous potential confounding factors.
Subsequent research from the same laboratory demonstrated that chronic life stress
lasting 1 month or longer is key to such effects (Cohen et al. 1998).

Individuals who experience greater physiological reactivity when facing stress-
ful situations may be more vulnerable to infectious illness. Among 115 healthy
individuals, those who showed larger cortisol responses to a laboratory stressor
experienced greater risk of developing clinically verified colds under conditions of
higher stress (Cohen et al. 2002). Stress level was unrelated to risk of colds among
those showing smaller cortisol responses to acute stress.

In addition to affecting risk of illness, stress can affect symptom severity in part by
causing dysregulation of inflammatory responses. In a study of people experimentally
exposed to an influenza virus, those reporting higher stress experienced greater symp-
toms of illness, greater mucus weight, as well as greater inflammatory responses to the
infection, as indicated by higher IL-6 levels in nasal secretions (Cohen et al. 1999).

4.3.3 Latent Viruses

After exposure to most infectious agents, the immune system clears the body of the
pathogen. However, some viruses become cell associated after primary infection,
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where they remain for life. This is known as latency. These include herpes viruses,
such as herpes simplex virus (HSV) I and II, varicella-zoster virus (VZV), Epstein-
Barr virus (EBV), and cytomegalovirus (CMV). One of the most prevalent latent
viruses, EBV, is carried by more than 95% of the adult North American population
(Wolf and Morag 1998). Reactivation of latent EBV typically causes little or no
symptoms in healthy individuals (Hess 2004). For example, reactivation of HSV 1
or II can cause cold sores (Bystricka and Russ 2005). However, in some instances,
severe symptoms can result as is the case of VZV reactivation which can cause
shingles (Quinlivan and Breuer 2006). Even in the absence of clinical disease, reac-
tivation of a latent virus provides a sensitive marker for impairment/deficiencies in
cell-mediated immunity. Thus, studies of viral latency and viral-specific markers
can provide clinically relevant information even among asymptomatic individuals.

As seen with other markers of immune dysfunction such as virus-specific anti-
body titers, caregivers show more evidence of reactivation of latent viruses includ-
ing EBV and HSV-1 compared to well-matched controls (Kiecolt-Glaser et al. 1991;
Glaser and Kiecolt-Glaser 1997). The stress associated with disruption of signifi-
cant relationships also affects viral latency. Women who were recently divorced or
separated showed poorer control of latent EBV than demographically matched mar-
ried women (Kiecolt-Glaser et al. 1987). Similarly, men who were unsatisfied in
their marriage had higher levels of EBV antibody titers than their happily married
counterparts (Kiecolt-Glaser et al. 1988).

Stressors of a more transient nature also affect viral latency. In prospective stud-
ies, medical students exhibited higher EBV, HSV-1, and CMV antibody titers on the
day of an academic examination, as compared to several weeks before or after the
exam (Glaser et al. 1985, 1999; Sarid et al. 2001).

In addition to effects of objective stressors, psychological factors have been asso-
ciated with immune control of latent virus. Higher levels of EB V-specific antibodies
are reported among those with a greater tendency to repress their emotions (Esterling
et al. 1990), higher levels of anxiety (Esterling et al. 1993), and greater loneliness
(Glaser et al. 1985). Similarly, individuals with syndromal or subsyndromal symp-
toms of depression have shown higher levels of HSV-1 antibody and poorer VZV-
specific T-cell immunity than those without depressive symptoms (Delisi et al.
1986; Robertson et al. 1993; Irwin et al. 1998). Conversely, among older women
undergoing the stressor of housing relocation, higher self-reported vigor was associ-
ated with better immune control of latent EBV (Lutgendorf et al. 2001). Thus, in
addition to objective stressors, certain psychological characteristics (e.g., mood,
ways of coping) may affect immune control of latent viruses. Physiological mecha-
nisms by which stress may impair control of latent viruses include impairment of
cytotoxic and proliferative T-cells responses (Glaser et al. 1987, 1993).

4.4 Interventions

Given the clear negative impact of stress on immune parameters, interventions address-
ing stress from a psychosocial, physical, nutritional/dietary, and pharmacological per-
spective are receiving attention (see also chapters in Part V of this volume).
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Stress management groups which involve elements of social support, emotional
disclosure, and a focus on problem solving have improved antibody responses to
influenza vaccination among caregivers (Vedhara et al. 2003) and immune control
of latent viruses among HIV-infected (Lutgendorf et al. 1997; Esterling et al. 1992;
Carrico et al. 2005; Cruess et al. 2000). In addition, stress reduction through relax-
ation training improved immune control of latent HSV-1 among older adults
(Kiecolt-Glaser et al. 1985). Among healthy adults, an 8-week meditation interven-
tion prior to influenza vaccination resulted in better antibody responses as compared
to a waiting-list control group (Davidson et al. 2003). A 16-week Tai Chi interven-
tion, which involves physical activity as well as meditation, improved mental health
and antibody responses to VZV vaccine among older adults (Irwin et al. 2007). We
found that regular practice of yoga, which also involves elements of meditation and
physical activity, is associated with reduced proinflammatory cytokine activity;
compared to women with a regular yoga practice, women with limited yoga experi-
ence had 41% higher IL-6 levels, 4.75 times greater likelihood of detectable CRP
levels, and greater stress-induced in vitro cytokine production (Kiecolt-Glaser et al.
2010). Similarly, a study of mindfulness-based stress reduction for breast cancer
patients, which included elements of meditation and gentle yoga, demonstrated
improvements in mood, reductions in perceived stress, and beneficial immunologi-
cal changes including decreased production of inflammatory cytokines and increased
production of anti-inflammatory cytokines by stimulated T-cells (Carlson et al.
2003).

Other research has examined the ability of physical/aerobic exercise to foster
immune responses: Older adults who completed a 3-month aerobic exercise inter-
vention healed standard punch biopsy wounds 25% more quickly than did their less
active counterparts (Emery et al. 2005).

Another important avenue for counteracting or preventing the negative effects
of psychological stress is diet. Among others, omega-3 (n-3) polyunsaturated fatty
acids (PUFAs) are an important dietary factor for mood and immune function. Due
to their inhibitory effects on proinflammatory cytokine production (Logan 2003),
higher n-3 PUFA levels are related to lower levels of circulating proinflammatory
cytokines (Ferrucci et al. 2006; Kiecolt-Glaser et al. 2007). Via effects of inflam-
matory processes, n-3 supplementation may help to prevent stress-induced depres-
sive symptoms (for review, see Parker et al. 2006). Nutritional and further
pharmacological interventions warrant further investigation to reduce and modu-
late stress-dependent negative effects on distinct immune functions (see also Chaps.
29 and 30).

In sum, a variety of interventions show promise for counteracting the negative
effects of psychological stress. The particular intervention (i.e., stress manage-
ment, physical activity, meditation) which is most beneficial likely depends on the
outcome of interest, type of stressors experienced, as well as personality character-
istics and preexisting behaviors of the person in question. An emphasis of future
research should be on targeted, individualized risk assessments and interventions.
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4.5 From Daily Life to Space Travel

Clearly, daily life stressors ranging in magnitude and duration affect clinically
meaningful health outcomes including inflammatory processes, wound healing, and
responses to infectious agents and other immune challenges (e.g., vaccination).
Individuals vary in their ability to cope with stress, and differences in perceptions of
stress, mood (e.g., depressive symptoms), and personality (e.g., hostility) can modify
the magnitude to which stressors exert a negative influence on immune function.
Research provides support for several promising avenues for interventions to pre-
vent stress-induced immune dysregulation. However, more information is needed to
provide individualized intervention strategies.

Space travel presents an exceptional and intense combination of physical and psy-
chological challenges. It provides a unique opportunity to examine the susceptibility
of the human body to stress and to explore interventions promoting psychological and
physiological resilience. Thus, studies of daily life stress inform our understanding of
potential impacts of the stressors of space travel. In turn, studies of stressors encoun-
tered in space travel can also benefit our understanding of stress in our daily lives.
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and Glucocorticoid Effects on Learning
and Memory: Implications for Stress
Disorders on Earth and in Space

Raquel V. Fornari, Amanda Aerni, Benno Roozendaal,
and Dominique J.-F. de Quervain

5.1 Introduction

Space flight conditions affect human health due to complex environmental challenges
(“stressors”). As discussed elsewhere in this book, adequate function of human organ-
isms in space is challenged by both biological (e.g., sleep deprivation, pain) and physi-
cal stress factors (e.g., microgravity, variable oxygenation status, radiation). It has
been long recognized that stress leads to an activation of the sympathetic nervous
system and hypothalamus-pituitary adrenal (HPA) axis, culminating in the release of
catecholamines and glucocorticoids (i.e., cortisol) from the adrenal medulla and cor-
tex, respectively (De Boer et al. 1990; McCarty and Gold 1981; Roozendaal et al.
1996a). These hormones are known to influence the organism’s ability to cope with
stress, influencing target systems in the periphery. However, these hormones also
induce a myriad of effects on the brain. Accordingly, high stress exposure is known to
affect emotional regulation, cognitive function, and mood. Glucocorticoid hormones
play a crucial role in the regulation of aversive memory and mood, thereby influencing
the development and symptoms of anxiety disorders (Aerni et al. 2004; Schelling et al.
2004b; Soravia et al. 2006). A few studies investigated the occurrence of psychological
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problems during space flight conditions. Noted problems included anxiety, boredom,
crew interactions, problems associated with isolation and confinement, and others
(Cooper 1996). Likewise, simulation studies of manned space flight on earth reported
the incidence of anxiety, depression, psychosis, psychosomatic symptoms, emotional
reactions related to mission stage, asthenia, and post-flight personality and marital
problems (Kanas 1997). However, despite extensive evidence that learning and mem-
ory processes play a crucial role in the development of several of these psychological
problems, an assessment of learning and memory functions is not typically performed.
Nevertheless, it is obvious that an altered emotional, cognitive, or mood status during
highly demanding tasks, especially during prolonged periods, could add to the subjec-
tive feeling of perceived stress and further impact human health via neuroendocrine
and nerval-immune modulatory effects as well as might induce long-lasting impair-
ment of psychological well-being. Therefore, we encourage the implementation of
cognitive and mood monitoring aboard future space missions.

In this chapter, we will describe the current status of our understanding of the
neurobiological mechanisms that are involved in regulating stress and glucocorti-
coid effects on memory processes and why these stress hormones might specifically
modulate memory of emotionally arousing experiences. Furthermore, because emo-
tional memory plays a crucial role in the pathogenesis and symptomatology of anxi-
ety disorders, such as posttraumatic stress disorder (PTSD), which is linked to a
variety of immune changes as well, we will discuss to what extent the basic findings
on glucocorticoid effects on emotional memory might have clinical implications on
earth and in space.

5.2  Glucocorticoid Effects on Learning and Memory

Early reports on both enhancing and impairing properties of glucocorticoids on
memory (Arbel et al. 1994; Beckwith et al. 1986; Bohus and Lissak 1968; Flood
et al. 1978; Luine et al. 1993) have indicated that these hormones have complex
effects on cognitive functions. More recent studies investigating glucocorticoid
effects on distinct memory phases and studies discerning acute from chronic effects
helped to disentangle the multifaceted actions of these stress hormones. For example,
acute elevations of glucocorticoids are known not only to enhance the consolidation
of memory of new information, but to impair the retrieval of previously stored infor-
mation (de Quervain et al. 1998a; Roozendaal and McGaugh 1996). Conditions with
chronically elevated glucocorticoid levels are usually associated with impaired cog-
nitive performance and these deficits are thought to result from a cumulative and
long-lasting burden on hippocampal function and morphology (McEwen 2001;
Sapolsky 2000). Recently, however, it became clear that memory deficits observed
under such chronic conditions can also result, at least in part, from acute and revers-
ible glucocorticoid actions on memory retrieval processes (Coluccia et al. 2008).
Some of the effects of glucocorticoids on cognitive performance might be mediated
via influences on immune regulators. It is well established that cytokines as well as
other immune factors affect learning and memory functions (Cibelli et al. 2010;
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Derecki et al. 2010). These findings indicate that an integrated prospective is neces-
sary to fully understand the impact of stress and glucocorticoids on cognition and
health. As long-duration space flight is often associated with both high stress and an
impacted immune function, such interactions might be especially relevant in these
conditions.

5.2.1 Glucocorticoid Effects on Memory Consolidation

Memory consolidation is the process by which a fragile short-term memory trace is
transferred into stable long-term memory. However, not all information is equally
well transferred into long-term storage. In fact, it is well recognized that especially
emotionally arousing experiences are well remembered, even after decades
(McGaugh 2003). There is extensive evidence from studies in animals and humans
that glucocorticoids, along with other components of the stress response, are criti-
cally involved in regulating memory consolidation of emotionally arousing experi-
ences (McGaugh and Roozendaal 2002). Acute systemic administration of
glucocorticoids enhances long-term memory consolidation when given either before
or immediately after a training experience (Abercrombie et al. 2003; Buchanan and
Lovallo 2001; Cordero et al. 2002; Roozendaal and McGaugh 1996). In contrast, a
blockade of glucocorticoid production with the synthesis inhibitor metyrapone
impairs memory consolidation (Maheu et al. 2004; Roozendaal et al. 1996a) and
prevents stress — and epinephrine-induced memory enhancement (Liu et al. 1999;
Roozendaal et al. 1996b). Such glucocorticoid effects on memory consolidation
follow an inverted U-shape dose—response relationship: Moderate doses enhance
memory, whereas higher doses are typically less effective or may even impair mem-
ory consolidation (Roozendaal et al. 1999b).

5.2.1.1 Role of Emotional Arousal in Enabling Glucocorticoid
Effects on Memory Consolidation

Recent findings from animal and human studies suggest that glucocorticoids modu-
late memory consolidation of emotionally arousing experiences but do not affect
memory consolidation of neutral information. We investigated the importance of
emotional arousal in mediating glucocorticoid effects on memory consolidation in
rats trained on an object recognition task (Okuda et al. 2004). Although no rewarding
or aversive stimulation is used during object recognition training, such training induces
modest novelty-induced stress or arousal (De Boer et al. 1990). However, extensive
habituation of rats to the training apparatus prior to the training reduces the arousal
level induced by object recognition training. We found that corticosterone adminis-
tered systemically immediately after training enhanced 24-h retention performance of
rats that were not previously habituated to the experimental context (i.e., emotionally
aroused rats). In contrast, posttraining corticosterone did not affect 24-h retention of
rats that had received extensive prior habituation to the experimental context and,
thus, had decreased novelty-induced emotional arousal during training (Okuda et al.
2004) (Fig. 5.1). A link between the level of emotional arousal at encoding and the
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Fig. 5.1 The enhancing effect of posttraining administration of corticosterone on 24-h object
recognition performance depends on emotional arousal. Rats received a single injection of corti-
costerone or vehicle immediately after the 3-min training trial. Corticosterone administered in a
dose of 1.0 mg/kg significantly enhanced 24-h object recognition memory of aroused rats in the
WITHOUT-habituation condition (a) but failed to affect memory of non-aroused rats in the WITH-
habituation condition (b). ** P<0.0001 compared with the corresponding vehicle control group.
Data are presented as mean+SEM (Reprinted from Okuda et al. 2004)

efficacy of adrenocortical stress hormones in influencing memory consolidation has
also been demonstrated in humans. Cortisol administered shortly before or after learn-
ing selectively enhances long-term memory of emotionally arousing, but not of emo-
tionally neutral, items (Buchanan and Lovallo 2001; Kuhlmann and Wolf 2006a).
Moreover, a cold pressor stress in humans (i.e., placing the arm in ice water for up to
3 min), a procedure that significantly elevates endogenous cortisol levels, enhanced
memory of emotionally arousing slides, but did not affect memory of relatively neu-
tral slides (Cahill et al. 2003). Consistent with these findings, it has been reported that
levels of endogenous cortisol at the time of learning correlated with enhanced memory
consolidation only in individuals who were emotionally aroused (Abercrombie et al.
2006). Thus, these findings from animal and human studies indicate that training-
associated endogenous emotional arousal is essential for enabling glucocorticoid
effects on memory consolidation.

5.2.1.2 Role of Arousal-Induced Noradrenergic
Activation in the Amygdala

Why do stress hormones selectively enhance memory consolidation of emotionally
arousing experiences? Our findings suggest that interactions between stress hor-
mones and amygdala activity may be key in determining this selectivity (see also
Chap. 3). It is well established that emotional experiences that induce the release of
adrenal stress hormones also activate the amygdala (Pelletier et al. 2005). Evidence
from a large number of studies in both animals and humans has indicated that the
amygdala plays a critical role in the induction of the stress response via influences
on hypothalamic and brainstem control centers as well as in the processing of emotion-
ally arousing information, including emotional influences on attention, perception,
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and learning and memory (LeDoux 2003; Phelps and LeDoux 2005). Extensive
evidence from our as well as other laboratories indicates that the enhancing effects
of stress hormone administration on the consolidation of memory of emotionally
arousing experiences involve the amygdala. Lesions of the basolateral complex of
the amygdala (BLA) block the memory-modulatory effects induced by posttraining
systemic injections of glucocorticoids (Roozendaal and McGaugh 1996). Moreover,
and in support of this view, posttraining infusions of a specific glucocorticoid recep-
tor agonist administered into the BLA enhance memory consolidation, whereas
intra-BLA infusions of a glucocorticoid receptor antagonist impair memory con-
solidation (Roozendaal and McGaugh 1997b). Further findings indicate that gluco-
corticoids require training-associated noradrenergic activation within the BLA to
influence memory of emotionally arousing training. In vivo microdialysis, a tech-
nique used to measure ongoing changes in neurotransmitter release in the brain,
indicated that aversive stimulation of electric foot shock induces the release of nor-
epinephrine in the amygdala (MclIntyre et al. 2002). Blockade of the norepinephrine
signaling pathway in the BLA with a f-adrenoceptor antagonist prevented the mem-
ory-enhancing effect of systemically administered glucocorticoids (Quirarte et al.
1997; Roozendaal et al. 2002, 2006a, b). These findings strongly suggest that
because glucocorticoid effects on memory consolidation require noradrenergic acti-
vation within the BLA, they only modulate memory under emotionally arousing
conditions that induce the release of norepinephrine (Roozendaal et al. 2006b).
Human studies have also provided evidence that stress hormone effects on memory
enhancement for emotionally arousing experiences require amygdala and noradren-
ergic activity (Adolphs et al. 1997; Cahill et al. 1995, 1996; Canli et al. 2000;
Hamann et al. 1999).

5.2.1.3 Interaction of the Amygdala with Other Brain Regions

Although evidence suggests that the BLA might be a critical site involved in the
encoding, storage, and expression of fear-related memories (LeDoux 2003), an
involvement of the BLA in modulating long-term memory formation has been
obtained in experiments using many different kinds of training tasks. As these dif-
ferent training experiences are known to engage different brain systems (Izquierdo
et al. 1997; McGaugh 2002; Packard et al. 1994; Packard and Knowlton 2002), the
BLA-induced modulation no doubt involves influences on processing occurring in
these brain regions (McGaugh and Roozendaal 2002). For example, glucocorticoids
administered into the hippocampus influence memory of water-maze spatial train-
ing (Roozendaal and McGaugh 1997a), which is consistent with a role of the hip-
pocampus in spatial/contextual learning and memory (Maren and Fanselow 1997;
Morris et al. 1982; Sacchetti et al. 1999). Glucocorticoids infused into the hip-
pocampus also enhance memory of inhibitory avoidance training (Roozendaal and
McGaugh 1997a; Roozendaal et al. 1999a). Importantly, lesions of the BLA or the
administration of a B-adrenoceptor antagonist into the BLA block the enhancing
effect of posttraining intra-hippocampal infusions of a glucocorticoid receptor ago-
nist on inhibitory avoidance memory (Roozendaal and McGaugh 1997a; Roozendaal
et al. 1999a). Thus, these findings indicate that an intact and functional BLA is
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required for enabling memory modulation of spatial/contextual information induced
by manipulation of glucocorticoid receptor activity in the hippocampus. In other
experiments, we found that corticosterone enhances memory consolidation of con-
ditioned taste aversion when infused posttraining into the insular cortex or the BLA,
but is ineffective when administered into the hippocampus, a region that does not
play a significant role in taste learning (Miranda et al. 2008). Taken together, these
findings indicate that glucocorticoids act in different brain regions to enhance the
consolidation of different aspects of information acquired during training. Although
the BLA plays a critical role in regulating stress hormone effects on memory con-
solidation, extensive evidence indicates that it is not a permanent storage site of
such memory traces (McGaugh 2004), but rather interacts with these other brain
regions in regulating memory consolidation of different kinds of information
(McGaugh 2002).

5.2.2 Glucocorticoid Effects on Memory Retrieval

Many studies indicate that stress and glucocorticoids not only modulate the strength
of newly formed memories, but also influence the remembrance of previously
acquired information. In contrast to the enhancing effects of glucocorticoids on
memory consolidation, these hormones typically impair memory retrieval. In the first
study investigating the effects of stress and glucocorticoids on retrieval processes (de
Quervain et al. 1998b), it was reported that 30 min after exposure to footshock stress,
rats had impaired retrieval of spatial memory of a water-maze task they had acquired
24 h earlier. The water-maze task is a commonly used learning task in which rats
make use of spatial cues in their environment to learn to navigate to an invisible (i.e.,
submerged) escape platform in a tank filled with water. Interestingly, memory perfor-
mance was not impaired when rats were tested either 2 min or 4 h after the stress
exposure. These time-dependent effects on retrieval processes corresponded to the
circulating glucocorticoid levels at the time of testing, which suggested that the
retrieval impairment was directly related to increased adrenocortical function. In a
next step, these findings were translated to healthy humans and found that a single
administration of cortisone impaired the recall of words learned 24 h earlier (de
Quervain et al. 2000). Several further studies from different laboratories have indi-
cated that glucocorticoids impair memory retrieval of spatial or contextual memory
in rats and declarative (mostly episodic) memory in humans (Buss et al. 2004;
Coluccia et al. 2008; de Quervain et al. 2003; Het et al. 2005; Kuhlmann et al. 2005a;
Rashidy-Pour et al. 2004; Roozendaal et al. 2003, 2004b; Sajadi et al. 2007; Wolf
2008; Wolf et al. 2001). Moreover, increased cortisol levels after psychological stress
exposure have also been shown to impair declarative memory retrieval (Buchanan
et al. 2006; Domes et al. 2004; Kuhlmann et al. 2005b).

An important question is whether glucocorticoid effects on memory retrieval
occur only under acutely elevated glucocorticoid levels or also under chronic condi-
tions. There is substantial evidence that sustained endogenous hypercortisolemia,
such as found in depression, Cushing’s disease, or human aging, is often associated
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with declarative memory impairment (Lupien et al. 1998; Rubinow et al. 1984;
Seeman et al. 1997; Starkman et al. 1992). Moreover, prolonged glucocorticoid
therapy, which is widely used in clinical practice, is known to induce cognitive defi-
cits (Bermond et al. 2005; Brown et al. 2004; Brunner et al. 2005; Keenan et al.
1996; Wolkowitz et al. 1997). Although considerable evidence suggests that long-
term glucocorticoid exposure may cause cognitive impairment via cumulative and
long-lasting influences on hippocampus function and morphology (Brown et al.
2004; Joéls 2001; McEwen 2001; Sapolsky 2000; Starkman et al. 1992), it is pos-
sible that also acute hormonal influences on retrieval processes contribute to the
memory deficits found with chronic glucocorticoid exposure. To investigate this
question, memory functions and hippocampal volume were examined in patients
with rheumatoid arthritis who were treated either chronically (i.e., for a mean dura-
tion of 5 years) with low-to-moderate doses of prednisone or without glucocorti-
coids. In both groups, delayed recall of words learned 24 h earlier was assessed
under conditions of either elevated or basal glucocorticoid levels in a double-blind,
placebo-controlled crossover design. The findings did not indicate harmful effects
of a history of chronic prednisone treatment on memory performance or hippocam-
pal volume (i.e., no differences were found between both groups when retention
was tested under placebo treatment). However, acute prednisone administration 1 h
before retention testing to either the steroid or nonsteroid group impaired verbal
recall (Coluccia et al. 2008). Thus, these findings indicate that acute and reversible
effects of glucocorticoids on retrieval processes contribute to the memory deficits
found in conditions of chronically elevated glucocorticoid levels.

5.2.2.1 Role of Amygdala-Hippocampal Interaction in Enabling
Glucocorticoid Effects on Memory Retrieval

Extensive evidence from studies in amnesic patients, human imaging studies, and
lesion studies in animals indicates that the medial temporal lobe (hippocampus and
parahippocampal gyrus) is crucially involved in the retrieval of spatial and contex-
tual memory in animals and declarative memory in humans (Cabeza and Nyberg
2000; Moser and Moser 1998; Squire 1992). Systemic administration of glucocor-
ticoids to rats shortly before retention testing induces retrieval impairments for con-
textual and spatial memory (de Quervain et al. 1998a; Roozendaal et al. 2004a).
Furthermore, local infusions of a glucocorticoid receptor agonist into the hippocam-
pus of rats induce memory retrieval impairment on a water-maze spatial task com-
parable to that seen after systemic administration (Roozendaal et al. 2003). In
parallel, a positron-emission tomography (PET) imaging study in healthy humans
showed that acutely administered cortisone reduces blood flow in the medial tempo-
ral lobe during memory recall of words, an effect that correlated with the degree of
memory retrieval impairment (de Quervain et al. 2003). Moreover, a recent func-
tional magnetic resonance imaging (fMRI) study found that glucocorticoids decrease
hippocampal and prefrontal activation during declarative memory retrieval (Oei
et al. 2007).

Other studies indicated that glucocorticoid effects on memory retrieval also depend
on emotional arousal and BLA activity. Specifically, it has been shown in recent studies
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in humans that emotionally arousing information is especially sensitive to the retrieval-
impairing effects of glucocorticoids (Fig. 5.2) (de Quervain et al. 2007a; Kuhlmann
et al. 2005a, b; Smeets et al. 2008), and that emotional arousal during the test situation
enables glucocorticoid effects on memory retrieval (Kuhlmann and Wolf 2006b).
Studies of rats investigating the neural mechanisms underlying this selectivity have
indicated that glucocorticoid effects on memory retrieval depend critically on arousal-
induced noradrenergic activity within the brain (Roozendaal et al. 2004a, b). Infusion
of a 3-adrenoceptor antagonist into the BLA blocks the impairing effect of a glucocor-
ticoid receptor agonist infused into the hippocampus on memory retrieval of spatial
information (Roozendaal et al. 2003, 2004b). In line with this idea, the B-adrenoceptor
antagonist propranolol blocked the impairing effect of cortisone on the retrieval of
emotionally arousing verbal material in healthy humans (Fig. 5.2) (de Quervain et al.
2007a). These findings may have important clinical implications as (-adrenoceptor
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antagonists might prove useful for the prevention of glucocorticoid-induced memory
deficits in acute stressful situations (Kuhlmann et al. 2005b), as well as for the treat-
ment of memory deficits in conditions associated with chronically elevated glucocor-
ticoid levels, such as depression or medical conditions requiring glucocorticoid
treatment (Coluccia et al. 2008; Roozendaal and de Quervain 2005).

5.2.3 Glucocorticoid Effects on Working Memory

Working memory is a dynamic process whereby information is updated continu-
ously, providing a temporary storage of information (Baddeley 1992; Jones 2002).
Evidence from lesion, pharmacological, imaging, and clinical studies indicates that
working memory depends on the integrity of the prefrontal cortex (Brito et al. 1982;
Fuster 1991; Owen et al. 2005). Stress exposure is known to impair performance
of rats on a delayed alternation task, a task commonly used to assess working
memory in rodents (Arnsten and Goldman-Rakic 1998). Although basal levels of
endogenous glucocorticoids are required to maintain prefrontal cortical function
(Mizoguchi et al. 2004), systemic administration of stress doses of glucocorticoids
impairs delayed alternation performance in rats (Roozendaal et al. 2004c). Stress
or stress-level cortisol treatment is also known to impair working memory perfor-
mance in human subjects during demanding tasks that require a high level of
arousal (Baddeley 1992; Lupien et al. 1999; Schoofs et al. 2008; Wolf et al. 2001;
Young et al. 1999). Importantly, like glucocorticoid effects on memory consolida-
tion and retrieval, these hormones interact with noradrenergic mechanisms in
inducing working memory impairment (Roozendaal et al. 2004c). Animal studies
have shown that glucocorticoid effects on working memory also depend on func-
tional interactions between the BLA and the medial prefrontal cortex. Disruption
of BLA activity blocks the effect on working memory of a glucocorticoid receptor
agonist administered into the medial prefrontal cortex (Roozendaal et al. 2004c).
This evidence provides strong support for the hypothesis that BLA activity mod-
ulates stress- and emotional arousal effects on working memory in other brain
regions.

5.3  Modulatory Effects of Glucocorticoids on Emotional
Memory: Implications for Anxiety Disorders

From the findings reviewed above, we have learned that glucocorticoids enhance
memory consolidation but impair memory retrieval and working memory in emo-
tionally arousing situations (Fig. 5.3). Enhanced memory for emotional events is a
well-recognized phenomenon, which helps us to remember important information.
Although glucocorticoid-induced temporary impairments of memory retrieval and
working memory may directly negatively influence task performance during highly
stressful conditions, these effects should not a priori be regarded biologically as
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maladaptive. In fact, these effects may actually aid to an accurate storage of emo-
tionally arousing information by blocking, for example, retroactive interference
(Roozendaal 2002). However, whereas the enhanced memory for emotionally arous-
ing events in most cases has a clear adaptive value, in certain circumstances,
extremely aversive experiences can also lead to highly emotional, traumatic, or fear-
ful memories, which contribute to the development and symptoms of anxiety disor-
ders. Therefore, understanding the basic modulatory actions of glucocorticoids on
different aspects of cognition may have important implications for understanding
and, possibly, treating stress-related (anxiety) disorders. Although we focus in this
chapter on the implications of memory-modulatory glucocorticoid effects for anxiety
disorders, earth-bound research on the role of glucocorticoids is likely to have impor-
tant implications for other psychiatric disorders, such as depression or schizophre-
nia, as well (Belanoff et al. 2001; Newcomer et al. 1998; Rubinow et al. 1984;
Starkman et al. 1981).

5.3.1 The Role of Aversive Memories in Anxiety Disorders

Several lines of evidence indicate that after an aversive experience the formation of
an aversive memory trace is an important pathogenic mechanism for the develop-
ment of anxiety disorders, such as PTSD or phobias (LeDoux 2003; Mineka and
Ochlberg 2008; Phelps and LeDoux 2005; Pitman 1989; Yehuda and LeDoux 2007).
Neuroimaging studies have shown that while the prefrontal cortex seems to be
hyporesponsive, amygdala activity in response to viewing aversive information is
exaggerated in patients with PTSD as compared to healthy controls and, impor-
tantly, correlates positively with later recall of the aversive information, and with
PTSD symptom severity (Armony et al. 2005; Dickie et al. 2008; Francati et al.
2007; Heim and Nemeroff 2009; Rauch et al. 2000; Shin et al. 2005, 2006). These
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findings are in line with the well-known role of the amygdala in the formation of
emotional memory, as reviewed above. Furthermore, some evidence indicates that
the administration of a B-adrenoceptor blocker, which is known to impair the con-
solidation of memory of emotionally arousing experiences, might be preventive
with regard to the development of subsequent PTSD (Pitman et al. 2002). These
findings underscore the important pathogenic role of aversive memory formation in
the development of PTSD. However, the formation of a strong aversive memory
trace is, of course, not sufficient to develop an anxiety disorder. In fact, building
strong memories of an aversive event is a primarily adaptive mechanism and even
intrusive thoughts (intrusive memory retrieval) and related symptoms are normal
reactions in the first period after an aversive experience. In individuals who do not
develop an anxiety disorder, which fortunately is mostly the case, intrusive memory
retrieval declines over time, although the aversive memory can still be recalled vol-
untarily even after a long time. In contrast, in individuals who do develop a chronic
anxiety disorder, the aversive memory trace remains easily reactivatable by an aver-
sive cue (e.g., trauma cue), or even spontaneously, leading to uncontrollable aver-
sive memory retrieval and related clinical symptoms (re-experiencing in PTSD).

PTSD is a chronic response to a traumatic event and characterized by the follow-
ing features: re-experiencing of the traumatic event, avoidance of stimuli associated
with the trauma, and hyperarousal. Re-experiencing symptoms include intrusive
daytime recollections, traumatic nightmares, and flashbacks in which components
of the event are relived (American Psychiatric Association 1994; Yehuda 2002b).
These re-experiencing symptoms result from excessive retrieval of traumatic mem-
ories which often retain their vividness and power to evoke distress for decades or
even a lifetime. Importantly, traumatic re-experiencing phenomena are again con-
solidated (re-consolidated) into memory, which cements the traumatic memory
trace (see the discussion of the concept of intrusions in the PTSD research literature
(e.g. Brewin 2001; Michael et al. 2005a, b). Persistent retrieval, re-experiencing,
and reconsolidation of traumatic memories are stages of a process that keeps these
memories vivid and thereby the disorder alive (see Sect. 5.3.3).

5.3.2 Glucocorticoids and PTSD

5.3.2.1 Preventive Effects of Glucocorticoids with Regard
to the Development of PTSD

From the basic studies discussed above, we have learned that acutely elevated glu-
cocorticoids enhance the consolidation of emotional memories. Based on these
findings, it can be assumed that elevated glucocorticoid levels at the time of an
aversive experience may contribute to the formation of traumatic and fearful mem-
ories. This idea is supported by a recent study on traumatic memories in critically
ill patients. These patients often report traumatic memories from intensive care
treatment and have a relatively high incidence of chronic stress symptoms and
PTSD during follow-up (Schelling et al. 2004b). It was found that the number of
traumatic memories from the intensive care unit correlated positively with the
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amount of cortisol acutely administered to patients undergoing cardiac surgery
(Schelling et al. 2003). Theoretically, it might therefore be useful to therapeutically
block glucocorticoid signaling immediately after a traumatic incident, as has been
proposed for adrenergic signaling (Pitman and Delahanty 2005). However, to block
initial consolidation of aversive memories, the anti-glucocorticoid treatment should
be given shortly after the aversive event. This is usually not possible and therefore
this approach seems difficult. Moreover, there is evidence suggesting that reduced
cortisol excretion in response to a traumatic event is actually associated with an
increased risk of developing subsequent PTSD (Delahanty et al. 2000; McFarlane
et al. 1997; Yehuda et al. 1998). These findings suggest that elevated glucocorti-
coid levels after an aversive event might be preventive with regard to the develop-
ment of PTSD. This idea is strongly supported by studies showing that prolonged
(several days) administration of stress doses of cortisol during intensive care treat-
ment reduces the risk for later PTSD (Schelling et al. 2001, 2004a, 2006; Weis
et al. 2006). But how do such findings of preventive effects fit with the idea that
glucocorticoids enhance the formation of traumatic memories? After initial con-
solidation of traumatic experiences, which is likely to be enhanced by glucocorti-
coids, cortisol levels later on may play a crucial role in controlling the amount of
retrieved traumatic memories. Specifically, by the known reducing effects of glu-
cocorticoids on memory retrieval, high levels of these hormones may partly inter-
rupt the vicious cycle of retrieving, re-experiencing, and reconsolidating aversive
memories, thereby preventing a further cementation of the aversive memory trace.
Studies showing that the preventive effects of glucocorticoid administration are
also observed when the treatment started already at the time of the traumatic event
(Schelling et al. 2004a; Weis et al. 2000) indicate that such an inhibitory effect of
glucocorticoids on memory retrieval prevails the potentially enhancing effect on
initial consolidation. Taken together, these findings suggest that elevated glucocor-
ticoid levels (endogenously or pharmacologically) act preventively with regard to
the development of PTSD. Some evidence suggests that interactions between
altered glucocorticoid signaling and inflammatory responses might play a crucial
role in the development of and vulnerability to PTSD (Gill et al. 2009).

5.3.2.2 Glucocorticoids Reduce the Retrieval of Traumatic
Memories in Chronic PTSD

In addition to individuals at risk for PTSD, also patients with an established PTSD can
show low endogenous cortisol levels (Bierer et al. 2006; Mason et al. 1986; Yehuda
2002a; Yehuda and Bierer 2008; Yehuda et al. 1995, 2007); but also see Pitman and Orr
(1990); Young and Breslau (2004). A recent meta-analysis has shown that low cortisol
levels depend on several factors, including gender and trauma type (Meewisse et al.
2007). Low cortisol levels may contribute to a hyper-retrieval of aversive memories.
Based on the finding that glucocorticoids impair the retrieval of emotional information,
we hypothesized that patients with chronic PTSD might benefit from glucocorticoid
treatment. In an initial study, we tested this hypothesis in a small number of patients
with chronic PTSD (Aerni et al. 2004). During a 3-month observation period, low-dose
cortisol (10 mg per day) was administered orally for one month using a double-blind,
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placebo-controlled, crossover design. The administration of this low dose of cortisol
for one month does not cause major side effects and does not suppress endogenous
cortisol production (Cleare et al. 1999). To assess possible treatment effects on the
retrieval of traumatic memories, the patients rated daily the intensity and frequency of
the feeling of reliving the traumatic event and the physiological distress felt in response
to traumatic memories and nightmares (self-administered rating scales from the
Clinician Administered PTSD Scale questions). The results of this study indicated that
low-dose cortisol treatment had beneficial effects with regard to re-experiencing symp-
toms and nightmares and there was evidence for cortisol effects that outlasted the treat-
ment period (Aerni et al. 2004).

5.3.3 Possible Mode of Action of Glucocorticoids
in the Reduction of Traumatic Memory

The results of our clinical study suggest that glucocorticoid administration has acute
effects on clinical symptoms by reducing the retrieval of traumatic memory (Aerni
et al. 2004). Additionally, there was evidence that symptoms were reduced even after
cessation of the treatment period. What might be the underlying mechanism? In
PTSD, excessive retrieval of traumatic memory, which may be spontaneous or trig-
gered by a trauma cue, leads to re-experiencing of the traumatic event (Michael and
Ehlers 2007). (Re)consolidation of such aversive experiences further cements the
aversive memory trace and thereby contributes to the persistence of the disorder
(Fig. 5.4a). By inhibiting memory retrieval, cortisol may partly interrupt the vicious
cycle of spontaneous retrieving, re-experiencing, and reconsolidating traumatic mem-
ories in PTSD and, thereby, promote forgetting, a spontaneous process that occurs
when memory is not reactivated (Fig. 5.4b). Furthermore, cortisol may facilitate the
extinction of aversive memories, as evidenced by animal studies showing that gluco-
corticoid signaling promotes memory extinction processes (Barrett and Gonzalez-
Lima 2004; Bohus and Lissak 1968; Yang et al. 2006). Glucocorticoids may facilitate
extinction in two ways: (1), because of the cortisol-induced reduction of memory
retrieval, an aversive cue is no longer followed by the usual aversive memory retrieval
and related clinical symptoms but, instead, becomes associated with a non-aversive
experience which is stored as extinction memory; (2), because elevated glucocorticoid
levels are known to enhance the long-term consolidation of memories (Buchanan and
Lovallo 2001; Flood et al. 1978; Kovacs et al. 1977; Kuhlmann and Wolf 2006a;
Roozendaal 2000), it is possible that glucocorticoids facilitate the storage of correc-
tive experiences. This is supported by recent animal studies showing that post-retrieval
administration of glucocorticoids is able to enhance the consolidation of extinction
memory (Abrari et al. 2008; Cai et al. 2006). Theoretically, such post-retrieval (or
post-reactivation) glucocorticoid effects may also be interpreted as an inhibition of
reconsolidation (Tronson and Taylor 2007; Wang et al. 2008). Howeyver, findings in
animals suggest that reconsolidation of aversive memory is disrupted by blocking
rather than by activating glucocorticoid signaling (Tronel and Alberini 2007).
Furthermore, in favor of the memory extinction hypothesis, it has been shown that
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Fig.5.4 Model on the role of glucocorticoids in the reduction of aversive (traumatic) memory. (a)
Excessive retrieval of aversive memories causes re-experiencing symptoms in PTSD.
Reconsolidation of such aversive experiences further cements the aversive memory trace. (b)
Glucocorticoid-induced reduction of the aversive memory trace. By inhibiting memory retrieval,
glucocorticoids partly interrupt this vicious cycle of retrieving (1), re-experiencing (2), and recon-
solidating (3) aversive memories, which leads to a weakening of the aversive memory trace (4).
Furthermore, because the aversive cue is no longer followed by the usual aversive memory retrieval
and related clinical symptoms, the cue becomes associated with a non-aversive experience, which
is stored as extinction memory (5). Based on the findings of animal studies, glucocorticoids are
likely to enhance long-term consolidation of extinction memory (see text for details) (Reprinted
from de Quervain et al. 2009)
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post-retrieval effects of glucocorticoids on memory are of transient nature and are
reversed by a reminder [but see Wang et al. (2008)], which should not occur after
inhibited reconsolidation. Although the data currently available rather speak for a
facilitating effect of glucocorticoids on memory extinction, it is possible that, perhaps
under certain conditions, glucocorticoids may also inhibit memory reconsolidation
processes.

5.4 Conclusion

In this chapter, we have reviewed evidence from both animal and human studies
indicating that glucocorticoids enhance memory consolidation, but impair memory
retrieval and working memory (Fig. 5.3). Importantly, these hormone effects depend
on emotional arousal-induced activation of noradrenergic transmission within the
BLA and on interactions of the BLA with other brain regions, such as the hippocam-
pus and neocortex. Therefore, glucocorticoids, via BLA activation, can modulate
memory processes of many different kinds of emotionally arousing experiences.

Enhanced consolidation for emotionally arousing information is an adaptive
mechanism, which helps us to retain important information. Reduced memory
retrieval and working memory should not a priori be regarded as maladaptive as
they support this process of retaining important information. In addition, the reduc-
tion of memory retrieval may aid in suppressing behaviors that are no more relevant
or even maladaptive. This mechanism is especially important in more chronic situ-
ations when the organism is forced to adapt to a changed environment (e.g., during
space flight). Under such conditions, also the facilitating effects of glucocorticoids
on extinction processes represent an adaptive response, which helps the organism to
deal with stressful events (De Kloet et al. 1999; McEwen 1998).

Because emotionally aversive memories play an important role in the develop-
ment and symptomatology of stress-related (anxiety) disorders, we aimed to trans-
late the basic findings on the effects of glucocorticoids on emotional memory in
animals and healthy humans to clinical conditions. Specifically, the findings, which
indicated that glucocorticoids reduce memory retrieval and enhance extinction of
emotional memories, led us to hypothesize that these stress hormones might be use-
ful in the treatment of anxiety disorders. Clinical studies and studies in animal mod-
els of acquired fear indicate that glucocorticoid treatment indeed reduces the
retrieval of traumatic memories and enhances extinction processes. These dual
actions of glucocorticoids seem to be especially suited for the treatment of acquired
fear. By inhibiting memory retrieval, glucocorticoids may partly interrupt the vicious
cycle of spontaneous retrieving, re-experiencing, and (re)consolidating aversive
memories, in patients on earth, as in space crew members who have undergone an
unpredicted, traumatic emergency situation.

More research is needed to better understand the molecular underpinnings of glu-
cocorticoid actions on different memory processes as well as the role of (epi)genetic
differences across individuals (de Quervain et al. 2007b). Such research might further
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promote the understanding of why some individuals become vulnerable to anxiety
disorders, whereas others are resilient or even gain strength from stressful experi-
ences. This knowledge might be also of considerable importance when selecting crew
members for a long-duration mission for space exploration. Moreover, because cogni-
tive dysfunctions, stress disorders, and the effects of glucocorticoids are linked to
downstream immune modulation, a more integrative view is needed, also with regard
to possible countermeasures. Finally, as stress and stress hormones have a large impact
on specific memory functions and space flight conditions are associated with many
stressors, such as microgravity, sleep deprivation, pain, variable oxygenation status,
radiation, and confinement, research has been initiated to investigate these specific
cognitive functions in space flight conditions together with the psycho-neuroendo-
crine and immune status.
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The Autonomic Nervous System

Nicola Montano, Eleonora Tobaldini, and Alberto Porta

6.1 Introduction

The autonomic nervous system (ANS) is the branch of the nervous system that controls
the visceral functions in order to maintain the “homeostasis/homeodynamic” state of
the body, being an interface between body, central nervous system (CNS), and the
external stimuli (Malliani 2000).

The ANS can be divided into two subsystems, the sympathetic (SNS) and the
parasympathetic (PNS) branches. The autonomic nervous system plays a key role in
the regulation of several body functions like control of cardiovascular function, gas-
trointestinal, pulmonary, skin, and genitourinary and immune control, just to cite
the most important, that are all essential in order to maintain the physiological body
functions. Moreover, the ANS is very sensitive to react upon environmental chal-
lenges / stressor to make the body adaptable to the environment (Fig. 6.1).

Despite the widely used definition of “autonomic,” a lot of evidences strongly
support the hypothesis of very complex and integrated control mechanisms operat-
ing at different central and peripheral levels coordinating the function of ANS
(Montano et al. 2009).

Just considering this latter point, it has also been widely demonstrated that sev-
eral pathological conditions (e.g., cardiovascular diseases such as hypertension,
heart failure, and myocardial infarction) are characterized by an impaired autonomic
control, consisting of a chronic sympathetic overactivity, due to both afferent and
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Fig. 6.1 Schematic representation of the central role played by autonomic nervous system (ANS)
in being modulated/modulating by stress system in the central nervous system (CNS). This is in
turn affected by sleep, which is under the major influence of circadian rhythms. Changes in ANS
induced by stress system and/or sleep may affect cardiovascular system not only directly, but also
increasing oxidative stress and modifying immune responses. As this relationship is bidirectional,
primary changes in oxidative stress and immune responses also may affect ANS and, moving
upstream, stress responses and sleep

efferent pathways activation, characterized by altered responses to stressors stimuli
(Lombardi 1986; Guzzetti et al. 1988; Pagani and Lucini 2001).

Therefore assessment of ANS regulation is fundamental in order to identify the
pathological basis of such diseases (cardiovascular and non-cardiovascular) and can
also be an important target for pharmacological therapy (Malliani 2000; Montano
et al. 2009).

Recently, it has been demonstrated that the ANS plays an important role not only
in the regulation of vegetative state, but also in modulating immune system responses
(Tracey 2009), metabolism, inflammation (Sternberg 2006; Grassi et al. 2007), thus
suggesting a complex integrative role of ANS at different control levels.

In conclusion, it is clear how important is the assessment of ANS in physiologi-
cal and pathological situations as modifications of the control mechanisms regulat-
ing autonomic functions under various conditions of stress challenges.

6.2 Methodologies

Since many years ago, several invasive and noninvasive different techniques have
been developed for the analysis of ANS; however, the attempt to find out a noninva-
sive, reliable, and reproducible technique is still challenging.

Considering all the methods developed for the ANS evaluation, it is possible to
identify three main groups of techniques: (a) humoral measures of sympathetic
activity based on the quantification of catecholamines; (b) direct assessment of
muscle sympathetic nerve activity (MSNA) by means of microneurographic tech-
niques; and (c) indirect measures of sympathetic and parasympathetic modulations
derived from the analysis of heart rate variability analysis (HRV).
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6.2.1 Catecholamines and Muscle Sympathetic Nerve Activity

For many years, the levels of plasma and urinary catecholamines (epinephrine and
norepinephrine) have been considered as a reliable index of sympathetic activity. In
1983, Goldstein et al. reported that hypertensive subjects had higher plasma cate-
cholamines levels compared to healthy subjects (Goldstein et al. 1983). Several fac-
tors may influence catecholamine levels and kinetics and have been identified as
possible confound elements contributing to the variability among subjects. Moreover,
because the plasma levels of catecholamines suggest general and non-organ-specific
changes in sympathetic control, more specific regional measures of catecholamines
have been developed. In fact, measures of the local rates of noradrenaline release
could allow the assessment of organ-specific sympathetic nervous system activity,
as the cardiac catecholamines spill over (Esler 1993).

Sympathetic activity could also be directly recorded in humans, using the
microneurography techniques (Valbo et al. 1979). The direct recording of sympa-
thetic nerve activity directed to skeletal muscles (MSNA) and skin (SSNA) has
provided important information regarding cardiovascular control reflexes in several
physiological and pathological conditions (exercise, response to orthostatic stress,
cardiovascular and metabolic diseases such as hypertension, heart failure, obstruc-
tive sleep apnea etc. ) (Narkiewicz and Somers 2003; Wallin et al. 2007; Kato et al.
2009). Although these techniques are more reliable than the catecholamine mea-
surements in assessing the sympathetic function, the limitation that they are mini-
mally invasive makes this approach unsuitable for studies on large populations
(Montano et al. 2009).

Another key observation is the fact that all the techniques mentioned above are
capable of providing information on sympathetic branch; they cannot give any
information regarding the parasympathetic activity. These two limitations, the inva-
sivity and the lack of information on parasympathetic nervous system, lead to the
development of noninvasive techniques capable of providing information on the
sympatho-vagal balance and on the rhythmical oscillations on the heart period and
arterial pressure variability in the time and frequency domain.

6.2.2 Heart Rate Variability Analysis

More than 40 years ago, Lee and Hon (1965) described, in fetal distress, alterations
in interbeat intervals preceding evident changes in heart rate itself.

Some years later, based on the hypothesis that heart rate and blood pressure
exhibit beat-to-beat oscillations around the main values and that the identification of
these rhythmical components can provide reliable information on sympathetic and
parasympathetic modulation of heart rate and blood pressure variability (Pagani
et al. 1986). Sayers and coworkers (Hyndman et al. 1971; Sayers 1973) introduced
the idea of a computational analysis of the variability of heart rate (heart rate vari-
ability, HRV) as a reliable tool capable of investigating sympathetic and parasympa-
thetic modulations. Kleiger found further evidence of a strong clinical relevance of
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HRYV in cardiac patients in a pioneering study, where HRV was found to be an inde-
pendent predictor of mortality after acute myocardial infarction (Kleiger 1987,
Malik 1989) provided the evidence of the clinical relevance of this technique.

Differently from the time domain measures, HRV analysis is based on the idea that
each time series, including the RR interval time series (tachograms) and the systolic
and diastolic arterial pressure time series (systograms and diastograms), can be consid-
ered as the sum of different rhythmical oscillations, characterized by specific frequency
and amplitude. It has been clearly shown that the assessment of these rhythmical com-
ponents on cardiovascular signals provides reliable information on the ANS function in
healthy people and the diseased (Akselrod et al. 1981; Malliani et al. 1991).

In the last few decades, intensive research in this field allowed to better under-
stand the physiological interaction between sympathetic and parasympathetic effer-
ent pathways, the sympatho-sympathetic excitatory reflexes (Malliani et al. 2002),
and the alteration of the sympatho-vagal balance in pathological conditions that
form as basis for cardiovascular diseases.

6.2.2.1 Time-Domain Analysis

Time domain analysis of HRV is based on the evaluation of the RR intervals. After
the QRS complex detection, it is possible to determine the normal-to-normal (NN)
intervals, consisting of all intervals between adjacent QRS complexes from sinus
node depolarizations. The simplest time domain analysis includes mean NN inter-
val, mean heart rate, the difference between the longest and shortest NN interval or
variations of instantaneous heart rate due to respiration, Valsalva maneuver and
drug infusion (Task Force of the European Society of Cardiology the North American
Society of Pacing Electrophysiology 1996).

For more technical details, see Chap. 20.

6.2.2.2 Frequency Domain Analysis

Several methods have been validated for the spectral analysis of HRV and those can
be divided into parametric and nonparametric methods. The nonparametric methods
use a more simple algorithm (usually a fast Fourier transform, FFT) and the process
speed is higher, while the parametric methods allow the identification of spectral
components independent of preselected frequency bands, automatic calculation
of low- and high-frequency components, and the possibility of precise estimation
of spectrum density on small samples (Task Force of the European Society of
Cardiology the North American Society of Pacing Electrophysiology 1996).

From the time series, the algorithm is capable of distinguishing three main spec-
tral components: very low frequency component (VLF), frequency band below
0.04 Hz, low-frequency component (LF), centered around 0.1 Hz (0.04-0.15 Hz),
marker of sympathetic modulation, and a high-frequency component (HF), syn-
chronous with respiration, marker of vagal modulation. Each oscillation can be
described by a specific frequency band and amplitude that is expressed in absolute
values of power (milliseconds squared) and in normalized units (nu), which repre-
sent the relative value of each power component in proportion to the total power
minus the VLF component.
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As for the previous paragraph, see Chap. 19 for more technical details and
explanations.

6.2.2.3 Nonlinear Analysis of HRV

In the past few years, a growing interest has been focused on the investigation of
nonlinear dynamics of HRV and on the evaluation of the complexity of the cardio-
vascular control of HRV and blood pressure variability.

The hypothesis that ANS control is based on nonlinear dynamics and on the
interaction of different subsystems that act at several time scales leads to the grow-
ing interest in providing nonlinear analyses and complexity measures of cardiovas-
cular ANS control in physiological and pathological states (Goldberger and West
1987; Goldberger et al. 1988; Kaplan et al. 1991; Porta et al. 2007; Maestri et al.
2007; Voss et al. 2009; Huikuri et al. 2009).

In a recent review, Voss et al. (2009) suggested that the nonlinear dynamics and
complexity of a biological system can be due to three main components: (1) differ-
ent subsystem acting with feedback interactions to adapt to internal and external
stimuli, (2) the adaptation of a subsystem to changed conditions (as in pathological
conditions or during aging process), (3) when a subsystem failed, the others operate
to compensate the lacking control mechanisms.

Three main families of nonlinear and complexity analyses can be identified: (1)
fractal measures, such as Power-law correlation and detrended fluctuation analysis
(DFA); (2) symbolic dynamics, and (3) complexity measures, such as Sample
Entropy, Approximate Entropy, Multiscale Entropy, Shannon Entropy, Conditional
Entropy, and Corrected Conditional Entropy.

Detrend Fluctuation Analysis

Detrended fluctuations analysis (DFA) was introduced by Peng et al. 1995 and it is
based on a modified random walk analysis applied to physiological time series
(Peng et al. 1995). It quantifies the fractal correlation properties in non-stationary
time series and it usually estimates a short-term fractal scaling exponent ol and a
long-term scaling exponent a2, to identify the fluctuations on multi-length time
scales. ol and a2 describe, respectively, the short- and the long-term fractal-like
scaling properties of the heart period fluctuations.

Technically, the time series is divided into windows of the same size and the vari-
ability is analyzed in relation to local trend in each window and the process is
repeated for all different window sizes. A scaling exponent value of approximately
1 corresponds to 1/f fluctuations.

In healthy subjects, the scaling exponent is approximately 1, thus suggesting a
fractal-like behavior, while in pathological conditions, this index is reduced, sug-
gesting a loss of fractal-like heart period dynamics (Mikikallio et al. 2002; Huikuri
et al. 2009; Voss et al. 1995, 2009). This technique has been applied for the identi-
fication of high-risk cardiac patients: It has been shown by Makikallio et al.
(Mékikallio et al. 1997; Huikuri et al. 2000) that a reduction of al is a powerful
predictor of mortality and that this reduction is associated with vulnerability to ven-
tricular tachycardia, ventricular fibrillation, and arrhythmic death.
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Symbolic Analysis
In the last few years, a new method called symbolic analysis (SA) has been
implemented by several authors (Porta et al. 2001, 2007; Voss et al. 2009) as a non-
linear tool capable of providing information on autonomic cardiovascular control.
SA is based on the conversion of a series into a sequence of symbols suitable for the
description of sympathetic and parasympathetic modulation of HR and BPV. Briefly,
it is based on the transformation of heart period variability series into a sequence of
symbols and the construction of patterns (i.e., words). The complexity of the data
time series is determined from the distribution of the words using different mathe-
matical methods (Voss et al. 1995; Wessel et al. 1998, 2000; Porta et al. 2007a—d).
In the method proposed by Porta et al., the full range of sequences is spread over
six levels and patterns of three beats length are constructed. All the patterns are then
grouped, without any loss, into four families: the OV family (patterns with no varia-
tions), 1V family (patterns with one variation), 2LV family (patterns with two like
variations), and 2UV family (patterns with two unlike variations) (Porta et al. 2007a).
The rate of occurrence, expressed as a percentage, is then evaluated. The application
of this method to evaluate cardiac autonomic control of HRV revealed that the fam-
ily of OV pattern is marker of sympathetic modulation, while the 2UV family is a
marker of vagal modulation. Compared to spectral analysis, this method has some
advantages: SA is a nonlinear method, it is independent of the definition of the a
priori frequency bands of the heart period oscillations and it is more reliable than
spectral analysis in evaluating ANS control during co-activation of the two branches.
It has been shown that SA is capable of tracking the progressive changes of sympa-
thetic modulation occurring during graded head-up tilt test better than more classic
spectral analysis (Porta et al. 2007d). The clinical application of this technique
allows the identification of high-risk patients after acute myocardial infarction (Voss
et al. 1995) and a better predictor of high risk for arrhythmias in post-myocardial
infarction patients.

Entropy Measures

In order to assess the regularity (or, its opposite, the irregularity) of the heart period
and blood pressure oscillations, in the last few years, several entropy measures have
been developed. Complexity analysis can provide the quantification of different
aspects of the cardiovascular control mainly related to the organization of different
subsystems that cooperate in order to regulate the physiological and pathological
responses of cardiovascular ANS. Complexity is measured by evaluating the amount
of information carried by a series, i.e., larger the information, greater the complexity
(Porta et al. 2001). For the evaluation of complexity of heart period variability, sev-
eral indices have been developed and applied in physiological and pathological con-
ditions. In physiological conditions, a maneuver known to induce a gradual increase
of sympathetic modulation, i.e., the head-up tilt test, caused a reduction of complex-
ity of heart period variability. Moreover, several studies have shown that aging and
pathological processes are associated with a decrease in complexity of autonomic
cardiovascular control.
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Approximate Entropy (ApE) and Sample Entropy (SE)
ApE can be considered an index of the overall complexity of a time series (Pincus
1991). It measures the unpredictability of fluctuations in a time series, quantifying
the probability that patterns will remain similar for successive incremental compari-
son (Pincus and Goldberger 1994). The higher is the ApE, the higher is the complex-
ity of the time series, the lower is the ApE, the lower is the complexity of the time
series (i.e., the time series is more predictable because it contains many repetitive
patterns).

SE is an improvement of ApE and it quantifies the conditional probability that
two sequences of data points similar to each other will remain similar when one
consecutive point is included (Voss et al. 2009).

Shannon Entropy (ShE)

ShE assesses the complexity of the distribution of the patterns of length L. ShE is an
index that describes the shape of the distribution of heart periods: ShE is large if the
distribution is flat (all the patterns are identically distributed and the pattern distri-
bution carries the maximum amount of information). On the contrary, ShE is small
if there is a subset of patterns that is more likely, while others are missing or infre-
quent (as it happens in a Gaussian distribution) (Porta et al. 2007).

Conditional Entropy (CE) and Corrected Conditional Entropy (CCE)

CE is a measure of the amount of information carried by the current RR sample when
the previous values are known. In other words, it represents the difficulty in predict-
ing future values of RR based on past values of the same series. The CE is 0 when the
knowledge of the previous values is helpful in predicting the future values while it is
equal to ShE when the knowledge of past values of RR is not helpful to reduce the
uncertainty of future RR values. The CCE, proposed by Porta et al. (2001), decreased
to 0 only when RR was completely predictable, showed the maximum value when
RR is completely unpredictable and showed a minimum when the knowledge of past
values is helpful in reducing the uncertainty associated with future RR values.

6.3  Mirroring the Interaction of Stress and the Autonomic
Nervous System Through Cardiovascular Read-Out
Parameters

The pivotal role of the autonomic nervous system in regulating instantaneous cardio-
vascular responses to everyday stressors justifies the major interest of investigating
variations of cardiovascular autonomic regulatory mechanisms on earth and in space.

Neural control of cardiac function and circulation is mainly regulated by the inter-
action between sympathetic and parasympathetic efferent pathways. Usually, physi-
ological regulation of cardiovascular control and responses to external stimuli is
based on the concept of sympatho-vagal balance: The system is based on a reciprocal
response of the two pathways with an activation of the sympathetic drive accompa-
nied by an inhibition of the vagal outflow and vice versa (Malliani 2000). This bal-
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ance allows the autonomic cardiovascular system to maintain an homeostatic
condition in response to internal and external stimuli (exercise, response to orthos-
tatic challenge, stressors, etc.) and oscillates from a states of quite, when negative
feedback reflexes are predominant, to states of excitation (for physical or mental
stress) characterized by central excitatory mechanisms reinforced by peripheral posi-
tive feedback reflexes (Malliani et al. 1991; Zucker 1996; Legramante et al. 1999;
Malliani 2000; Montano et al. 2009).

However, particular physiological situations such as exercise, cold face immer-
sion, and apneas (Paton et al. 2005) but also pathophysiological situations, such as
the period immediately preceding ventricular major arrhythmias (Guzzetti et al.
2005), are characterized by a co-activation of the two subsystems, thus leading from
one side to visceral adaptation to stressful conditions but from the other pathologi-
cal conditions.

While acute activation of the sympathetic nervous system subserves fundamental
regulatory functions and it is necessary to human phylogenesis (exemplified by the
“fight or flight” concept), chronic sympathetic activation as occurring during stress-
ful conditions (physical and or psychological) may result in profound alterations of
neural visceral regulatory functions, leading from functional disturbances up to the
development of cardiovascular and non-cardiovascular diseases. Short- and long-
term spaceflight may challenge cardiovascular autonomic control; thus, relevant
information about autonomic mechanisms can be inferred from the analysis of car-
diovascular variability changes.

6.3.1 Cardiovascular Autonomic Control During
Immobilization Stress (Head-down Bed Rest)

The Head-Down Bed Rest (HDBR) is a stress-full condition consisting of maintain-
ing subjects strictly in bed, with —6° of head down and it has been widely used in
experimental physiology as a simulation of microgravity environment characteristic
of space flights on various organ-systems (see also Chap. 31). The short-term and
long-term HDBR allowed researchers to investigate the effect of microgravity on
autonomic cardiovascular functions in terms of heart rate and blood pressure vari-
ability, baroreflex responses, plasma and urinary catecholamines levels mimicking
short- and long-term space flights. The major interest in studying HDBR-related
changes in autonomic control is the possibility to mimic the weightlessness and
microgravity that are known to cause orthostatic intolerance and the so called decon-
ditioning phenomenon, experienced by astronauts after landing, characterized by
the reduced orthostatic tolerance, pre-syncope, and syncope.

Several studies investigated the autonomic cardiovascular responses of cardio-
vascular parameters, heart rate variability indices, and baroreflex sensitivity during
short-term and long-term HDBR and the recovery period.

The main effects of short-term HDBR exposure is an increase of HR and a reduc-
tion of the total variability of heart period and of parasympathetic modulation and
an impairment of baroreflex function (Hirayanagi et al. 2004; Traon et al. 1998;
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Crandall et al. 1994). In fact, a reduction of the high-frequency component, HF,
marker of vagal modulation, has been observed during short-term HDBR in the late
phase of the test and during the early recovery period (Hirayanagi et al. 2004), as
well as a reduction in sympathetic modulation more evident in the late phase of the
test (Traon et al. 1998).

The data on long-term HDBR (60-120 days) are more debated; for example, the
long-term exposure to HDBR has been shown to both increase (Kamiya et al. 2003)
and decrease the muscle sympathetic nerve activity (Ferretti et al. 2009). As to car-
diovascular parameters, heart rate was significantly higher after 60 and 120 days of
HDBR while blood pressure remained unchanged during the entire period (Kamiya
et al. 1999); considering HRV and the baroreflex function, a significant decrease in
HRYV and baroreflex sensitivity both in the late phase of HDBR and the early phase
of recovery period has been observed; however, the HDBR did not alter the rhyth-
mical oscillatory components of heart period and blood pressure variability (Ferretti
et al. 2009). Interestingly, it has been shown that during a 24-h HDBR the heart
period variability indices and the baroreflex sensitivity expressed a relevant circa-
dian variation, characterized by an increase of total power and high-frequency com-
ponent during the evening (Hartikainen et al. 1993).

In addition to the standard frequency domain approach to heart rate variability,
the nonlinear analysis of HRV after HDBR revealed a reduction in the complexity
of heart period variability, underlying the important effects of the microgravity and
weightlessness on autonomic cardiovascular control and organization (Goldberger
et al. 1994).

All these results support the hypothesis that a decrease in HRV, thus an increase
in cardiovascular sympathetic modulation, associated with other factors, such as
hypovolemia and impairment of endothelium-dependent functions at the microcir-
culation level, could be responsible for the deconditioning effect experienced after
weightlessness predisposing subjects to postural hypotension and reduced ability to
react to orthostatic stimuli (Kamiya et al. 2003; Coupé et al. 2009).

6.3.2 Cardiovascular Autonomic Control During Acute
Gravitational Stress (Parabolic Flight)

Parabolic flights are used to create and reproduce short periods of changing gravity,
within a range of 0—1.8 Gz, with 1 Gz equal to 9.81 m/s%. A standard parabolic flight
can be divided into five different phases: 1 Gz (before and after each parabola),
hypergravity during the ascending leg of the parabola, microgravity at the apex of
parabola and hypergravity during the descending leg of parabola.

Several studies have investigated the hemodynamic and cardiovascular changes
during and after parabolic flights, that have been used to simulate hypergravity and
microgravity characteristics of space missions.

During the microgravity, there is a redistribution of blood toward the upper body
that is capable of stimulating baroreceptors (Lipnicki 2009) and left atrial diameter
and transmural central venous pressure increase (Videbaek and Norsk 1997), as
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well as intrathoracic blood volume and systemic blood pressure (Iwase et al. 1999).
However, in supine position, microgravity induced a decrease of mean arterial pres-
sure and an increase of left atrial diameter, while during 1 Gz conditions left atrial
diameter increased (Pump et al. 1999).

As to HRYV, several studies revealed a higher vagal modulation in microgravity
compared to hypergravity in standing position; however, no significant differences
in terms of spectral parameters were found in supine position between the different
flight phases (Seps et al. 2002; Beckers et al. 2003). The assessment of sympathetic
nervous system using the MSNA technique revealed that during parabolic flights,
with subjects seated, MSNA was increased under hypergravity before microgravity
entry and then suppressed at the onset of microgravity in response to loading of the
cardiopulmonary volume receptors (Iwase et al. 1998, 1999).

The hemodynamic and cardiovascular responses in the gravitational changes
during parabolic flights may be responsible for the syndromes of orthostatic intoler-
ance that mimic the symptoms after space flight, even after short parabolic flights
(Schlegel et al. 2001).

6.3.3 Cardiovascular Autonomic Control During Space Flights

Several studies described that autonomic control of cardiovascular functions is
impaired during space flights, representing a risk factor for cardiovascular diseases
for the astronauts.

It has been shown that a short exposure to microgravity, as during the short-term
space flights, is capable of inducing a reduction of orthostatic tolerance and increased
plasma norepinephrine and epinephrine levels (Fritsch-Yelle et al. 1994), an increase
of baroreflex sensitivity in the early phase of microgravity, reducing the respiratory
modulation of heart rate and decreasing cardiac baroreflex gain with no effects on
arterial blood pressure during post-flights period (Verheyden et al. 2007). The early
exposure to microgravity induced a decrease of HR both in supine and standing
position; diastolic pressure and premature ventricular contractions all were signifi-
cantly reduced in flight (Fritsch-Yelle et al. 1996) while overall variability, LF/HF
and respiratory sinus arrthythmia amplitude and phase were similar to pre-flight val-
ues (Migeotte et al. 2003).

Compared to Earth, systolic arterial pressure and HR tended to be higher in space
with an impairment of vagal baroreflex control, suggesting the idea that micrograv-
ity exposure induces a prevalence of sympathetic and a decrease of parasympathetic
cardiovascular control (Eckberg et al. 2010). The analysis of HRV during long-term
exposure to microgravity revealed an alteration of the rhythmic oscillatory compo-
nents with the evidence of a super-slow wave oscillation, marker of ultradian
rhythms, supporting the hypothesis of a new setting point of cardiac autonomic
regulation (Baevsky et al. 1998). Similarly, MSNA tended to be higher when
recorded in astronauts during spaceflight than on Earth (Eckberg and Neurolab
Autonomic Nervous System Team 2003).
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In the last few years, an increasing interest has also been focused on the
autonomic changes in space flights during sleep. The daily mean systolic blood
pressure and heart rate during space flight were similar to the pre-flight values, but
during sleep, while no differences from pre-flights values have been observed in
HR, an increase to over pre-flight values of systolic arterial pressure was described
(Shiraishi et al. 2004). Comparing the different sleep stages, a more pronounced
decrease of HR was observed during non-REM than for REM sleep (Gundel et al.
1999), thus suggesting a possible increase of parasympathetic dominance of cardiac
rhythms in space.

One of the major problems of astronauts who return to Earth after space flights
is the possibility to experience orthostatic intolerance and, rarely, syncope, for a
deconditioning effect of microgravity on autonomic cardiac control. This is the rea-
son why several studies investigated the autonomic control and the response to
orthostatic challenge after space missions (Eckberg et al. 2010). It has been observed
that long-term space flights (9 months) have been able to reduce the total power of
HRYV and to increase the systolic pressure variability, suggesting a reduction of the
cardiac vagal control and the baroreflex gain (Cooke et al. 2000).

Studying the autonomic response to orthostatism, it has been demonstrated that
astronauts who were not able to finish the orthostatic stress (tilt test) had a lower
systolic arterial pressure at rest in pre-flight condition while, at the end of the tilt
test, HR and systolic arterial pressure were lower in nonfinisher than finishers
(Sigaudo-Roussel et al. 2002). These subjects also exhibited low vascular resistance
and smaller response to phenilephrine before and after flights and low norepineph-
rine release during orthostatic challenge after landing. Similarly, the MSNA response
to orthostatic challenge was preserved in the finishers (without orthostatic intoler-
ance) but it was reduced in those who experienced orthostatic intolerance, support-
ing the hypothesis of an impairment of baroreflex control (Mano 2005).

These data suggested that the orthostatic intolerance after space flights could be
due to a decreased number of alpha-1 adrenergic receptor responsiveness before the
flight and a remodeling of the central nervous system that occurs during space flight
(Meck et al. 2004).

6.4  Stress, Autonomic Nervous Systems
and Immune Regulation

The pivotal role of the autonomic nervous system (ANS) in regulating instanta-
neous bodily responses to everyday stressors and especially in space has been
described exemplarily on the interaction between the ANS and the cardiovascular
systems as above, showing the cardiovascular changes as a critical indicator of the
role of the ANS in the regulation of the human stress-homeostasis. As stated above,
in neuroautonomic terms “stress” may be equated to “sympathetic overactivity” that
is a condition in which there is no more balance and the parasympathetic modula-
tion is shut down. Mounting evidence suggests that an imbalance of the ANS and its
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respective hormones (e.g., catecholamines) is affecting immune responses. For
instance, with some evidence that the sympathetic increasing and the vagus decreas-
ing the release of pro-inflammatory cytokines with relevance to diseases (Bellinger
et al. 2008). Moreover, it has been described that space flight—associated stressful
situations can result in a sympathetic and/or glucocorticoid-mediated immune
downregulation (Stowe et al. 2003) which was also associated with reactivation of
herpes virus (Stowe et al. 2001). In brief, stressful conditions of psychological or
physical nature do modulate key functions of the hosts’ immune responses by neu-
rohumoral, catecholaminergic- and glucocorticoid-system together with neural
pathways to control the host’s immune homeostasis (Tracey 2002, 2009).

It appears likely that ANS alterations in space may impinge also upon homeo-
static immune mechanisms, thereby modulating key function of innate and adaptive
immune responses in space (please see Fig. 6.1 and Chaps. 9-13 of this volume).

6.5 Summary

The autonomic nervous system plays a crucial role as interface between visceral func-
tion and physical/emotional stress challenges. Once regarded only as a source of pure
efferent motor output, it is now well-established that it is a complex system based on
the integration of several reflexes having both negative and positive feedback charac-
teristics, continuously balancing each other. This reflex activity is directed both
upstream, impinging upon CNS structures related to sleep—wake cycle and activating
the arousal system, as well as downstream, regulating visceral (cardiovascular, gastro-
intestinal and genitourinary) functions. Thus, changes in ANS activity may affect sleep
and cortical responses to stress and vice versa. Interestingly, it has recently observed
that ANS is also able not only to be modulated, but also to modulate immune response,
thus strengthening the importance of ANS as a possible target system to elaborate
countermeasures to better cope with stressful conditions, such as space environment.
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Circadian Rhythm and Stress

Mathias Steinach and Hanns-Christian Gunga

7.1 Circadian Rhythm
7.1.1 Definition and Regulation

Rhythmicity of physiological variables is a ubiquitous phenomenon in living systems
(Aschoff and Wever 1962a). Several different rhythms appear to exist, from long
wavelength rhythms like the monthly menstrual cycle to circadian rhythms of many
parameters. Several early works of research have described diurnal changes and
rhythmicities in biological phenomena like the pulse rate, respiratory gas exchange,
or body temperature, exhibiting the peak temperature at the early evening (6 p.m.)
and a nadir during the late night and early morning (4 a.m.) (Gierse 1842). This
rhythmicity seemed to be innate, as it was unaffected by fasting or physical activity.
Also it was shown that isolation from external time cues (zeitgeber) like most nota-
bly sun light, but also social interaction, left the circadian rhythm intact, even though
its phase period appeared to become elongated (Aschoff and Wever 1962b). It was
concluded that there is an endogenous origin of the human circadian rhythm. Since
then, several similar experiments have revealed an endogenous rhythmicity of
approximately 24.5 h, when no external time cues are present (Halberg et al. 1965).

The circadian rhythm is created by a pacemaker system located in the suprachi-
asmatic nucleus of the anterior hypothalamus (SCN) (Mistlberger and Rusak 1989),
which coordinates molecular clocks in each body cell through the control of body
temperature, hormone concentrations, and behavior as well as through a transcrip-
tion/translation feedback loop of clock-related genes (e.g., Perl-2, Cryl-2) influ-
enced by a protein dimer (BMAL1-CLOCK - brain and muscle ARNT-like protein
1 and circadian locomotor output cycles kaput) in all peripheral cells that are simi-
larly regulated by hormones and cytokines (Levi et al. 2008) (Fig. 7.1). A model of
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Fig. 7.1 Schematic view of the circadian system. The periods of the suprachiasmatic nuclei are
calibrated by the day—night cycle and other environmental synchronizers. The suprachiasmatic
nuclei control cellular rhythmicity through their influence on hormonal alterations, locomotor
activity, and the body core temperature. Other pathways involve the sympathetic and parasympa-
thetic systems as well as cytokines like TGFa and EGF. Molecular clocks in all peripheral cells are
controlled by these influences involving transcription/translation feedback loops, in which the
BMALI1:CLOCK protein dimer plays a central role. The molecular clocks in turn influence cellu-
lar functions and eventually affect circadian physiology (After Filipski et al. 2009) BMAL1: Brain
And Muscle Aryl Hydrocarbon Receptor Nuclear Translocator (ARNT)-Like, CLOCK: Circadian
Locomotor Output Cycles Kaput, REV-ERBa/b: BMAL1- and CLOCK-regulating transcriptions
factors, also known as: Nuclear Receptor Subfamily 1, Group D, Member 1 (NR1D1), ROR: RAR-
related Orphan Receptor also known as Nuclear Receptor Subfamily 1, Group F, Member 1
(NR1F1), CRY: Cryptochrome, PER: Period

this system consists of an SCN oscillator generating a rhythm of approximately
24 h, with input pathways responsible for synchronizing the internal system with
external stimuli like the natural light—dark cycle, and output rhythms that are regu-
lated by the pacemaker; the synchronization process that adjusts the internal rhythm
to the external zeitgeber is called entrainment (Moore-Ede et al. 1982). As light
reaches the retina, this information is transmitted to the circadian system via a direct
pathway (Fig. 7.2), the retinohypothalamic tract (RHT) and via an indirect pathway
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Fig.7.2 Schematic view of the neural pathways on the effects of light influence on the circadian
system. Light information is routed to the suprachiasmatic nuclei (SCN). From there, the inhibition
signals reach the Glandula pinealis via the Ganglion cervicale superius. This inhibition disappears
in the absence of light (After Reid and Zee 2009)

through the intergeniculate leaflet (IGL) (Harrington 1997). It has been suggested
that melanopsin-containing retinal ganglion cells, which appear to be neither rods or
cones, are the primary circadian photoreceptors in the retina (Ruby et al. 2002),
exhibit the most sensitivity to wavelengths of around 460 nm (Warman et al. 2003)
and it as has been shown that light of this wavelength induces the greatest changes
in circadian light—induced phase shifts and melatonin suppression. Melatonin, a
tryptophan metabolite, is secreted by the pineal gland which has afferent and effer-
ent connections to other parts of the circadian system. The pineal gland is innervated
through the superior cervical ganglia of the sympathicus, which receives input from
the SCN. Melatonin from the pineal gland in turn affects the SCN as it can alter the
timing of the circadian rhythms and helps to promote sleep as it inhibits the neurons
located in the SCN, thus creating a sleep-permissive condition (Liu et al. 1997).

A model of the circadian clock consists of an endogenous circadian process
(process C) and a homeostatic process (process S) and environmental factors. The
endogenous process facilitates wakefulness during the day and the consolidation of
sleep during the night (Zulley et al. 1981). In addition, the homeostatic process
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accumulates as a function of prior wakefulness, so that the drive for sleep continues
to rise proportionally until it is reduced through sleep, momentarily the only known
means to reduce the sleep propensity of the homeostatic process (Dijk et al. 1990).

The regulation process is also associated with thermoregulation, as was shown
that sleep is usually initiated when the body temperature begins to fall and the awak-
ening is triggered after the body temperature begins to rise again. A hypothermic
effect of melatonin that affects sleep propensity has been proved (Krauchi et al.
2000). The induction of sleep through peripheral heat loss via vasodilatation
followed by a decline of body core temperature further supports the suggested rela-
tionship between the sleep—wake cycle and thermoregulation (see also Chap. 23).

The highly regulated system of the circadian rhythm can be disturbed due to a
misalignment between the endogenous circadian phase and the external 24-h-based
social and physical environment. Also stressful events or conditions that cause alter-
ations in the regulation of associated mediators like stress hormones can influence
the sleep—wake cycle, as described below.

To the end of the aforementioned alteration during stress — especially with regard
to hormonal changes like in the HPA axis with their influence on alertness and
vigilance — it becomes obvious that stressful events can have a direct impact on the
sleeping pattern and ultimately the circadian rhythm of humans exposed to stress.
The following paragraphs shall illustrate these relationships and different forms of
circadian misalignment in stressfull conditions more closely.

7.2  Circadian Misalignment

A misalignment within the circadian rhythm can occur due to changes of the exter-
nal environment relative to the internal rhythmicity, as it appears in jet lag disorder
or shift workers. Such changes can lead to a shortened sleep length that has been
shown to be associated with an increased risk of other diseases like obesity, diabe-
tes, hypertension, and a reduced immune function (Cohen et al. 2009). On the other
hand, changes of the endogenous circadian system itself can lead to changes in the
sleep—wake cycle, as it appears in patients with delayed sleep phase disorder (DSPD)
or advanced sleep phase disorder (ASPD) (Sack et al. 2007).

7.2.1 Delayed Sleep Phase Disorder

DSPD patients have trouble falling asleep and complain about sleepiness in the
morning. They will seek advice to readjust their rhythm because of social and occu-
pational demands (Regestein and Monk 1995). These patients may worsen their
situation as they may administer self-medication with hypnotics or alcohol. The
status may lead to a conditioned insomnia. DSPD is estimated to account for up to
10% of chronic insomnia patients. Reports on epidemiological data is limited, one
study suggests a prevalence of 0.17% in the general population (Schrader et al.
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1993), others report higher prevalence in young adults and adolescents (7-14%)
(Regestein and Monk 1995). Stress and occupational requirements that continue
into the late evening may perpetuate the delayed sleep phase. Research has shown
that patients with DSPD have a hypersensitive suppression of melatonin by light
(Aoki et al. 2001); in addition, lack of appropriate light in the morning may exacer-
bate the condition, as patients tend to sleep later due to the phase shift (Ozaki et al.
1996). Bright light therapy is one of the most commonly used treatments for DSPD
(Morgenthaler et al. 2007) as exposure to bright light in the morning for 1-2 h resets
the human circadian clock by advancing the phase of the circadian rhythms (Czeisler
et al. 1989). Studies have shown that bright light exposure was able to sufficiently
suppress melatonin secretion and reset phase effects on the human circadian system
(Lewy et al. 1987). While high-intensity bright light (3,000—10,000 lux) induces the
greatest impact on the circadian system, even modest intensities (50-600 lux) can
produce notable phase shifts, if presented to individuals, who have been living in
dim-lit environments. Three cycles of exposure to as little as 12 lux for 6.5 h pro-
duced phase shifts (Duffy and Wright 2005). And finally, intermittent exposure to
bright and dim light has been reported to produce almost as much phase shifting as
a continuous exposure (Gronfier et al. 2004) — which in turn means that light of
lower intensity and even intermittently presented could alter the circadian phase and
could therefore be regarded as a stressor to circadian rhythm if exposed to at an
undesired time.

The regime of bright light therapy is especially effective if patients avoid bright
light in the evening (Rosenthal et al. 1990). The administration of the sleep-
inducing hormone Melatonin in the evenings has demonstrated to effectively reset
the circadian clock (Kamei et al. 2000), but due to the limited number of clinical
studies a standardized approach has not yet been developed.

7.2.2 Advanced Sleep Phase Disorder

Patients with advanced sleep phase disorder wake up earlier relative to the external
environment and experience feelings of sleepiness in the evening (Reid and Zee
2009). Phase advancement in ASPD is relatively rare in younger adults as it seems
to be associated with aging (Jones et al. 1999); a prevalence of 1% has been esti-
mated in middle-aged adults. Hereditary correlation has been shown in several
family cases (Jones et al. 1999) but the general pathophysiology is yet unclear,
although a shortened endogenous period in these patients of less than 24 h has been
suggested (Jones et al. 1999). Treatment of ASPD has shown to be effective with
bright light therapy in the evening as it improved sleep efficiency and delayed the
phase of the endogenous circadian cycle (Lack 1993), some patients however had
difficulties complying with the regimen (Campbell 1999). Little data exist about
the effectiveness of melatonin as a treatment of ASPD and it is unclear if possible
sedative effects of melatonin might interfere with daytime function (Reid and Zee
2009).
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7.2.3 Free Running Disorder

Free running disorder (FRD) is a condition in which patients exhibit a steady drift
of 1-2 h of their sleep—wake period each day. If these patients try to adhere to the
conventional sleep—wake times, they often complain about insomnia, early morning
awakening, and daytime sleepiness (ICSD-2 2005). FRD is commonly reported in
blind people who lack entrainment through sunlight zeitgeber (Eliott et al. 1971); an
estimated 50% of blind individuals have FRD. FRD seems to be rare in sighted
people (Weber et al. 1980), some cases reported FRD in patients following a head
injury. FRD patients show positive results to non-photic entrainment such as social
and work schedules; also some blind individuals seem to respond to bright light
therapy despite their lack of visual perception. It seems conceivable that these
patients suffer from a blindness that does not affect the ganglionic photoreceptors
recently associated with photic input as a zeitgeber. In addition, melatonin, admin-
istered 1 h before bedtime, seems to be effective in treating FRD in blind individuals
(Sack et al. 2000).

7.2.4 Shift Work Disorder

Shift work at night can have a significant impact on the circadian rhythm as it mis-
aligns the individuals’ activity from social and physical zeitgeber and hinders the
individual to participate in a normal schedule of daily activities. Shift work—sleep
disorder (SWSD) typically presents itself as insomnia and daytime sleepiness,
chronic fatigue, although the degree of the symptoms may vary, as some shift work-
ers have less difficulty than others and as factors like age, work schedule, access to
leisure activities, and other sleep-affecting illnesses, like sleep apnea or narcolepsy,
can influence the ability to cope with SWSD (Folkard et al. 1978).

The prevalence of SWSD is potentially high as about 20% of the workforce in
industrialized countries is required to attend to night shift work (Presser 1999).
Reports suggest that 1-5% of the general population in western countries and
approximately 30% of shift workers suffer from SWSD (Drake et al. 2004). Many
shift workers report sleep difficulties after night shifts, after awakening from a non-
refreshing sleep and daytime sleepiness that even can persist on the days off after
the night shift (Knauth 1981). This may pose a problem for the individuals’ activi-
ties even though the shift work period has passed. The return to a normal sleep—
wake pattern is dependent on the speed and direction of the shift rotation (Reid and
Zee 2009).

Gastrointestinal complaints are found more often in shift workers than in day
time workers, which are also attributed to changed eating habits mostly dictated by
work schedules (Waterhouse et al. 2003). Such complaints include alterations of
appetite, constipation, dyspepsia, and abdominal pains. Twenty to seventy-five per-
centage of shift workers compared to 10-25% of day time workers report such
complaints, gastric ulcers occur more than twice as often (Segawa et al. 1987). It has
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been shown that people working in night shifts exhibit a significantly higher risk of
developing cancer (Viswanathan and Schernhammer 2008).

With regard to metabolic changes, higher plasma concentrations of LDL
(>3.3 mmol/L), triglycerides (>1.7 mmol/L) and a lower HDL plasma concentration
(<1.0 mmol/L) in a shift working population (Karlsson et al. 2001) have been
reported. Also it was found that night shifts are associated with decreased glucose
tolerance and increased insulin resistance and lipid intolerance (Lund et al. 2001).
A report found that 2 h postprandial breakfast plasma glucose levels in eight shift
workers increased from 99.9+4.5 mg/dL. when aligned to the circadian cycle to
132+13 mg/dL. when misaligned. The glucose level increase occurred despite a
concomitant increase of insulin (23.3+5.6-49.9+14.0 plU/mL), which suggests
that the insulin sensitivity had dropped while misaligned. Also an abnormally high
level of plasma cortisol, previously mentioned as playing an important role during
stress and the regulation of the circadian rhythm, was found in misaligned shift
workers at the end of the waking and beginning of the sleeping period, which could
further contribute to insulin resistance and hyperglycemia (Dinneen et al. 1993).

As mentioned, the possibility of leisure and physical activity of shift workers is
limited, as these activities are generally scheduled to a diurnal rhythm and there are
little arrangements to meet the demands of the shift worker (Baker et al. 2003).
Many shift workers wish to but cannot engage in desired leisure activities as day-
workers; therefore, shift workers have problems maintaining their physical fitness
compared to day time workers. This circumstance adds up to the already mentioned
changes of increased plasma lipids and decreased glucose intolerance.

It also has been shown that physical activity increases the duration and the qual-
ity of nocturnal sleep and that physical activity may be beneficial to the shift worker
in improving sleep quality as well as influences their fatigue levels and mediates
favorable changes in physiologic functions (Youngstedt 2005). It was found that the
amount of slow wave sleep (SWS) is important for brain restoration and that SWS
is increased by physical activity (Youngstedt 2005). Thus, the combination of a
declined sleeping pattern through shift work in combination with the lack of an
otherwise brain restaurative SWS due to less physical activity even worsens the
situation.

Recently, abnormalities of neuropeptides such as ghrelin, leptin, and orexin have
been associated with sleep restriction, which may in turn affect appetite, the risk of
overeating, and eventually obesity (Atkinson and Davenne 2007). Leptin, for exam-
ple, was found to be 17% lower in misaligned shift worker over the entire mis-
aligned period compared to when aligned normally (p <0.001) (Scheer et al. 2009).
These substances may also affect non-exercise thermogenesis as a variable compo-
nent of energy expenditure which was shown to account for different amounts of
weight gain in rats. However, little is known about the influences and relationships
between sleep, metabolism, body mass changes, and thermoregulation — and there-
fore, to close the circle, the circadian rhythm.

Treatments for SWSD consist of improving sleep quality through an optimal
sleep environment (quiet and dark) as well as administration of melatonin and bright
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light therapy in order to realign the circadian rhythm (Morgenthaler et al. 2007)
which have to be shown successful to match sleep propensity with the desired sleep
time (Sharkey et al. 2001). In bright light therapy, various intensities, ranging from
1,200 to 10,000 lux (Smith and Eastman 2008), and different exposure times, both
continuous and intermittent (Eastman et al. 1995), have shown to be successful.
Wearing shaded eyepieces to avoid sun light exposure at an undesired time can help
improve phase adjustment even without bright light therapy. Treatment should also
encompass the social environment of the individual and therapy plans need to be
individualized (Reid and Zee 2009).

7.2.5 JetlLag Disorder

Jet lag disorder (JLD) is a misalignment of the external zeitgeber and the internal
circadian rhythm due to long distance travelling across time zones. The arising
symptoms may vary and are usually temporary and depend on the number of time
zones travelled and the direction of travelling. Eastward travel usually results in
trouble falling asleep while westward travel brings difficulty staying awake (Boulos
et al. 1995); other accompanying symptoms are general malaise, gastrointestinal
illness, and impaired performance (ICSD-2 2005). JLD, due to the long journeys
that often take place in relatively small compartments (economy class), is often
accompanied by a nonspecific travel fatigue.

Several reports suggest that older individuals may be less prone to JLD and its
symptoms (Tresguerres et al. 2001). In contrast, another report showed that middle-
aged groups (ages 37-52) had more fragmented sleep and felt less alert when com-
pared to younger individuals (ages 18-25) during a 6 h time advance (Moline et al.
1992).

Treatment usually aims at adjusting the internal circadian system to the new
external setting. Therefore behavioral modifications like seeking social and occupa-
tional activity according to the present time zone, as well as likewise exposition and
avoidance of light can help to diminish the jet lag symptoms (Waterhouse et al.
1997). A general recommendation for travel up to eight time zones would be to seek
bright light exposure in the morning after eastward travel and in the evening after
westward travel. As in SWSD, the wearing of shaded goggles may help to avoid
light exposure at undesired times (Smith et al. 2008). If the time zones crossed
exceed 8—10 during eastward travel, it might be more sensible to treat developing jet
lag symptoms like a westward travel, since advancing the internal clock is com-
monly more difficult than delaying it (Takahashi et al. 2002). Entrainment to the
new local time can be accelerated using bright light therapy and/or the administra-
tion of melatonin (Boulos et al. 1995). If possible, travelers might consider to gradu-
ally adjust their sleep—wake cycle to the time zone of the destination prior to
departure. Individual adjustments might be necessary if the traveler had prior jet lag
symptoms from previous journeys or had other atypical circadian orientations like
from shift work.



7 Circadian Rhythm and Stress 95

7.3  Sleep and Circadian Rhythm Under Extreme
Environments Related to Human Space
Flight and Exploration Missions

Understanding the conditions of how the circadian clock is paced and also shifted
which has been investigated under normal conditions of working life (see above,
e.g., shift work disorders and jet lag) provides the basis to investigate and to under-
stand the conditions observed in humans subjected to unusual, extreme and some-
how life-threatening extreme environmental stressors. Extreme conditions there can
lead to disturbances within the circadian rhythm, and its most obvious reflection, the
sleep—wake pattern. Sleep deprivation with its detrimental effects on the organism
might occur (Rechtschaffen et al. 2002). Human curiosity and the search for new
territories will lead explorers, scientists, and entrepreneurs into inhospitable regions
on earth and in space. To mimic especially the full scale of mission-related stres-
sor of long-duration exploration missions, investigations on earth are indispensable.
This ranges from extreme deltas of outer temperatures to variable pressurization of
spacecrafts and habitats and degrees of confinement.

7.3.1 Hot and Cold Environments

It is commonly known that sleep can be disturbed during a hot summer night. The
number of reports about sleep disturbances is proportional to heat waves during sum-
mer periods, as reported when a heat wave hit Europe in August 2003 (Ledrans et al.
2004). Researchers have tried to standardize the settings in which sleep under
increased temperature conditions could be studied. Heat exposure prior to sleep, such
as from sauna visits or from a hot bath, has shown to enhance slow wave sleep
(SWS). The change in body temperature has been attributed to cause the change in
SWS. Heat exposure during sleep, with an ambient dry bulb temperature between
31°C and 38°C, has been shown to reduce the duration of both SWS and rapid eye
movement (REM) sleep (Kendel and Schmidt-Kessen 1973). Also such an increase
of temperature often led to sleep disruptions. It seems that heat exposure can lead to
different outcomes depending on whether it is administered before or during sleep.
Research to scrutinize differences in acclimatization has shown that tolerated heat
load during the day leads to an elevation of SWS, while a non-tolerated heat strain
leads to a diachronic SWS impairment. Sleep stability and REM sleep have shown to
be more susceptible to synchronic changes, as these parameters react to nighttime
heat strain (Buguet et al. 1998).

Research in cold exposure and sleep has led to controversial results. Some sub-
jects (male) had a very disturbed sleep (Haskell et al. 1981) while the temperature
was at 21°C, whereas women showed to have only little alteration in their SWS
(Sewitch et al. 1986). Another test revealed no alteration in sleeping pattern, but
leads to a longer wake time before subjects fell asleep (Palca et al. 1986). Overall,
these results suggest that cold exposure during sleep has detrimental effects on
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sleep, as it increases restlessness and alters the REM phase. This is also substantiated
by results found in non-acclimatized overwinterers in the Arctic, who slept in sleep-
ing bags (insulation factor: 9 clo) and from whom polysomnographic measurements
were recorded. Sleeping in the cold caused a cooling until the rectal temperature
reached 34.9°C from where it began to rise again due to shivering and body move-
ments. This in turn caused several sleep disruptions and awakenings. REM sleep
phases were shorter than in euthermic environments, with the shortening being pro-
portional to the severity of the cold stress (Eichenberger et al. 1993). Interestingly,
there was no alteration in sleep pattern and no deprivation of REM phases in accli-
matized subjects, who were exposed to nine daily cold baths of 10°C, each lasting
1 h, prior to their departure for the Arctic (Radomski and Boutelier 1982).
Acclimatization to cold seems to be protective of sleep disturbances found in unac-
climatized subjects.

Data on long-term overwinterers showed a decrease in SWS and REM sleep
phases with the oncoming of the polar night and increased again until the summer.
These findings are being attributed to the changes in daylight variation; inter-
individual variances can also be caused by different levels of physical activity as it
was seen in one study where the SWS increased, while the winter was mild and the
subjects engaged in daily excursions to a nearby penguin rookery (Buguet et al.
1987).

7.3.2 Hypobaric/Hyperbaric Pressure

High altitude is associated with a diminished barometric pressure which results in a
lowered arterial partial pressure of oxygen. Without additional oxygen, acute moun-
tain sickness (AMS) can occur, depending on the rate of ascent, acclimatization of
the subject, and his or her physical exertion. AMS is associated with drowsiness,
headaches, a decrease in cognitive and psychomotic functions, and even pulmonary
and cerebral edema, as the severity intensifies. During sleep, arterial oxygen satura-
tion decreases even further, thus paving the way for AMS to develop. Also central
sleep apnea at high altitudes leads to sleep interruption and it was shown that the
sleep interruptions occurring in men due to moderate obstructive sleep apnea were
replaced and aggravated by central sleep apnea (Burgess et al. 2006). Insomnia and
sleep interruptions seem to be proportional to the altitude with the sleep alteration
usually appearing at altitudes above 2,000 m and especially during the first 3 weeks
of acclimatization (American Academy of Sleep Medicine AASM 2005). The sleep
disturbances varied from decreases in sleep time, awakenings to decrease of SWS
(Nicholson et al. 1988); however, a great range of susceptibility exists (Mizuno
et al. 2005) and some subjects seem to be rather impervious to sleep disturbances at
high altitudes. Also ethnic differences seem to be a factor as Tibetian natives exhib-
ited a longer undisturbed sleep time at 5,000 m simulated altitude than Han new-
comers living in Tibet (Plywaczewski et al. 2003).

Sleep in a hyperbaric environment — such as hyperbaric chamber used in diving
medicine — seems to be only mildly affected at shallow depths (30 m), where sleep
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is slightly disturbed and shortened with a prolonged sleep latency and feelings of
fatigue and these effects remain unaltered until depths around 300 m where SWS
decreases (Matsuoka et al. 1986). Below 400 m using heliox (mix of helium and
oxygen) or trimix (mix of oxygen, nitrogen and helium), the sleep disturbances
aggravate further as SWS and REM continue to decrease and awakenings occur
(Rostain et al. 1997). Sleep at hyperbaric pressure is highly disturbed, unaffected by
the used gas mixture; sleeping patterns return to normal during recompression.

7.3.3 Confinement

Preparation of space missions, which due to technical restriction, requires that the
crewmembers live close to each other for prolonged periods of time. Studies regard-
ing the influences of isolation and confined space were conducted with different
crew sizes and composition (POLAREMSI, ANTEMSI, ISEMSI, HYDREMSI,
EXEMSI, with “EMSI” standing for “European Manned Space Infrastructure”, as
well as the studies HUBES (HUman BEhavior Study) and SFINCSS (Simulation of
a Flight of International Crew on Space Station)). Living in such confined spaces as
they exist in current space ships or the international space station could give rise to
problems that emerge from cultural or linguistic disparities, disharmonies in crew
composition and cohesion, as well as aggravation of mood and thought disorders.
The lack of privacy can play an important role as a social stressor (please see defini-
tion of stress above) which may lead to interpersonal conflicts and thus further
tenses the situation. Several studies on isolation and confinement have shown that in
the isolated condition, experiences of interpersonal conflict like arguing, fighting,
and withdrawal increased (Kanas et al. 2010). With regard to the circadian rhythm
and sleep, it was found during an isolation study of 7 days that stress under the con-
ditions of isolation and confinement can lead to increased levels of sympathetic
activity and increased sleep motor activity, which in turn may lead to disrupted
sleep (Kraft et al. 2002). On the other hand, there are also studies on isolation in
which the participants experienced no subjective changes in their sleep quality and
where no objective changes in their sleep could be found (Tobler and Borbély 1993).
It may well be that in such cases, the crew composition was a better match leading
to a less stressful environment for the participants and thus less negative effects on
their sleep.

7.3.4 Space Flight

Space exploration is still the final frontier of science where researchers encounter
conditions very different from the normal environment on earth. Weightlessness,
also called microgravity, is the most significant alteration and as mission time
grew longer from the very first journeys in space, the issue of sleep in space had
to be addressed. Aside from microgravity, lack of the familiar day—night cycle,
narrow space, noises from fans and servomotors, uncomfortable postures and
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missing proprioceptive feedback, as well as excitement, space motion sickness,
and uncomfortable ambient temperatures can lead to a shorter and less qualitative
sleep. It has also been shown that sleep in space is shortened significantly to an
average of 6 h, with occasional shortenings as low as 4 h (Santy et al. 1988). It is
therefore not surprising that hypnotics are the second most used medication
onboard a space flight, surpassed only by drugs treating space motion sickness.
More often mission times are extended to the other end of the spectrum:
Recreational and bedtime are delayed and eventually reduced due to operational
demands by mission control (Dijk et al. 2001). This effect ceases during long-
term missions, as operational demands and overtime occurs most likely during the
first few days and weeks of a mission, so that sleep times return to normal during
the course of a long-term mission (Gundel et al. 2001).

The lack of natural zeitgeber and the other changes during a mission in space can
lead to a misalignment of the internal circadian thythm and the work-rest schedule
directed by mission control. This misalignment, as in shift workers or as seen in studies
on jet lag (please see above), can lead to sleep disturbances, wake time sleepiness and a
decrease in well-being and operational performance (Dijk et al. 2001). Increased sleepi-
ness usually coincides with the circadian minimum of the body core temperature — being
asleep at that time seems to be important for the restorative function of sleep (Zulley
et al. 1981). Chronically restricted sleep time and/or sleep in poor quality can give
rise to possible risk in the operation during a mission in space — as it does in all other
areas of occupation. It was suggested that two nights of sleep restricted to 6 h or less
result in increased response times, more errors in reaction tests, slower performance
in arithmetic tests, and impaired working memory functions (Van Dongen et al.
2003). The impairments accumulate if the sleep restriction persists. If the sleep is
restricted for a total of 14 nights to less than 6 h, the result on the accumulated decre-
ment in performance is equal to two nights of complete sleep loss (Van Dongen et al.
2003). It has been suggested that the total duration of sleep during a 24 h period is the
most important factor to secure the restorative function of sleep, whether it be taken
uninterrupted or split into an anchor period and additional smaller periods of naps
(Mollicone et al. 2007). After all, to ensure fully functional astronauts and their
health, the aforementioned sleep disturbing factors need to be removed or at least
relieved, like loud noises, uncomfortable quarters etc. To secure optimal vigilance
during critical tasks (e.g., extravehicular activities), such tasks should be planned in
accordance with the astronauts’ circadian phase and sleep history to determine the
optimal time (Van Dongen 2004). ESA and NASA programs are being adjusted to
further study this area and to develop countermeasures to meet the needs of the astro-
nauts (Mallis and DeRoshia 2005).

7.4 The “Circadian Homeostasis”: Examples of Physiological
Functions and Malfunctions

Not only do stressful events influence the human circadian rhythm as previously
discussed but also do changes within the circadian cycle alter the ability to respond
to stress and physical demands on human subjects.
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7.4.1 Physical Performance

A possibility to determine the impact of sleep deprivation on the ability of physical
performance is to measure the time to exhaustion (TTE) of human test subjects.

Research has shown that individuals’ TTE after sleep deprivation ranged from a
5% improvement to a 4% decrement compared to TTE of non-sleep-deprived indi-
viduals (Pickett and Morris 1975), though unknown data about dietary intake and
caffeine consumption may limit these findings. Furthermore, sleep deprivation has
been shown to reduce the evaporative cooling function as well as dry heat loss in
warm environments (Sawka et al. 1984), thus reducing the body’s thermoregulatory
ability. Another report revealed less running distance covered by eleven male test
subjects after one night of sleep deprivation compared to the same group in a control
phase with normal sleep. The test subjects, despite running less distance, exhibited
similar perceptions of effort (RPE) during both trials, thus indicating that an altered
perception of effort (similar perception of lower running speed) accounts for the
decrease in performance after sleep deprivation.

7.4.2 Cognitive Function

Sufficient sleep is necessary for memorizing and recalling, in both motoric and
cognitive learning. PET scans revealed that during sleep, the same cerebral areas
were active as they were while practicing a motoric function (Marquet et al. 2003).
Subjects were able to perform a certain motoric function previously practiced about
11% more sufficiently after sleep compared to subjects, who had to stay awake.
Mice exhibited a memory decline after a sleep deficit that was accompanied by
oxidative stress in the hippocampus (Silva et al. 2004).

It also could be shown that sleep inertia — the impaired cognitive performance
immediately upon awakening — is also influenced by the circadian rhythm, as the
reduction of cognitive function immediately upon awakening is more than threefold
more pronounced when subjects are woken at the biological night than during day-
time. This suggests an influence of the circadian rhythm to the demands on humans
to cope with psychological stress such as in case of on-call emergency workers who
need to be alert immediately after awakening. The results of the two previously
mentioned relationships between circadian rhythm and physical and cognitive per-
formance suggest that night work in a misaligned individual can lead to a reduced
performance both mentally and physically.

7.4.3 Immune Function and Fibrinolysis

Furthermore, studies have supported the reception that sleep loss makes humans
more susceptible to infections. Accordingly it could be shown that sleep improves
the immune responses in human vaccination studies such as influenza or hepatitis
A (Spiegel et al. 2002). The protective role of sleep was demonstrated when the
morbidity and mortality of experimentally infected rabbits were substantially
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reduced by a longer sleep duration (Toth et al. 1993). It is of interest that not only
pacemaker cells of the circadian regulation system in the hypothalamus, but also rat
NK cells, mouse macrophages, and human leukocytes exhibit rhythmic expression
of clock genes that are associated with the sleep—wake cycle (Hayashi et al. 2007).
It has been suggested that substances released in relationship with the circadian
regulation like hormones such as cortisol, melatonin, or growth hormone not only
play a role in regulation of the immune function of immune cells, but also that such
hormones-as well as influences from the sympathetic nervous system and the body
core temperature-synchronize the peripheral circadian clocks of immune cells and
thereby harmonize the functional rthythm of immunity at the cellular level. It is
further speculated that sleep deprivation will disrupt the synchrony between immune
cells, thus leading to a desynchronization of immune functions and eventually a
deregulated immune response.

In turn, immune responses can also give feedback to the regulation of the circa-
dian rhythm, most likely through pro-inflammatory cytokines — it could be shown
that infections and low-dose lipopolysaccharide administration increases sleep in
humans (Bryant et al. 2004). In another study, inhibition of TNF-a by a soluble
TNF receptor improved fatigue in patients with rheumatoid arthritis (Pollard et al.
2006). Also, neutralization of TNF-a reduced daytime sleepiness in patients with
sleep apnea syndrome. It could be shown that TNF-a suppresses the expression of
PAR bZip clock-controlled genes Dbp, Tef, and HIf as well as the period genes Per
1-3 in fibroblasts in the mice liver; TNF-a also interferes with the clock-controlled
gene Dbp in the suprachiasmatic nucleus of mice causing prolonged rest periods
(Cavadini et al. 2007). These findings that suggest a high integration of the circadian
cycle and immune function are further supported by another report in which a sys-
temic immune response through the in vivo administration of lipopolysaccharides
(LPS) resulted in an upregulation of the core clock genes Per 2 and Bmall in equine
blood cells, while a treatment utilizing non-steroidal anti-inflammatory drugs
(NSAID) not only inhibited the inflammatory responses but also the upregulation of
clock gene expression. While these responses could only be found exclusively in the
in vivo model, it suggests a yet unknown pathway between immune modulators
and the regulation of circadian clocks in the periphery, which also proposes the
high significance of the circadian rhythm to innate immune reactions (Murphy et al.
2007).

It was recently shown that there also exists a circadian rhythmicity in some com-
ponents of the haemostatic system; tissue-type plasminogen activator (tPA) and its
inhibitor plasminogen activator inhibitor-1 (PAI-1) show a marked circadian varia-
tion in plasma (Andreotti and Kluft 1991). This variation seems to be even more
pronounced in combination with stress. It was shown that exhaustion and chronic
exposure to life stressors such as chronic overtime work are associated with
decreased early morning fibrinolysis and increased fibrinogen levels throughout the
day, which in turn would promote thrombus formation and increase the risk of coro-
nary infarction (Van Diest et al. 2002).
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7.4.4 Cancer

With regard to the relationships discussed so far, diseases closely connected to the
immunological function such as cancer could also be affected by alterations of the
circadian rhythm. It was shown that the circadian regulation system also controls
functions responsible for drug metabolism and detoxification as well as cellular
proliferation such as the cell cycle, DNA repair mechanisms, and apoptosis (Okyar
and Lévi 2008). In experimental models, chronic jet lag accelerated growth of two
transplantable tumors in mice. In that model, the expression rhythms of clock genes
in liver and tumor cells were significantly altered (Filipski et al. 2009). It was shown
that disruptions of the circadian regulation could interfere with the regulation of
oncogenes like c-Myc and p53, leading to a upregulation of c-Myc and a downregu-
lation of p53, thus causing genomic instability, increasing proliferation, and eventu-
ally the possible accumulation of mutations favoring carcinogenesis (Fu et al. 2002).
Accordingly it could be shown that persons working in night shifts have a signifi-
cantly greater risk of developing cancer like breast, colon, and prostate cancer and
non-Hodgkin lymphoma (Viswanathan and Schernhammer 2008).

Likewise, it is notable that certain carcinogenic toxins might not only induce
cancer but could also itself alter the circadian rhythm through cytokine responses.
Thus, carcinogenic effects of such toxins and changes in the circadian cycle could
potentiate themselves as it appears in chronic alcohol abuse or hepatotropic viruses,
as they both produce preneoplastic liver lesions and disrupt the circadian cycle in
experimental model and in humans (Spanagel et al. 2005). In line with these find-
ings it could be advised that treatment strategies should aim at the prevention or
correction of circadian disruption to prevent cancer development and control its
progress respectively (Filipski et al. 2009).

In line with these findings, stress, because of its influence on the immune system
via hormones like cortisol and through changes of the circadian rhythm on the sys-
temic and peripheral cellular level, should be prevented in order to maintain health
and well-being, especially under conditions of space flight, when stressor may act
in an additive way.

7.5 Summary

As it was shown in this chapter, the circadian rhythm and its regulation are on the
one hand closely connected to and controlled by external influences, most notably
the day—night cycle as well as other zeitgeber and on the other hand the circadian
rhythm itself has close connections to and influences various physiological func-
tions of the human body. A disturbance of the regulation of the circadian rhythm
(e.g., through jet lag or in the shift worker) therefore not only results in obvious
effects like sleeping disorders such as difficulties falling asleep, sleeping through
and daytime sleepiness which reduce physical and mental capabilities — but it can
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also lead to pathological changes in the metabolism of carbohydrates and lipids or
have effects on vegetative regulation and immune function, thus increasing the sus-
ceptibility to diseases like the metabolic syndrome, cardiovascular disorders, or
various types of cancer. Research in this field will help to understand the influence
of extreme environments on circadiane rhythms. Investigations in man living in
extreme climates or being exposed to isolated and confined conditions will compre-
hend related changes observed in space crews. This knowledge will pave appropri-
ate countermeasures to alleviate the impact of these changes — especially during
long-term-space missions — on health and performance of astronauts.
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Endocannabinoids, “New-0Old”
Mediators of Stress Homeostasis

Daniela Hauer, Roland Toth, and Gustav Schelling

8.1 Introduction

The starting point of endocannabinoid research was in 1964 with the discovery of
terahydrocannabinol, or THC, by Raphael Mechoulam and colleagues in Israel
(Mechoulam and Gaoni 1965). More than 20 years later, in 1988, Allan Howlett and
his group discovered the cannabinoid receptor in the rat brain (Devane et al. 1988).
This receptor was called CB1 and binds THC with high affinity. The CB1 receptors
are extremely wide spread in the central nervous system and are present in far higher
concentrations than any other receptor. CB1 receptors control the coordination of
movement, emotions, memory, pain, reward systems, reproduction, food intake and
nausea and vomiting (Pertwee and Ross 2002). A second type of cannabinoid recep-
tors was discovered in 1993. In contrast to the CB1 system, CB2 receptors are found
primarily in the immune system, GI tract, liver, spleen, kidney, bones, heart, and
peripheral nervous system (Vaughn et al. 2010). When following the well known
principle that receptors usually have endogenous ligands that bind to it, Mechoulam’s
group discovered the first endogenous cannabinoid, arachidonylethanolamide or
anandamide in 1992. A second endocannabinoid called 2-arachidonylglycerol
(2-AG) was revealed by the same investigators in 1995. Cannabinoid receptors,
endocannabinoids and the related enzymes are essential components of what is
now called the endocannabinoid system (ECS).
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Fig. 8.1 Schematic drawing of a CBl-receptor. The receptor consists of seven transmembrane
helices shown in yellow on the image (Courtesy of Patricia H. Reggio, Marie Foscue Rourk
Professor, Department of Chemistry and Biochemistry, University of North Carolina, with
permission)

8.2 Cannabinoid Receptors and Ligands
8.2.1 Endocannabinoid Receptors

The cannabinoid receptors CB1 and CB2 belong to the superfamily of G
protein—coupled receptors, coupling to inhibitory G proteins (Gi/o) and inhibit
adenylyl cyclase and activate MAP kinase (Jyotaki et al. 2010) (Fig. 8.1).
Furthermore, CB1 receptors inhibit presynaptic N- and P/Q-type calcium chan-
nels and activate inwardly rectifying potassium channels. Other possible signal-
ling mechanisms involve focal adhesion kinase, phosphatidylinositol-3-kinase,
sphingomyelinase, or nitric oxide synthase (Mechoulam et al. 1997). More recent
studies point to the existence of at least one other endocannabinoid receptor which
recognizes a number of known endocannabinoid ligands, the GPRS55 receptor. This
orphan receptor represents a new focus of current cannabinoid drug development
(Freemon 1972).
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8.2.2 Endogenous Cannabinoids (Endocannabinoids)

Endocannabinoids are lipid signalling molecules that behave differently than cir-
culating hormones. They are not stored but synthesized on demand from mem-
brane phospholipids and released into intracellular space via specific membrane
transport systems. From there, endocannabinoids in the brain activate presynaptic
cannabinoid receptors leading to an inhibition of neurotransmitter release. Degra-
dation and metabolism takes place after cellular reuptake and is performed by spe-
cific hydrolases: anandamide is degradaded by fatty acid amide hydrolase (FAAH)
and 2-AG mainly via monoacylglycerollipase (MAGL) (Fig. 8.2) (Herrera-Solis
et al. 2010).

Apart from the abovementioned and better investigated endocannabinoids anan-
damide and 2-AG, a number of newer endocannabinoids have been described which
include virodhamide, oleoylethanolamide and palmitoylamide. Not all of them
seem to be biologically active under physiologic conditions but it is believed that
every endocannabinoid has its own properties and function under certain condi-
tions. Table 8.1 gives an overview on names, chemical structure and biologic func-
tion of a number of known endocannabinoids.

8.2.3 Endocannabinoid Measurement

The source of peripherally and centrally measured endocannabinoids is not entirely
clear but is thought to be nucleated blood cells and brain microglia and neurons,
respectively (Herrera-Solis et al. 2010). As previously mentioned, the endocan-
nabinoids are not stored in vesicles or circulate in the blood streem like hormones
but are synthesized on demand and immediately degraded. This makes endocan-
nabinoid measurements in blood and tissues difficult to interprete. In particular,
endocannabinoid synthesis in known to be continued ex vivo in stored blood
samples (Fig. 8.3) which makes immediate sample centrifugation and freezing
mandatory (Schmidt et al. 2006; Vogeser et al. 2006). The standardization of endo-
cannabinoid extraction from blood samples and tissues is still in progress and
not standardized throughout all research groups measuring enocannabinoids.
Nevertheless, endocannabinoid measurements can be performed successfully and
if standardized conditions are strictly kept throughout the whole process from col-
lection and extraction until measurements, a “snap-shot” of this fast acting system
can give important information about endocannabinoid signalling in well-defined
situations.

We developed a method to measure endocannabinoids which is based on high-
performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS)
(Vogeser et al. 2006). The latter method provides linear quantification within a range
of 0.1-2 ng/mL for anandamide and 0.5-10 ng/mL for 2-AG, respectively. The
lower limit of detection of the method (defined as a signal/noise ration >4:1) is
0.025 ng/mL for anandamide and 0.33 ng/mL for 2-AG. In biological matrices,
2-AG (including its deuterated analog) rapidly isomerizes to 1-AG (Vogeser and



D. Hauer et al.

110

apixosadopus 18}

apixosadopus

oY-g
Je|n|j@oelix3 LN : : @ : : E 4 : _ :
- -+ o r L s _,I K A=~ r
(SSHAD HYV4 ‘ZilHaY HYV FAdHL £S5HdD g0 g0
‘280 ‘190 ‘9HAY “1OVIN
HYV4 ‘2LHaVY 10180416 + aujweloueyld +
‘9HaY “TOVIN ajeuOpIyOBIY ajeuopiyoRIY HYV4
ZX00

ovVe | ————
. ¢X00
[

10199416 uipue|beisoid oaplwe)sold
Elde ¢cNdLld
aseyjuAs aseyjuhs osela)salp
2and 0249d -oydsoyd
_ 19158 PIaoAlB 3 upue|BelSOId _ _ g4 OPIWEISOI 4 a1d-3dvN a1d-osA|
oplWwejouBye
-|Apreydsoyd-|Aouop
71d-0sA7 sosedl| HyqL-us -lyoese-N-0sh|-g
i
_ pIoe oipieydsoydosA|-z-us i _ apiurepueueoydsoydosofio _ _ %_e@_occ%o%mocn_ i
zx v_._m_,/ 2vlds o7d

10180A|6|Aoe1p Bujurejuod
-ajeuoplyoeie-g-us

pidijoydsoydosA|-|-us Y0D-|Aouopiyoely

ase|oipAy

4014 -oydsoyd vd

pioe oipeydsoyd

pidijoydsoyd

7 aujweloueys|Apneydsoyd-jAouopiyoele-n _

AN

Bujureluoo-syeuopiyoeIe- | -us

pidijoydsoyd aulwepueyielipneydsoyd 4




8 Endocannabinoids, “New-0ld” Mediators of Stress Homeostasis 1

<
<

Fig. 8.2 Pathways of synthesis and degradation of the endocannabinoids anandamide and 2-AG.
The biosynthetic pathways for anandamide and 2-AG are shown in blue, degradative pathways are
shown in pink. Thick arrows denote movement or action. ABH4/6/12 a3-hydrolase 4/6/12, CB1/2
cannabinoid receptor 1/2, COX2 cyclooxygenase 2, DAG diacylglycerol, EMT ‘endocannabinoid
membrane transporter’, FAAH fatty acid amide hydrolase, GDEI glycerophosphodiester phospho-
diesterase 1, GPR55 G protein-coupled receptor 55, MAGL monoacylglycerol lipase, NAPE-PLD
N-acyl-phosphatidylethanolamine-selective phosphodiesterase, NATs N-acyltransferases, PA phos-
phatidic acid, (s)PLA1/2 (soluble) phospholipase A1/2, PLC phospholipase C, PLC[3 phospholipase
CB., PLD phospholipase D, PTPN22 protein tyrosine phosphatase, non-receptor type 22, TRPV1
transient receptor potential, vanilloid subtype 1 receptor (From Di Marzo (2008), with permission)

Table 8.1 Names, abbreviations and presumed biologic functions of several known endocannabinoids
Chemical name  Abbreviation Biologic functions
2-Arachidonoyl  2-AG 1. Heart, circulation system:
glycerol * May be related to the pathogenesis of Acute Coronary
Syndrome (Maeda et al. 2009)
 Generated by circulating monocytes and
platelets during cardiogenic shock
(Maeda et al. 2009)
« It was detected in the serum of stable effort
angina-patients (Maeda et al. 2009)
¢ Is not produced in the infarct-related coronary
artery (Maeda et al. 2009)
* Induces relaxations of bovine coronary arteries
by extracellular hydrolysis to arachidonic
acid and metabolism to eicosanoids
(Gauthier et al. 2005)
» The concentration of 2-AG responses to orthostatic
stress (Schroeder et al. 2009)
2. Behavior:
« Stress exposure evokes a significant increase
in circulating concentration in women
(Hill et al. 2009a)
» Basal serum concentrations were significantly reduced
in women with major depression
(Hill et al. 2009a)
3. Induces full platelet activation and aggregation with
a non-CB1/CB2 receptor mediated mechanism
(Baldassarri et al. 2008)
. Central nervous system:

—

2-Arachidony]l 2-AG

glyceryl ) ether » Neuroprotective by binding to and activation of PPARa
ether (noladin (Sun et al. 2007)
ether) « Increases the uptake of GABA (Venderova et al.

2005)

2. Induces vascular smooth muscle relaxation in rabbit
pulmonary artery (Su and Vo 2007)

(98}

. Attenuates sensory neurotransmission in rat
mesenteric arteries (Duncan et al. 2004)

(continued)
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Table 8.1 (continued)

Chemical name  Abbreviation Biologic functions

Arachidonoyl AEA
ethanolamine (ANA)
(anandamide)

1. Heart, circulation system:
* Hypotension (del Carmen Garcia et al. 2003)

» Has a dose-dependent coronary vasodilatator effect
in isolated rat heart (Wagner et al. 2005)

* Causes a PPARy-mediated, time-dependent vasorelaxation
in rat isolated aortae (O’Sullivan and Kendall 2009)

» Has a negative inotropic response (Ford et al. 2002)

* May be related to the pathogenesis of Acute Coronary
Syndrome (Maeda et al. 2009)

 Generated by circulating monocytes and platelets
during cardiogenic shock (Maeda et al. 2009)

 The local level at the culprit lesion of Acute Myocardial
Infarction was markedly elevated compared with the
systemic level (Maeda et al. 2009)

« It was detected in the serum of Stable Effort Angina
patients (Maeda et al. 2009)

* Has a local production in the infarct-related coronary
artery (Maeda et al. 2009)

* Increases the duration of the QRS — EKG complex in
rats (Krylatov et al. 2007)

2. Basal serum concentrations were significantly reduced in
women with major depression (Hill et al. 2009a)

3. Alcohol tolerance may increase accumulation of AEA
(Basavarajappa and Hungund 2005)

4. Induces apoptotic body formation and DNA fragmentation in
human neuronal and immune cells (Maccarrone et al. 2000)

5. Inflammation:

« Inhibits the release of calcitonin gene-related peptide in
both skin and spinal cord (Pertwee 2001)

« Increases interleukin-6 production by mouse brain
cortical astrocytes (Pertwee 2001)

6. Central nervous system:
* Increases locomotor activity (Murillo-Rodriguez et al. 1998)
« Influences sleeping periods (Murillo-Rodriguez et al. 1998)
* Influences working memory (Mallet and Beninger 1996)

* Has a role in the neural generation of motivation and
pleasure (Mahler et al. 2007)
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Table 8.1 (continued)
Abbreviation Biologic functions

Chemical name

Docosatetraenoyl- DEA

ethanolamide
Dihomo-
y-linolenoyl-
ethanolamide
(Linoleoyl-
ethanolamide)
N-arachidonoyl-
dopamine

N-arachidonyl
glycine

O-arachidonoyl-
ethanolamide
(virodhamine)

N-oleoyl
dopamine

DLE
(LEA)

NADA

NAGly

O-AEA

OLDA

1.

p—

—

—

—

Inhibits the norepinephrine-induced migration
of colon carcinoma cells (Joseph et al. 2004)

. Might be the first natural inhibitor of Fatty Acid Amide

Hydrolase (FAAH) (Maccarrone et al. 1998)

. Participates in the modulation of T-type voltage-gated

calcium channel (Ross et al. 2009)

. Causes a PPARy-mediated, time-dependent vasorelaxation

in rat isolated aortae (O’Sullivan and Kendall 2009)

. Induces peripheral blood mononuclear cells-death in

end-stage kidney disease patients (Saunders et al. 2009)

. Is a potent inhibitor of early and late activation events in

Ag-stimulated human peripheral T cells (Sancho et al. 2004)

. Central nervous system:

* Has a complex pattern of effects on dorsal root
ganglion-neurons and primary afferent fibres (Sagar
et al. 2004)

* Inhibits both AEA-induced PGE2 and 8-iso-PGF2a. in
glial cells (Navarrete et al. 2009)

* Induces a prolonged presynaptic Ca2-elevation and synaptic
activity at sensory synapses (Medvedeva et al. 2008)

. Pain:

* Is a newly recognized lipid mediator especially in pain
modulation and anti-inflammation (2009)

* May provide a novel non-cannabinoid receptor
mediated approach to alleviate inflammatory pain
(Succar et al. 2007)

* Reduced the mechanical allodynia in rat model (Vuong
et al. 2008)

. Potently inhibits the large conductance Ca-activated

K-channel (Godlewski et al. 2009)

. In human bronchial epithelial cells induces an additional

Ca2+ entry (Gkoumassi et al. 2009)

. Provides antagonistic effects against the depressive

behaviors in mouse model (Hayase 2007, 2008)

. Relaxes the human pulmonary artery (Kozlowska et al. 2008)
. Induces a relaxation of mesenteric arteries

(Ho and Hiley 2004; McHugh et al. 2008)

. Is a potent inhibitor of early and late activation events in

Ag-stimulated human peripheral T cells (Sancho et al. 2004)

. Decreases muscle rigidity induced by reserpine in rats

(Konieczny et al. 2009)

. Increases locomotor activity in the rat (Przegalinski et al.

2006)

. Causes pain sensations via activation of TRPV1 (Bo Tan

et al. 2000)

(continued)
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Table 8.1 (continued)
Chemical name  Abbreviation Biologic functions

Oleoyl OEA 1. Has an analgesic effect in a rat model of neuropathic pain
ethanolamide (Jhaveri et al. 2006)

2. Exhibited a significant decline during the stress recovery
phase (Hill et al. 2009a)

Palmitoyl- PEA 1. Has anti-inflammatory and anti-nociceptive properties
ethanolamide (Jonsson et al. 2001)
2. Exhibited a significant decline during the stress recovery
phase (Hill et al. 2009a)
Stearoyl- SEA 1. Exerts anorexic effects in mice via downregulation of
ethanolamide liver enzyme activation (Terrazzino et al. 2004)
2. Has a by nitric oxide regulated pro-apoptotic activity on
C6 glioma cells in rat (Maccarrone et al. 2002)
2.0
1.8

1.6 4 —4&— Blood sampling at 8 am (n=6)
—&— Blood sampling at 2 pm (n=6)

1.4

1.2+

1.0

0.8

0.6

0.4 1

Anandamide whole blood concentriation (ng/ml)

0.2

T T T
Immediate freezing 1 h delay until 2 h delay until
of the sample freezing freezing

Fig 8.3 Effect of storage of blood samples on whole blood levels of the endocannabinoid anand-
amide. Samples were either immediately frozen or kept at room temperature for 1 and 2 h.
Anandamide levels increased linearly and significantly over time which indicates that blood sam-
ples need to be immediately processed (either centrifuged or frozen) to get meaningful results from
endocannabinoid measurements. In order to demonstrate a possible circadian influence on anand-
amide blood levels and this effect, measurements were performed at 8 am (red lines) and repeated
at 2 pm (blue lines) in the same individuals. These measurements did not show any circadian effect
although other research groups have reported different results (Vaughn et al. 2010)

Schelling 2007). We and other groups therefore tend to quantify 2-AG as the sum of
1- and 2-esters of arachidonic acid although this question does not appear to have
been finally solved (Vogeser and Schelling 2007).
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Table 8.2 Effects of endocannabinoids on immune cells
Immune cells Functions affected Receptor involved
T-lymphocytes Proliferation; cell death by CB2
apoptosis; Th1/Th2 cytokine
secretion, polarization; cell
number
B-lymphocytes Inhibition of antibody formation; ~ CB1 and CB2
Ig production; Ig isotype switch-
ing; proliferation; cell number
Haematopoietic cell line  Cell growth Non-CB1,Cb2
Macrophages Decreased inflammatory media- CB2
tors; antigen presentation;
migration; phagocytosis;
increased adhesion
Mast cells Down modulate mast cell Non-CB1,CB2
activation; decreased TNF-alpha;
decreased mast cell-dependent

angiogenesis
Dendritic cells Growth and maturation; apoptosis; CB1,CB2
recruitment during innate immune
response
Natural killer cells and Cytolytic activity; chemokines Non-CB1,CB2
neutrophils cytokines
Cancer cells Cell cycle arrest; apoptosis; CB1,CB2 receptor, TRPV1,
growth inhibitor lipid rafts

Adapted with permission from Pandey et al. (2009)

8.3 Important Biologic Functions of the Endocannabinoid
System to Control Homeostasis in Humans

8.3.1 Immunologic Functions of the Endocannabinoid System

The effects of marijuana smoking or THC on immune cell function were investi-
gated long before cannabinoid receptors and the endocannabinoids were discovered
(Klein et al. 2003). The endocannabinoids exhibit complex regulatory effects on the
immune system (Pandey et al. 2009). Endocannabinoids are involved in immune
regulation by the suppression of cell activation, inhibition of pro-inflammatory
cytokine production, nuclear-factor kappa B (NF-kB)-dependent apoptosis and
modulation of the functions of T helper subsets (Table 8.2) (Pandey et al. 2009).
The immune effects of cannabinoids and the endocannabinoid system provide
promising therapeutic implications in a variety of conditions (Tanasescu and
Constantinescu 2010) as cited from the original literature:
* Neurodegenerative diseases:
— In multiple sclerosis cannabinoid agonists can exert both immunomodulatory
and neuroprotective effects (Croxford et al. 2008)
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— In Parkinson’s disease, cannabinoid-based compounds might provide
protection against the progression of neuronal injury and influence local
inflammatory events (Loria et al. 2008)

» Atherosclerosis:

— CB2 Receptors may influence atherosclerosis by modulating lesional mac-
rophage apoptosis (Freeman-Anderson et al. 2008)

— Endocannabinoids might also mediate pro-atherosclerotic effects by inducing
platelet activation (Mach and Steffens 2008)

* Rheumatic disease:

— The cannabinoid receptor system may become an important therapeutic target
for the treatment of ostheoarthritis and rheumatoid arthritis, because some
endocannabinoids have anti-arthritic effects (Malfait et al. 2000)

— Loss of palmitoylethanolamide (PEA) may contribute to arthritic diseases and
CB1 and TRPV1 receptors seem to be important targets in controlling pain
from osteoarthritis (Schuelert and McDougall 2008)

* Diabetes and lipid metabolism:

— In diabetes, cannabinoids may protect against islet destruction by suppressing
insulitis and interferon-y, tumor necrosis factor-a and interleukin-12 mRNA-
expression (Li et al. 2001)

— Rimonabant (a CB1 receptor antagonist) can inhibit adipocyte function and
was used in the treatment of obesity. It was, however, withdrawn from the
market because of psychiatric side-effects (depression) (van Diepen et al.
2008)

e Allergic asthma:

— Cannabinoids may be beneficial by ameliorating of cytokine profiles (Croxford

and Yamamura 2005)
* Gut and liver disease:

— Cannabinoids may reduce gut inflammation by direct suppression of proinflam-
matory mediators (Izzo and Camilleri 2008; O’ Sullivan and Kendall 2010)

— Cannabinoids use of FAAH inhibitors may constitute therapeutic modalities
for immune-mediated liver inflammation, hepatic fibrosis, hepatic and intesti-
nal neoplastic disease (Hegde et al. 2008; 1zzo and Camilleri 2008)

— CB2 receptor activation is a promising therapeutic target in gastrointestinal
inflammatory states where there is immune activation (Wright et al. 2008)

The effects of exogenous cannabinoids and endocannabinoids on the immune
system are broad and involve responses associated with innate, humoral and cell-
mediated immunity. The discussed pathways through which cannabinoids act are
apoptosis, inhibition of proliferation, suppression of cytokine and chemokine pro-
duction, and induction of T-regulatory cells (Braun et al. 2011).

There is evidence that cannabinoid effects on the immune system are particularly
pronounced under conditions of stress and that they may represent a universally act-
ing protective system against tissue damage of multiple and also non-protein origin
(Pacher and Mechoulam 2011).
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8.3.2 The Endocannabinoid System and Cardiovascular Functions

8.3.2.1 Vascular Functions

Cannabinoid modulation of vascular tone appears to contribute to the pathophysiol-

ogy of cardiovascular disorders (Batkai et al. 2004). Endocannabinoids are potent

vasodilators that cause hypotension in anesthetized animals and biphasic effects

(initial hypertension followed by hypotension) in conscious animals (Ledent et al.

1999). Cannabinoids have also been shown to directly induce vasodilatation in iso-

lated blood vessels (Howlett 2005). Cannabinoid-induced vasodilatation in isolated

arteries occurs via endothelium dependent as well as endothelium independent
pathways (Su and Vo 2007). Endothelium-derived hyperpolarizing factor released
by endothelial cannabinoid CB1 receptor coupled pertussis toxin sensitive G pro-
teins leading to Ca?*-activated K* — channel and membrane hyperpolarization of

vascular smooth muscle has been proposed as one mechanism (Sunano et al. 1999;

Begg et al. 2003).

Some known effects of different endocannabinoids on the vascular system are
listed in the following:

e 2-AG ether induces relaxation in vascular smooth muscle, this effect is com-
pletely abolished by cannabinoid CB1 receptor antagonists (Su and Vo 2007)

* Anandamide can cause vasorelaxation via ‘classical’ CB1 receptors, via a puta-
tive endothelial cannabinoid receptor, via sensory nerve activation, or the release
of nitric oxide, vasoactive prostanoids or endothelium-derived hyperpolarizing
factor (EDHF) and decreases blood pressure in mice (Offertaler et al. 2003;
Randall et al. 2004). There is also evidence that anandamide interferes with
intracellular calcium release in vascular smooth muscle preparations (White and
Hiley 1998). Anandamide increased human skin microcirculatory flow and
relaxed isolated human pulmonary artery rings in an experimental set-up
(Movahed et al. 2005; Kozlowska et al. 2008).

* Virodhamine (O-AEA) causes a full, slowly developing relaxation of the isolated
human pulmonary artery, so it is possible that the endothelial cannabinoid recep-
tor in the human pulmonary artery could be a target for the treatment of pulmo-
nary hypertension (Kozlowska et al. 2008).

e Oleandamide (OEA) causes vasorelaxation partly via activation of sensory
nerves and partly via an endothelium-dependent mechanism and cyclooxygenase
inhibitors increase the potency of OEA as a vasorelaxant (Wheal et al. 2010;
Ho et al. 2008).

e N-arachidonyl glycine (NAGly) caused mesenteric arterial relaxation stimulat-
ing endothelial release of nitric oxide and through nitric oxide-independent
mechanisms, resulting in relaxation of endothelium-denuded vessels (Parmar
and Ho 2010).

In addition to modulation of vascular tone, cannabinoids also regulate vascular
homeostasis. While cardioprotective properties of cannabinoids have been observed,
proapoptotic and anti-angiogenic activities of cannabinoids also have been described
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(Zhang et al. 2010; Durst et al. 2007). Anandamide mainly behaves as an inhibitor
of angiogenesis (Pisanti et al. 2007); 2-AG interacts with endothelin-1 and may play
a role in microvascular function (Chen et al. 2000). An activated endocannabinoid
system may modulate vascular repair and angiogenesis, these functions could be
important in the maintenance of vascular integrity (Zhang et al.).

In animals, intracisternal application of cannabinoids leads to sympatho-adrenergic
activation with increased blood pressure and elevated norepinephrine concentra-
tions (Niederhoffer and Szabo 1999; Pfitzer et al. 2005). Moreover, activation of
CBl1 in the brain modulates baroreflex regulation (Brozoski et al. 2005). In contrast,
peripheral endocannabinoid application lowers blood pressure and decreases nor-
epinephrine concentrations, presumably by inhibiting norepinephrine release from
presynaptic neurons (Niederhoffer and Szabo 1999; Pfitzer et al. 2005). Genetic
deletion or pharmacological blockade of CB1 receptors has no effect on blood pres-
sure in healthy and normotensive animals, but CB1 receptor blockade increases
blood pressure in experimental hypertension, septic shock, and myocardial infarc-
tion (Wagner et al. 1997, 2001; Batkai et al. 2004).

8.3.2.2 Cardiac Functions

Administration of anandamide or synthetic cannabinoids causes CB1 receptor
mediated hemodynamic changes which are complex, involving phases of both
increased and decreased blood pressure as well as changes in heart rate (Randall
et al. 2004). Anandamide exerts its cardiovascular effects in mice and rats through
cannabinoid CB1 and CB2 receptors and vanilloid TRPV1 receptors (Pacher et al.
2006). A growing body of evidence suggests that endocannabinoid signaling plays
a critical role in the pathogenesis of atherogenesis and its clinical manifestations
(Mach and Steffens 2008). Increased endocannabinoid signaling is associated with
disease progression and an increased risk for acute thrombotic events (Tanasescu
and Constantinescu 2010). The presence of CB1 and CB2 receptors in healthy and
failing human heart has recently been shown by our group. In particular, on healthy
human left ventricular myocardium, mRNA transcripts of CB1 and CB2 receptors
were expressed in an almost equal proportion whereas in patients with chronic heart
failure, mRNA expression of CB1 receptors was shown to be downregulated 0.7-
fold, whereas expression of CB2 receptors was upregulated more than 11-fold.
These findings indicate that the endocannabinoid system has a possible role in the
regulation of cardiac function under both physiologic and pathologic conditions
(Weis et al. 2010).

8.3.3 The Endocannabinoid System and Bone Metabolism

Bone metabolism can be regarded as a constant modelling/remodelling process
which continuously renews the mineralized bone matrix. All components of the
ECS appear to be present in human skeleton and the ECS has been shown to play
an important role in regulating this process (Bab et al. 2008). Bone forming (osteo-
blasts) as well as well as bone resorbing cells (osteoclasts) are able to synthesise
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anandamide and 2-AG and CB1 receptors have been shown to be present in symphatic
nerve endings close to osteoblasts. Noradrenergic signals from the central and
peripheral nervous system regulate bone metabolism involving beta-2-adrenergic
receptors and result in bone loss, an effect which has been demonstrated in stressed
patients with depression (Bab and Yirmiya 2010) and put up as a hypothesis in
humans during space flight where loss of bone mass is a highly prevalent problem
(Strollo 1999). Activation of CB1 receptors in symphatic nerve endings by 2-AG
could inhibit nordadrenergic signalling and thus reduce the symphatically driven
downregulation of bone formation. A comparable effect of endocannbinoids has
also been postulated in patients with the Complex Regional Pain Syndrome, a sym-
phatically driven chronic pain disorder of the extremities associated with bone loss
(Kaufmann et al. 2009). The activation of CB2 receptors expresssed by osteoblasts
and osteoclasts by stress-activated endocannbinoids could stimulate bone forma-
tion and inhibit bone resorption. CB2-receptor deficient knock-out mice exhibit a
markedly accelerated bone loss which resembles age-related osteoporosis in
humans (Ofek et al. 2006). A single nucleotide polymorphism of the CNR2 gene
on human chromosome 1p36 which encodes for the CB2 receptor in women is
predictive for low bone mineral density (Karsak et al. 2005). These findings sug-
gest that synthetic CB2 receptor agonists which are available can be administered
orally and are free of psychotropic side effects can be used to prevent osteoporosis
both on earth (Bab et al. 2008) and maybe even in space during long-term exposure
to microgravity.

8.3.4 TheECS, Stress and Control of the HPA Axis

The classic definition of stress as the “body’s nonspecific response to a demand
placed on it” goes back to the Austrian—Canadian Researcher Hans Seyle who is
regarded as the father of modern stress research (Selye 1936). The most important
physiologic response to stress is the activation of hypothalamic-pituitary-adrenal
(HPA) axis which controls the neuroendocrine response to aversive stimuli. Whereas
a fast and timely activation of the HPA—axis is important for adequate functioning
and even survival during stress, the rapid shut-down of the glucocorticoid response
after termination of the stressful stimuli appears to be equally important. The endo-
cannabinoid system has been shown to play an important role in limitation of HPA—
axis activation during and after stress (Steiner and Wotjak 2008).

Recent studies in animals have demonstrated that the systemic administration of
glucocorticoids in the absence of a stressor results in a fast increase in anandamide
and 2-AG concentrations in limbic structures of the brain important for the regula-
tion of the stress response (Hill and McEwen 2009b). These effects of glucocorti-
coids are probably mediated by a non-genomic mechanism (Hill and McEwen
2009a). The exposure to acute stress, on the other hand, led to an increase in 2-AG
while anandamide concentrations decreased. Pharmacologic or genetic blockade of
the CB1 receptor in animals resulted in an exaggregated response to stress which
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suggests that stress-induced endocannabinoid signalling in the hypothalamus limits
the responsiveness of the HPA—axis to stress.

In order to analyze the relationship between peripheral endocannabinoid signalling
and HPA-axis activity in humans exposed to acute stress more closely, we per-
formed a series of parabolic flight experiments (Chouker et al. 2010). In participants
with high self-reported stress levels during these experiments (induced by acute
motion sickness), anandamide blood concentrations showed an early decrease
which was followed by a massive increase in plasma cortisol levels. In contrast,
volunteers with low stress exposure who tolerated the experiment well showed an
early increase in anandamide and no activation of the HPA-axis. Interestingly,
highly stressed volunteers showed almost no increase in plasma 2-AG levels despite
a massive activation of the HPA—axis, whereas the opposite pattern was seen in
individuals who tolerated the experiment and reported low levels of stress. Changes
in anandamide activity clearly preceeded alterations in 2-AG signalling in these
experiments. These findings suggest a tonic regulation of HPA—axis responsiveness
by anandamide where an early decrease in anandamide activity results in a sensiti-
zation of the HPA—axis during the early phase of the stress reaction which is later
followed by a strong activation. In contrast, the late increase in 2-AG activity seems
to be more related to a limitation of HPA—axis activation which was clearly absent
in the participants with a massive stress reaction. The biologic bases for these dif-
ferent patterns of endocannabinoid and glucocorticoid reactivity under stress are
currently unknown but recent findings suggest that genetic factors involving gluco-
corticoid receptor sensitivity may play a role (Hauer et al. 2010). It is of interest to
note that the activity of both systems appears to be impaired in chronic stress-related
disorders such as depression (Hill et al. 2009b) or post-traumatic stress disorder
(Hauer et al. 2010).

8.3.5 Endocannabinoids as Regulators of Stress
Response and Sleep

Some of the more intriguing aspects of endocannabinoids is their important role in the
regulation of sleep and stress recovery. The endocannabinoid system appears to mod-
ulate stress-related endocrine and behavioral responses in order to restore homeostasis
after potentially harm- and stressful situations for the organism (Tasker 2004).

These assumptions are corroborated by the observation that highly stressed
humans (e.g. war veterans with post-traumatic stress disorder) show a high incidence
of chronic marijuana abuse (Sah 2002). Drowsiness or sleepiness are well-known
effects in the later stages of intoxication by marijuana (Freemon 1972). Early experi-
ments in mice suggested that anandamide may be a mediator of sleep induction
(Mechoulam et al. 1997), and recent experimental evidence has convincingly dem-
onstrated that endocannabinoids are important for sleep regulation with a particu-
larly pronounced effect on rapid-eye-movement (REM) sleep (Herrera-Solis et al.
2010). Sleep depriviation in human volunteers resulted in a significant increase
in cerebrospinal fluid concentrations of oleoylethanolamide, an endogenous lipid
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messenger that is released after neural injury with neuroprotective and neurotrophic
effects (Koethe et al. 2009). In patients with sleep apnea, a disorder characterized by
nocturnal sleep deprivation and daytime hypersomnolence, plasma concentrations of
oleoylethanolamide were two-fold higher than in healthy controls. These findings
suggest that oleoylethanolamide may be part of a neuroprotective mechanism against
chronic oxidative stress and promote wakefulness after sleep depriviation (Jumpertz
et al. 2010). These observations suggest that the pharmacologic manipulation of
endocannabinoid signalling could represent a presumed countermeasure against
negative biologic consequences of sleep depriviation during stressful conditions.

8.4  Summary

Recent experiments in animals and humans point to the fact that the endocannbinoid
system (ECS) is a critical and highly important regulator of adaptation processes to
acute and chronic stress. The ECS affects major stress-sensitive and key organ func-
tions and is involved in the maintainance of immune- and cardiovascular functions,
as well as in the pathology of stress associated motion sickness. The ECS is impli-
cated in a complex interaction with other stress—response systems including the
sympathoadrenergic and the HPA—axis. Other important roles of the ECS include
the regulation of bone turnover with possible important consequences for the treat-
ment of osteoporosis, one of the most prevalent disorders in post-menopausal
women. Because as all systems described above (immune, bone, sleep etc.) are
significantly affected by space flight, understanding and targeting the ECS seems to
be of promising relevance for manned space missions. With this regard, the ECS
represents a valid and important example of how findings from basic research, pre-
clinical studies in volunteers and clinical investigations in patients can be applied
for space research and find their way back to Earth resulting in a better understand-
ing and new treatment options for common disorders in humans.
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Immune System in Space: General
Introduction and Observations
on Stress-Sensitive Regulations

Brian Crucian and Alexander Chouker

9.1 General Principles of Imnmune Functioning
9.1.1 From Physical Barriers to Tailored Inmune Responses

The immune system is composed of a wide range of distinct cell types found in
peripheral organized tissue where primary immune response occurs (e.g., in spleen,
tonsils) and in a vast re-circulating pool of cells in the blood and lymph (-nodes)
providing the means to deliver the immune-competent cells to sites where they are
needed and also to allow a generalized immune response.

This system has been shaped during evolution to protect the organism against
potentially pathogenic bacteria and viruses in a rapid and also specific manner. In the
human body, the immune system is the largest organ and consists of more than four
trillions of cells weighing more than liver and brain altogether. Hence, it is not the
mass of an organ anatomist in former times would consider. Existing at the interface
between the environment and the host, the first line of host defense is of physical and
chemical nature and consists of barriers (e.g., skin) and mucus, enzymes, and acidi-
fied thin layers of liquid. Together with the second line of defense— the so-called
innate immune system — pathogenic germs can be eliminated by phagocytes located
in the tissues, e.g., in the lung or in the intestine, at those locations that represent
potentially vulnerable areas for germs at the border between the environment and the
host. Only higher vertebrates like humans developed the mechanism of reacting to
invading germs in a specific manner. This response is targeted exactly to the typical
pattern of a germ, allowing also the recognition of the microorganism for a further
more rapid and more efficient action in the course of a later, second contact. The
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Fig.9.1 Distribution of primary innate and adaptive immune cell populations in human blood. An
analysis of the levels of immune cell subsets can provide information about constitutive immune
processes. Populations may increase as cells proliferate during an immune response or contract as
cells become sequestered at localized sites of inflammation. Typically, these subsets are quantified
by staining specific populations with fluorescent dyes, followed by flow cytometry analysis

immune systems’ third-line response is based on the action of B- and T-Lymphocytes,
and is called the adaptive immunity (Chouker et al. 2008) (Fig. 9.1).

9.1.2 Innate and Adaptive Immunity

Human immunity is actually comprised of cells of two “distinct” yet interconnected
systems, the innate and adaptive immune systems. Innate immunity, mediated by
neutrophils, monocytes/macrophages, dendritic cells and NK cells, is the primary
line of defense and consists of an immediate (constitutively present) nonspecific
response. An innate immune response does not result in immunologic memory; so
subsequent responses to the same pathogen are not aided by the previous exposure.
In contrast, adaptive immunity is the secondary line of defense. It consists of a
delayed response, mediated primarily by lymphocytes, is antigen-specific, and results
in immunologic memory. Subsequent re-exposures to the same pathogen result in a
significantly greater and more rapid antigen-specific response, due to the presence of
circulating memory B and T cells. There are actually two components to adaptive
immunity: cell mediated and antibody mediated. Antibody (humoral) immunity is
mediated by B cells and antibody production. Antibodies bind to specific antigens,
which signal phagocytes to engulf, kill, and remove the target. Antibodies also initiate
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target cell killing, via a process termed “antibody-dependant cellular cytotoxicity.” In
this process, soluble antibodies coat a cellular target which directs cytotoxic lympho-
cytes to bind and kill that target. The principle of vaccination consists of inoculation
of non-virulent pathogen proteins, against which an antibody response is generated.
The soluble antibodies and memory cells then persist for years, conferring protection
to the host against the specific pathogen for which the vaccine was generated. Cell-
mediated immunity (CMI) is mediated by CD8+ cytotoxic T cells, which destroy
viral-infected cells, transplant cells, and some tumor cells. Both types of adaptive
immunity are regulated by CD4+ helper T cells. The orchestrated action of immune
activation, as well as the inverse action of immune suppression to limit inflammation,
both processed through endo-para and autocrine pathways, are currently being
defined by active research efforts (see Fig. 9.2).

“INNATE” “ADAPTIVE”
Phagocytes (Granulocytes, B-Lymphocytes
Macrophages, Dendritic cells) T-Lymphocytes

Natural killer cells

Specificity? =% \ery limited Specific to antigens/
specificity pathogens
Variability? = Limited capability to Capability to gradually
gradually respond respond
Memory? =% Absent, Uniforme Repeated exposition leads
response to “immmunological
learning” and improved
responses

Activation of “ADAPTIVE” ? Activation of “INNATE”

Modulation through stress-sensitive neural as well as from
locally (para- and autrocrine) & remotely (endocrine) delivered molecules

Fig. 9.2 Immunity describes the state of having adequate host defense to protect from infection
and disease and is based on a distinct and well-orchestrated interaction of leukocytes (= white
blood cells). “innate”: Granuolcytes (see Phagocytes) represent up to 80% of all blood circulating
phagocytes and one of the prime cell types of the innate Immunity. “adaptive”: Leukocytes of the
adaptive immune systems consist of antibody-producing B-Lymphocytes and T-Lymphocytes,
thereby allowing to adapt the degree of the immune responses to the specific pathogens together
with the ability to specifically recognize (“learn”) the respective antigens in future. The reciprocal
activation of the innate and adaptive immune systems guarantees the mounting of a fast, strong,
and efficient attack at the first antigen contact and even more, each subsequent time when this
pathogen is encountered again. The control — the activation and limitation of responses — is regu-
lated by a very complex and yet not fully understood local (autocrine/paracrine) and remote (endo-
crine, nerval control) acting messengers (cytokines/hormones) which altogether modulate the
sensitivity and responsiveness of the human immune system to protect the human host against
thousands of potentially harmful invading pathogens
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9.2 Thelmmune System in Space

Immunological problems of spaceflight were already discovered since the first
Apollo missions, where more than half of the astronauts suffered from bacterial or
viral infections (Hawkins and Zieglschmid 1975). Also in crew members of
Skylab and Soyuz, a reduced reactivity of blood lymphoid cells has been observed
(Konstantinova et al. 1973; Kimzey 1977) indicating a potentially alarming obser-
vation for long-term space missions. Four decades of investigation clearly indi-
cate that spaceflight affects the human immune system; however, the magnitude
and clinical significance of these alterations remains unknown. The knowledge
database regarding spaceflight effects on human immunity was recently reviewed
(Guéguinou et al. 2009) but the majority of the existing knowledge database con-
sists of post-flight assessments. Post-flight assessments, while providing impor-
tant baseline information regarding potential in-flight dysregulation, do not
necessarily reflect the in-flight status of the immune system. The physiological
stress of re-entry and a high-G landing profile, as well as re-adaptation to unit
gravity following prolonged deconditioning, both may skew post-flight data. Post-
flight findings include alterations in the distribution of the peripheral blood leuko-
cytes, reductions in the function of specific immune cell subpopulations, and
altered stress hormone levels.

9.2.1 Peripheral Leukocyte Distribution and Spaceflight

The distribution of the cells of the adaptive (and innate) immune system, usually
determined in peripheral blood by flow cytometry, is a measure of in-vivo immune
responses. The principle is similar to that of the common “complete blood count”
(CBC) measurement; however, the number of specific immune subpopulations
identified is much greater. An increased number of subsets are positively identified
by staining of cell-specific membrane antigens with fluorescent antibodies, followed
by detection and resolution on a flow cytometer. Depending on the specific clinical
situation, various subpopulations of immune cells in the peripheral blood (Fig. 9.1)
may increase due to clonal expansion, or be reduced as cells migrate out of the
blood to localized sites of inflammation or due to a block in maturation processes.
Many previous studies have examined the distribution of immune cells following
spaceflight, and the data are summarized in Table 9.1. Although specific subset find-
ings may vary among the studies, the most common alterations are increased granu-
locytes, and reduced lymphocytes and monocytes (lymphocytes mediate adaptive
immunity). Among lymphocyte subsets, T cell and NK cell percentages are usually
reported to be decreased post spaceflight. Reports on B cell percentages are varied,
as are reports regarding CD4+ and CD8+ T cell subsets. In addition to these com-
monly assessed “bulk” subsets, there are a number of “fine”” lymphocyte subsets
which have been identified, usually by multicolor flow cytometry (see also Chap.
24). Among these “fine” subsets, Gridley et al. (2009) reported increased CD25+ T
cells, Crucian et al. reported increased memory T cells and reduced senescent T
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cells, and Ortega et al. reported activation and lineage differentiation within murine
bone marrow cells (Ortega et al. 2009; Crucian et al. 2008). It is useful to interpret
these results, especially findings validated by many studies, and utilize peripheral
leukocyte subsets as a monitor of in-vivo immune changes in crewmembers.
Granulocytosis, with concurrent decreases in lymphocyte and monocyte percent-
ages, is most likely related to demargination of the neutrophils to the blood in
response to the elevated stress hormone levels following landing. It appears that T
cell and NK cell percentages are commonly reduced, whereas B cell percentages are
commonly elevated. The CD4:CD8 ratio is unaltered or increased, depending on the
study. De Rosa et al. (2001) have indicated that changes in “fine” lymphocyte sub-
sets may have clinical significance, even when changes in “bulk” lymphocyte sub-
sets are not evident. Fine lymphocyte and T cell subsets are unique subsets identified
by the presence of multiple markers, such as cytotoxic/effector CD8+ T cells, or
central memory T cells. Crucian et al. (2008) reported that memory T cells were
elevated following spaceflight, whereas senescent T cell percentages were reduced.
These changes commonly indicate mobilization of the adaptive immune response
associated with spaceflight. It cannot be determined if this mobilization is in
response to flight-associated stress, microgravity, the reactivation of latent herpes
viruses, or an external infectious agent.

9.2.2 Observations on Immune-Stress Responses in Space

There have been comparatively few in-flight immune studies. Pierson et al. found
latent viral reactivation occurs during short duration flight (Mehta et al. 2000a, b;
Payne et al. 1999; Pierson et al. 2005; Stowe et al. 2001; Mehta et al. 2004). DTH
responses, mediated by monocytic infiltration and memory T cells, have been shown
to be blunted during long-duration space flight (Cogoli 1993; Gmiinder et al. 1994).
Potential causes for this phenomenon include crewmember stress, isolation, dis-
rupted circadian rhythms, microgravity, and radiation as presented in the chapters of
Part 3 of this volume. In fact, it is likely that a synergy of these factors is responsible
for the observations.

To date, a comprehensive long duration in-flight assessment of immunity, adverse
clinical reactions, and physiological stress have to be performed and further com-
prehensive immune studies are in progress for implementation onboard the
International Space Station. To prepare for space flight the knowledge gap on the
role of one or more of the distinct stressors in space can be bridged by investigations
which address selected stressors — e.g., only pG conditions, or confinement without
the effects of low gravity — in appropriate Earth analogue conditions. Analog exper-
iments are of critical importance to simulate and to investigate the effect of environ-
mental factors likely to affect immunity in space as well. These factors include:
long-term bed rest in 6° Head-down tilt (to simulate weightlessness) as well as con-
finement; (Ant-)Arctic overwintering; isolation chambers (MARS500); and under-
water habitats (NEEMO, see Chap. 31). Such ground analogs can serve as a suitable
earth-bound simulation experiment to mirror some mission-related stressors, but in
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a terrestrial location. Although a full comparability of the studies as mentioned
below could not have been achieved due to different models, study protocols, and
methods, these studies revealed that stress due to confinement induces various
changes in neuroendocrine and immune responsiveness.

To date we have learned that stressful situations shown to result in a nerval
(e.g., sympathetic) and/or endocrine or auto/paracrine mediated effects on immune
responses (Fig. 9.2). This has been exemplarily indicated by a glucocorticoid-
mediated immune downregulation which was also associated with reactivation of
mostly dormant virus (see Chap. 16). In accordance to these observations, other
groups demonstrated dynamics and severity of immune (dys-) function in long-term
as well as short-term approaches, respectively. For instance, the consequences of
confinement and stress-associated neuroendocrine and immune change have been
investigated for different durations during bed rest, e.g., under the conditions of
120 days 6° head-down-tilt (HDT) (Chouker et al. 2001) or in confinement from
10 days (Shimamiya et al. 2004) to 60 days (Hennig and Netter 1996), to 110 days
up to 240 days (Chouker et al. 2002), and T cell dysfunction became evident within
the peripheral blood mononuclear cell compartment, including a paradoxical atypi-
cal monocytosis associated with altered production of inflammatory cytokines
(Tingate et al. 1997). Moreover, more specific information on changes of the human
immune system have been described very recently from a month-long study in the
Canadian arctic (Crucian et al. 2007) or in the Concordia base in continental Antarctic
environment (Crucian et al. 2011) indicating that several stress responses and spe-
cific immune changes were quite similar to those observed in astronauts after space
flight. It was found that stressful conditions of psychological or physical nature under
such space (-analogous) conditions can modulate innate and adaptive immune
responses, respectively. An important role was ascribed to the catecholaminergic-
and glucocorticoid-system to affect the host’s immune responses together with direct
nerval pathways (Tracey 2002), although other not-yet-so-well-investigated stress-
response systems along with the endocannabinoid-system are also found to play a
role. The latter has been shown to be activated under the conditions of stress (Chouker
et al. 2010) and to modulate a variety of immune cell functions in humans and ani-
mals, including T-helper cell development and chemotaxis. It hence appears that the
“immunocannabinoid” system is involved in regulating the brain-immune axis (Klein
et al. 2003) which exerts an important pathophysiological control of inflammation
(D’argenio et al. 2006) (see also Chap. 8). This strong interaction between nerval,
neuroendocrine mediators, and the immune system (as been also reviewed by Macho
et al. 2001 and Cacioppo et al. 2002) is to be extended by immunotropic metabolic
factors to regulate in a way similar to auto and paracrine regulation, the immune cells
function under resting and activating status (see Chap. 13).

Some first and confirmative interaction of space flight stress and the conse-
quences on immune functions have been recently published from rodent research in
C57BL/6NT mice flown on a 13-day space mission. When a battery of functional,
enumerative, and genetic analyses data from space-flown mice were compared to
ground control, immune cells’ responsiveness was significantly found to be affected.
The Phytohemagglutinin (PHA)-induced splenocyte DNA synthesis was highly
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reduced, as it was observed for the interleukin-2 (IL-2) production after activation of
spleen cells with anti-CD3 monoclonal antibody. In accordance to that Interleukin 10
levels, a cytokine shown to be involved in the limitation of pro-inflammatory pro-
cesses was elevated. Interestingly, however, interferon-gamma and macrophage
inflammatory protein-1-alpha were increased in Flight mice. Moreover, Gridley and
coworkers observed further that T-Lymphocytes (CD3+) and B-Lymphocytes (CD19+)
numbers were low in the spleens of mice flown on in this mission with higher percent-
age of NK cells (Gridley et al. 2009). Interestingly, it was shown also that space flight
resulted in significant changes of thymic mRNA expression in T cell signaling regu-
lating genes, including: cytotoxic T-lymphocyte antigen-4, IFN-alpha2a (up), and
CD44 (down) and the genes that regulate stress and glucocorticoid receptor metabo-
lism (Lebsack et al. 2010). Along the line of these observations indicating dysbal-
anced immune functional properties under conditions of stress, it was also observed
that cancer-related gene expression patterns were significantly modified after being
subjected to the stressful spaceflight environment (Gridley et al. 2009).

However, it is yet unknown if these immune system alterations described are tran-
sient or if they would persist for the duration of exploration-class deep space mis-
sions. The question remains open, if, why, and when and to which degree adaptation
processes, in a bidirectional sense also of conditioning and deconditioning, can occur
for immune functions as suggested for other organ systems (Nicogossian et al. 1994).
With a prolonged immune dysregulation during exploration-class deep space mis-
sions, several potential clinical risks to crewmembers, including hypersensitivities,
autoimmunity, infectious disease, and malignancies, can endanger mission success.

9.3 Limitations and New Approaches
for Immune-Directed Research in Space

Space flight experimental opportunities are infrequent and expensive to conduct and
there are many constraints to performing science experiments in space (e.g., hazard
aspect, blood handling, up/download mass limitations, and conditioned storage).
During spaceflight missions, collection of biological samples (e.g., blood, saliva,
urine) is limited due to constraints on crewmember time and lack of resources such
as refrigeration and many of the instruments typically used in medical experiments
do not function properly in microgravity. Thus, the majority of space flight data
comes from pre- and post-flight studies. Although valuable information has been
derived from these type studies, there are also limitations that must be acknowl-
edged. These include a several hour delay between landing and bio-specimen col-
lection, the effects of re-entry stress on biological and biochemical measures, and
differences in mission duration. Moreover, some discrepancies can be attributed to
methodologic differences, adding to the variety of types and extent of stressors
encountered during space missions, altogether resulting in the variability of immune
responses assessed during and after space flight (Borchers et al. 2002).

In recent years the scientific community has became aware that some of these
limitations can be also overcome by evolved methods, extensively tested and stan-
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Fig.9.3 US Astronaut Leland Melvin collects a blood sample from ESA astronaut Hans Schlegel
during the STS-122 space shuttle mission. These samples were collected as part of a NASA study
to assess immune function, stress, and viral reactivation during spaceflight. Samples were col-
lected near to landing and live whole-blood was returned to Earth for subsequent processing and
analysis

dardized hardware, and by the use of safe reagents and ““streamlined” procedures that
help to gather reliable data. Also, with improved post-flight logistics, it is now pos-
sible to return living blood samples from the International Space Station, which
allows a functional determination of immune status during flight, without flying sig-
nificant analytical hardware to space (Fig. 9.3). Moreover, the combination of knowl-
edge and sharing specimen, to address also the combined action of multi-factorial
sources of stress conditions during space flight, will help to more comprehensively
explore the consequences on the immune system.

9.4 Summary

Because of the nature of the immune system in protecting the host and maintaining
health in a changing environment, it seems to be a “natural” and homeodynamic
situation that functions of the immune system are affected during the course of
space flight. However, long-duration missions in space and especially interplanetary
missions require distinct knowledge on how the humans’ immune system will cope
with these extreme environmental conditions and to which extent an adaptation can
occur. Therefore, fundamental and clinical immunology research is critically needed
to allow in a multidisciplinary approach a better understanding of how microgravity,
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cosmic radiation, and other stressful mission—associated risk factors can influence
the adequate functioning of the immune system. These investigations will also help
patients on earth that will clearly benefit from advances in research in clinical
immunology to better understand immune function in nominal and off-nominal
conditions of life.
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Innate Immunity Under Conditions 1 0
of Space Flight
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10.1 Introduction

Although the vertebrate immune system has evolved highly effective and specific
adaptive immune responses, the human immune system still fails us on occasions -
infections are the leading cause of death globally. On the one hand “our species is
immunocompetent”, but on the other hand “it is most unlikely that there has ever
been a truly immunocompetent individual who was resistant to all pathogens”
(Casanova and Abel 2005). The immune system is intimately related in one way or
another to almost all pathological states and diseases, and alterations in immunity
in space could potentially lead to adverse clinical consequences. Spaceflight asso-
ciated immune changes is “an area that should be considered more before we
undertake prolonged space voyages” (Guéginou et al 2009).

Human spaceflight is an evolutionary unforeseen situation and no process has
prepared the human body and mind for life in the absence of gravity, nor indeed in
isolation and confinement. The majority of human life sciences research in space
has to date focused on bone and muscle loss, cardiovascular de-conditioning, con-
sequences of fluid (re) distribution, and neuro-sensory adaptation processes during
both short and long-term missions. However, during the Apollo missions astro-
nauts developed infections during or immediately following space flight (Johnston
1975). In addition, blood samples taken from the NASA Skylab Mission (1973)
astronauts upon return to Earth revealed reduced phytohemagglutinin-induced

M. Feuerecker ¢ I. Kaufmann ¢ A. Martignoni ¢ A. Chouker (><)
Department of Anaesthesiology, University of Munich, Munich, Germany
e-mail: alexander.chouker @med.uni-muenchen.de

A.P. Salam
Department of Infectious Diseases and Tropical Medicine,
Lister Unit, Northwick Park Hospital, London, UK

A. Chouker (ed.), Stress Challenges and Immunity in Space, 141
DOI 10.1007/978-3-642-22272-6_10, © Springer-Verlag Berlin Heidelberg 2012



142 M. Feuerecker et al.

lymphocyte blastoid transformation (Johnston 1977). Following these early findings
indicating spaceflight-induced immune system alterations, experimental setups were
expanded to include the investigation of natural killer (NK) cells (Chap. 11). The
discovery by Janeway and Medzhitov that Toll-like receptors (TLR) are crucial and
key in the activation of the innate immune system on Earth (Medzhitov et al 1997)
stimulated a new-found interest in the study of the innate immune system, its role in
adaptive immunity, and its involvement in human disease states. This eventually led
to the realization of the importance of studying and understanding the innate immune
system under conditions of spaceflight. An international effort to broaden our knowl-
edge in this field is currently under way.

10.2 The Innate Inmune System
10.2.1 The Armory of Innate Imnmunity

The innate immune system includes different myeloid phagocytes (neutrophils,
macrophages, dendritic cells (DC)), natural killer (NK) cells and mast cells, as
well as humoral components (e.g. complement factors), which together, attack
infectious agents in a non-specific but early manner. The characteristic pattern of
innate immune activation involves the release of various chemical factors (e.g.
prostaglandins, bradykinin) by injured cells, which results in tissue inflammation.
Tissue inflammation leads to the activation and recruitment of cells of the innate
immune system. In general, the key steps include the interaction of neutrophils
with vascular endothelial cells through adhesion molecules such as 2-integrin and
selectins, the recruitment of neutrophils to inflamed sites through chemotaxis, and
the recognition of microorganisms by phagocytes through pattern recognition
receptors e.g. TLR. Several innate immune effector mechanisms then follow,
including i) the engulfment and subsequent destruction of microorganisms by
phagocytes. The destruction of microorganisms is achieved via a number of toxic
chemicals (e.g. reactive oxygen species) and antimicrobial proteins (AMP) and ii)
the activation of the complement system which results in opsonization, cytolysis of
infected cells, and clearance of neutralized antigen-antibody complexes (Fig. 10.1).
The humoral arm of innate immunity in addition includes pattern-recognition mol-
ecules (PRM) and neutrophil extracellular traps (NETs). Pattern recognition mol-
ecules, such as peptidoglycan recognition protein short (PGRP-S) and Pentraxin 3
(PTX-3), are soluble compounds stored in the granules of neutrophils that act as
antibody-like molecules when secreted. Bottazzi and co-workers (Bottazzi et al.
2010) excellently reviewed how PTX-3 is critical for resistance to Aspergillus
fumigatus infection through its opsonic properties and activation of the comple-
ment cascade. NETs are formed within minutes upon stimulation of phagocytes or
hours upon cytolysis of phagocytes at sites of inflammation (Kumar and Sharma
2010), and are networks of extracellular structures that bind and kill microorgan-
isms. NETs consist of nuclear contents such as neutrophil DNA and histones ‘dec-
orated’ with granules that exert various functions such as microbial recognition
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Fig. 10.1 Principles of innate immune responses: The inflammatory responses raised by pathogens
include complement activation and the recognition of pathogen structures by so-called pattern recognition
receptors. N-formyl peptide receptor 1 (FPR-1), Dectin-1 and Toll-like receptors (TLR) are innate
immune-cell bound receptors (either endosomal or surface-associated). TLR recognize molecules widely
associated with pathogens (so-called pathogen-associated molecular patterns (PAMPs)) that are different
from host molecules. Cell to cell interactions, release of chemokines and cytokines promote cell
recruitment and, together with complement proteins, pathogen elimination

(e.g. PTX-3, PGRP-S) and antimicrobial activity (Mantovani et al. 2011). NETs
have been shown to trap and kill microorganisms such as Candida albicans and
Escherichia coli (E. coli).

The innate immune system is, in general, not solely involved in combating infec-
tious agents but is however also responsible for eliminating dysfunctional host tis-
sues and cells. Such cytotoxic functions- under certain conditions however- can lead
to uncontrolled inflammation and tissue damage (Fig. 10.2). This dual and some-
times conflicting role of innate immunity - to protect the host from infection as well
as having the potential to be highly toxic to the host - can be described as a Janus-
faced role of innate immunity.

The innate immune system is not a ‘stand-alone’ and separate system within the
human immune system but is involved in crosstalk with the adaptive immune system,
in particular the activation, recruitment, differentiation, and proliferation of lympho-
cytes. This process is mediated principally through dendritic cells (DC, Fig. 10.3),
which process microbial antigens and present them to naive lymphocytes, a process
known as antigen presentation. This step is considered one of the most important
activators of the adaptive immune response (Chaps. 9, 12). In turn, the adaptive
immune system has reciprocal actions on cells of the innate immune system, as
described below.
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Fig. 10.3 From distruction of pathogens by phagocytes to the initation of adaptive immune
responses through antigen presentation. (Modified as seen presented at the Federation of Clinical
Immunology Societies FOCIS workshop, Phoenix, Arizona 2010. DC Dendritic cells)

10.2.2 The Innate Immune System in Space
and Earth-bound Space Analogs

Given the key role the innate immune system plays in 1) the immediate defense
against invading pathogens, 2) activation of the adaptive immune system and 3)
tissue inflammation, both down-regulation and up-regulation of the innate immune
system could have significant adverse effects on the health of astronauts, and
potentially disastrous consequence during deep space missions. Therefore two
critical questions need to be addressed in preparation for inter-planetary travel are
1) whether the innate immune system of primarily healthy individuals becomes
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dysfunctional during the evolutionary unforeseen and highly physically and
psychologically stressful conditions of spaceflight and 2) whether the modulation
of innate immune cell functions under conditions of spaceflight affects adaptive
immunity?

10.2.2.1 Space Missions

Humans are not the only species to have ventured into space. The innate immune
system originally evolved in lower order organisms (e.g. fruit fly drosophila mela-
nogaster) which serve as useful models for innate immunity research both on
Earth and in space. Organisms such as rodents (Allebban et al. 1994, Pecaut et al.
2003, Gridley et al. 2009, Baqai et al. 2010) and amphibians (Bascove et al. 2011)
have also been used to investigate certain aspects of immunity during and post
spaceflight. The use of animal models allows for better control of experimental
conditions and the need for only relatively small laboratory volumes onboard
space module. Clearly however, animal models simplify many of the complex and
variable physiological and emotional conditions associated with human space-
flight. In particular, stress and associated neuro-endocrine responses in animals,
especially in lower order organisms, are unlikely to accurately reflect those that
occur in humans. Therefore, this chapter concentrates on studies undertaken in
humans alone.

Since 1961 more than 450 (Guéguinou et al. 2009) people have flown in space
and all have experienced a myriad of psychological and physical stressors. Of these,
only 24 have traveled beyond low-Earth orbit however. During low-Earth orbit our
home planet remains always in sight, there is live radio communication with ground
control and relatives, the possibility of emergency evacuation, and shielding against
solar and cosmic radiation by the Earth’s magnetic field. None of these factors will
be present during deep-space space missions and the adverse physical and psycho-
logical effects when travelling beyond our ‘fore-garden’, for example to Mars, are
likely to be marked.

Neutrophils comprise the majority of circulating leukocytes (50-80%) and are
amongst the first cells involved in the immune response to infection. Together with
monocytes, they are the main focus of this chapter, whilst the effect of spaceflight
on NK cells is reviewed in chapter 11. Analysis of peripheral leukocyte subsets post
spaceflight reveals, in general, an increase in neutrophil counts (Chap. 9). However,
the vast majority of this data comes from short term (less than 3 weeks) spaceflight
experiments (Taylor et al. 1986). Because cell counts do not necessarily correlate
with cell functions, Kaur et al. (2004) examined the oxidative burst capacity and the
phagocytic abilities of neutrophils drawn from astronauts during missions of either
5 days duration or 9-11 days duration. There were no significant changes during 5
days missions whereas 9-11 days missions resulted in significantly reduced oxida-
tive burst capacity upon activation and reduced ability to phagocytose E.coli.
Preliminary results from the ongoing ISS-IMMUNO study have also shown reduced
neutrophil oxidative burst capacity following stimulation with the synthetic bacte-
rial peptide N-Formylmethionyl-Leucyl-Phenylalanin (fMLP) after 6 months in
orbit (Chouker et al., unpublished). Spontaneous oxidative burst capacity appeared
to be augmented however. fMLP is a synthetic peptide that mimics the activity of
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bacterially derived peptides and induces the activation and recruitment of neutro-
phils through their action at specific pattern recognition receptors (e.g. N-formyl
peptide receptor 1, FPR-1) (Zhang et al. 2010).

Monocytes form the other major cell types of the innate immune system. One of
their functions is to migrate rapidly to sites of inflammation where they then differen-
tiate into macrophages and dendritic cells. Macrophages function primarily as phago-
cytes, although they can also function as antigen presenting cells and promote the
activation, proliferation and differentiation of naive T-cells. The major function of
dendritic cells is to function as antigen presenting cells. In contrast to the consistent
changes seen in neutrophil counts, monocyte counts show conflicting results during
spaceflight experiments (Chap. 9). As for neutrophils, Kaur (Kaur et al. 2005) demon-
strated a reduction in the ability of monocytes to phagocytose E.coli after short dura-
tion space flight. In addition, the response of monocytes challenged with the gram
negative toxin lipopolysaccharide (LPS) was differentially modulated by spaceflight
(Kaur et al. 2008). On the one hand there was a reduction in intracellular pro-inflam-
matory cytokines such as interleukin-6 (IL-6) and interleukin-1 (IL-1) whilst on the
other hand there was an increase in intracellular interleukin-8, a chemoattractant of
the CXC-family. Whether this modulation is causally linked to either a modulated
expression of CD14 (a co-receptor important in the recognition of LPS) or TLR4 (the
major receptor for LPS in human myeloid cells) on monocytes remains to be under-
stood (Guéguinou et al. 2009). As there was downregulation of IL-1, one might specu-
late that IL-1 dependent activation of adaptive immune responses might therefore also
be attenuated.

Whilst the investigation of distinct cellular responses is essential to our under-
standing of basic immunology, there is a need to understand the clinical conse-
quences of stressors on immunity in an integrated and comprehensive manner,
including the crosstalk between the innate and adaptive systems. The delayed type
hypersensitivity skin test (DTH, Biomerieux) served as useful tool for monitoring
the integrated cellular immune response (Dhabar et al. 1997, 2002). In this test,
bacterial and fungal antigens are injected intracutaneously and the degree of skin
erythema in response to the antigen challenge measured after 48 hours. Gmiinder
(Gmiinder et al. 1994) observed a reduction in DTH skin reactivity during long
term space flight, indicating an overall reduction in cellular immunity. The cutane-
ous DTH test was phased out in 2002 due to both the risk of sensitization to the
antigens and licensing issues. As such, a DTH-like in-vitro test has been developed
(Immumed Inc, Germany) and consists of the incubation of whole blood with bac-
terial, viral and fungal antigens for 48 hours and the subsequent characterisation of
the cytokine response. Preliminary data using this assay performed with blood
taken from astronauts after 6 month missions appear to strongly corroborate the
reports from (Stowe et al. 2001) of significant attenuation of anti-viral immunity as
demonstrated by viral reactivation during spaceflight (Chap. 16). Interestingly
however, the whole blood immune response following stimulation with e.g.
Candida albicans or Aspergillus niger antigens was higher post-flight compared to
baseline (Fig. 10.4). It remains unclear if this increase in fungal immune responses
is due to i) priming of neutrophils and monocytes, to ii) the higher activation of
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Fig. 10.4 DTH like in vitro test after 200% —
space flight. Exemplary data shown A
from one Cosmonaut after return
from long-duration mission to the
ISS. Whole blood was stimulated at
day 7 after return (R +7) with either 150% —
bacterial, viral, or fungal antigens;
after 48 h incubation at 37°C
determination of Interleukin 2 plasma
levels was carried out; Data are
presented as changes in percentage of
the baseline values obtained at one
month before launch (L-30);
"Bacterial": Tetanus-, Diphteria- and
Pertussi- toxoid, "Viral": CMV-EBV- 50% — A
lysate, Influenca protein; "Fungal":
Candida- lysate.
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phagocytes in response to 3-Glucans in general (a major structural component of
fungi), or due to iii) enhanced crosstalk between the adaptive and innate immune
systems. The degree and type of microbial, especially fungal, colonization on the
ISS (Novikova et al. 2000, see also Chap. 22) might be an additional contributing
factor for the observed upregulation of fungal immune responses.

10.2.2.2 Space Analoges
Because of the high logistical challenges and operational costs associated with
space missions, earthbound models with characteristics that mimic specific space-
flight conditions can serve as useful support research platforms for immune system
changes. Space relevant stressors such as microgravity, confinement, and isolation
can be addressed individually or in their interactions. Such research platforms have
been successfully used throughout the last few decades and allow for greater partici-
pant numbers as well as controls. A useful model to simulate conditions of short-
lived micro-gravity is parabolic flight. A specially equipped airplane performs
repeated parabolas resulting in short cycles (about 20 seconds each) of zero gravity
followed by hypergravity (1.8 G). The ability of neutrophils to generate reactive
oxygen species (ROS) both spontaneously and in response to activation with fMLP
+/- TNF-o was studied (Kaufmann et al. 2009). There was an increase in ROS gen-
eration by neutrophils in response to fMLP +/- TNF-a. after parabolic flight as com-
pared to pre-flight. The spontaneous generation of ROS remained unchanged
following parabolic flight however.

The ability of adenosine, an important suppressor of innate immune cytotoxic
functions (Sitkovsky et al. 2004), to reduce ROS generation was augmented by
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Fig. 10.5 Innate immune responses after gravitational stress (parabolic flight): Fitted dose—
response curves for the inhibition of the tumor necrosis factor-o.. Tumor-necrosis factor (TNF)-a
(10 ng/mL) and N-formyl-methionyl-leucyl-phenylalanine (fMLP;107" mol/L) stimulated H,O,
production of polymorphonuclear leukocytes obtainedfrom individuals 24 h before takeoft (T0)
and 48 h (T3) after parabolic flight under the influence of increasing concentrations of adenosine
(10°-107° M). Concentrations of adenosine that inhibit the maximal response by 50% (IC50 value)
were calculated by logistic regression analyses of mean values of dose effects determined in each
volunteer (Kaufmann et al. 2011)

parabolic flight (Fig. 10.5). This response was modulated by an up-regulation in
Adenosine-2A receptor function. This ‘STOP’ signal on ROS generation might be
an evolved mechanism to limit uncontrolled cytotoxic devastation (Kaufmann et al.
2011). The relationship between purinergic pathways and immunity and inflamma-
tion has not been explored in space so far but could reveal potential pharmacologi-
cal approaches to reduce uncontrolled cytotoxic responses by immune cells primed
by stress and microgravity. Such a pharmacological approach could be beneficial as
a “parachute against uncontrolled hyperinflammation” (Kaufmann et al. 2011).

A further model for gravitational deconditioning in space is 6° head down tilt
(HDT) bed rest on Earth, in which the effects of microgravity can be mimicked.
Unlike parabolic flight, bed rest allows for the investigation of the long-term effects
of simulated microgravity on physiological systems. Head down tilt bed rest results
in changes not only of the cardiovascular and musculoskeletal systems, but also the
neuroendocrine and hematopoietic systems. 120 days of 6° HDT bed rest led to
increased levels of psychic stress and alteration of cortisol circadianicity. HDT bed
rest also led to an increase in phagocyte and natural killer cell counts. Up-regulation
of the adhesion molecule 2-integrin on the surface of neutrophils and increased
levels of interleukin-6 suggested a pro-inflammatory state (Chouker et al. 2001).
B2-integrin allows neutrophils to attach to and roll along the vascular endothelium
of inflamed sites and is a key factor in neutrophil host defense functions. Other HDT
bed rest studies have confirmed alterations in leukocyte subsets (Stowe et al. 2008),
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in addition to increased levels of the pro-inflammatory cytokine TNF-a (Shearer
et al. 2009). The effect of bed rest on immunity is controversial however and is
likely to be dependent on different durations and conditions of bed rest (Crucian et
al. 2009, Mehta et al. 2007).

The lack of gravitational force is only one of many stressors affecting humans in
space. Isolation and confinement are powerful stressors that can potentially have
profound effects on the human psyche. Several studies have been performed in the
last few decades testing the effects of variables such as habitat volume, mission
duration and crew size and composition during group confinement on stress
responses. For instance, the SFINCSS- 99 (Simulation of Flight of International
Crew on Space Station) study examined the effects of confinement on 4 healthy men
living in a low-volume containment chamber for 110 and 240 days with limited
contact with the outside world. The innate immune system showed a trend towards
activation as demonstrated by an increase in neutrophil counts together with an up-
regulation of B2-integrin on the surface of neutrophils (Chouker et al. 2002). The
use of this analogue facility continued with a study that tested for the psychological
and physiological, including immunological, consequences of extended duration of
isolation and confinement for 520 days in a simulated Mars mission (MARS500). In
2009, a shorter pilot study lasting 105 days of the Mars simulation flight was com-
pleted. Preliminary, unpublished, results from this pilot study indicate that mono-
cyte and lymphocyte counts and pro-inflammatory adhesion molecules on the
surface of neutrophils were elevated during isolation. Such up-regulation of pro-
inflammatory adhesion molecules is often seen in highly stressed individuals. The
simulated MARS500 exploration mission will be completed around the date of the
publication of this book. The consequences of such prolonged isolation and con-
finement on the health of the crew members will be unique and will allow us to
judge the risks resulting from a real Mars mission, and develop appropriate mitiga-
tion strategies. Over the last decade, Antarctica has also been identified as a suitable
platform to investigate the effects of ‘real-life’ hostile confinement on physiology
and is considered a highly useful analogue for lunar and interplanetary missions. In
addition, Antarctic bases at high altitude, such as Concordia station at 3200m, serve
as useful platforms to test for additional space-relevant stressors such as hypoxia in
combination with isolation and confinement (Chaps. 13 and 31).

10.2.2.3 Immune Crosstalk

Cells of the innate immune system, such as macrophages and dendritic cells, con-
tribute to the presentation of antigens to T-cells and subsequent activation and pro-
liferation of T-cells (see Fig. 10.2). Neutrophils are able to modulate this process by
either promoting the maturation of DC and monocyte derived DC by cell to cell
contact through adhesion molecules, or by inhibiting maturation through the secre-
tion of large vesicles from the neutrophil cell membrane and exposing phosphati-
dylserine in the outer membrane (so-called ectosomes) (Mantovani et al. 2011;
Eken et al. 2010). Neutrophils can also modulate the maturation, activation and
survival of NK cells, as well as their cytotoxic and their pro-inflammatory capacity.
The latter is predominantly mediated through the production of Interferon-y and the
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direct interaction of neutrophils with NK cells through the intercellular adhesion
molecules ICAM-3 and CD18-CD11b. The relationship between neutrophils and
NK cells is not unidirectional however, as NK cells are capable of priming neutro-
phils to produce reactive oxygen species and pro-inflammatory cytokines, resulting
overall in an efficient “defensive alliance” (Costantini et al. 2011). The interplay
between the adaptive and the innate immune systems can be seen in the efficient
co-recruitment of cells of the innate and the adaptive immune system to sites of
infection. Distinct T-cell populations (e.g. T-regulatory-cells, T1/17 cells) are capa-
ble of modifying the activation status and survival of neutrophils, predominantly
through the release of granulocyte monocyte colony stimulating factor (GM-CSF)
and TNF (Mantovani et al. 2011). Kaufmann et al. (2009) demonstrated that ele-
vated blood concentrations of GM-CSF and TNF were associated with priming of
neutrophils after gravitational stress. Reciprocally, T-cells are guided by activated
neutrophils to sites of inflammation by a battery of CC and CXC (Roth et al. 2004).
Furthermore, activated neutrophils serve as a major source of mediators that affect
B-cell differentiation and functions e.g. through B-cell activation factor (BAFF)
(Scapini et al. 2008).

Although modulation of basic phagocyte functions has been shown to occur as a
result of spaceflight, further research is needed to evaluate to what degree some of the
more complex armory of the innate immune system and its relationships and cross-
talk with cells of the adaptive immune system are altered.

10.3 Summary

Endocrine mediated modulation of immune responses is the predominant mecha-
nism of stress-permissive changes in immunity, and occurs primarily through
changes in the hypothalamic-pituitary axis and the adrenergic systems (Chap. 6).
The brain and the innate and adaptive immune systems when challenged by multiple
stressors interact with each other in a multidirectional manner. The intensity and
duration of stressor exposure affects these interactions. In general, the modulation
of immunity by stress-permissive mediators can be beneficial and support immune
responses in the short-term, but, conversely, can become detrimental when theses
pathways are continuously challenged (Chap. 3 - allostatic overload) and can result
in suppression of cell-mediated immunity. It is clear from the spaceflight immune
research data to date, in combination with Earth-based space analogue studies, that
the stress of spaceflight adds an extra layer of complexity (Mills et al. 2001, Crucian
et al. 2008, Stowe et al. 2011). It remains to be understood why innate and overall
cellular immune responses in space do not always follow the same patterns as
observed in situations of life stress. Although it is clear that spaceflight alters the
innate immune system, our knowledge of innate immune function in space is still
limited. The effects of physical stressors such as microgravity and radiation in addi-
tion to stress-activated immunotropic hormonal pathways, as well as the presence of
an altered microbial environment, need to be understood both separately and in
combination. The changes in innate immune responses may also result from a com-
plex crosstalk with adaptive immune responses. To what degree upregulation of
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certain aspects of innate immunity can be considered a compensatory mechanism
for adaptive immune suppression, and vice versa, in an effort to maintain immuno-
logical homeostasis under conditions of stress is unclear and will need a more inte-
grative approach to immunology research in space. Eventually, “understanding the
failures of the immune system should make it possible to devise novel ways of
making it succeed” (Casanova and Abel, 2005).
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NK Cells Assessments: A Thirty-Year-Old 1 1
History of Inmune Stress Interaction
in Space

Boris Morukov, Marina Rykova, and Eugenia Antropova

Natural killer (NK) cells are a form of cytotoxic lymphocytes which constitute a
major component of the innate immune system. NK cells were first described in the
early 1970s on a functional basis according to their ability to lyse tumor cells in the
absence of prior stimulation (Herberman 1974). Today, the NK cell is widely viewed
as an efficient non-MHC-restricted effector cell which is capable of patrolling the
host and getting involved in the defensive action against infectious agents, tumor
cells, and certain immature normal cells. In addition, recent research highlights the
fact that NK cells are also regulatory cells engaged in reciprocal interactions with
dendritic cells, macrophages, T cells, and B cells. Thus, NK cells may serve as a
bridge in an interactive loop between innate and adaptive immunity. Dendritic cells
stimulate NK cells which then deliver a co-stimulatory signal to T or B cells allow-
ing for an optimal immune response (Blanca et al. 2001; Vivier et al. 2008). NK
cells are able to deliver a response immediately after recognizing specific signals,
including stress signals, “danger” signals, or signals from molecules of foreign ori-
gin (Fig. 11.1). Suppression of NK activity and/or reduction in the absolute number
of NK lymphocytes circulating in peripheral blood has been found to be associated
with the development and progression of cancer, with acute and chronic viral infec-
tions, chronic fatigue syndrome, psychiatric depression, various immunodeficiency
syndromes, and certain autoimmune diseases (Orange and Ballas 2006). In this con-
text, intact natural immunity, as evidenced by normal levels of NK activity and
numbers of circulating NK cells, appears to play an important role in health (Vivier
et al. 2008). On the contrary, low or absent NK activity is often a sign of disease or
an early predictor of susceptibility to disease.
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Fig. 11.1 The hypothetical scheme of the potential role of natural killer (NK) cells in the immune
response: NK cells can kill target cells (transformed or infected cells) and NK cells can regu-
late innate and adaptive immune responses through a combination of cell surface receptors and
cytokines

Because the NK cell appears to be involved in multiple effector, regulatory, and
developmental steps of the immune systems’ function, investigation of NK cells
may serve as an important marker of a clinical risk associated with humans’ pro-
longed exposure to environmental stressful conditions, including stress factors
uniquely associated with space travel. The intent of this chapter is to provide a sum-
mary of results of the study of the effects of stress factors of extended space flights
on the NK cells.

11.1 Natural Killer (NK) Cell Activities Review After
Long-Duration Missions: From Salyut to ISS

11.1.1 Cumulative Data

NK cell total cytotoxic activity has been tested on the basis of the amount of non-
degraded [PH]RNA that remains in the target K562 cells after contact with NK cells
(Rykova et al. 1981). Since the first investigation of the NK functional activity in
Russian cosmonaut after 185-day mission on Salyut-6, in 1980, the cytotoxic activi-
ties of NK cells were examined after long-duration flights on Salyut-6,7, and ISS in
88 crew members (Konstantinova and Fuchs 1991; Konstantinova et al. 1993;
Rykova et al. 2001, 2008). The mission duration varied from 65 to 438 days. These
studies showed a high degree of individual variability of NK cell cytotoxic activity.
Thus, more than 60% of crew members had reduced NK cell cytotoxic activity from
preflight values after long-duration missions (Fig. 11.2). On the first day after land-
ing, the reductions in cytotoxicity were either moderate (decline by 20-50%) in 15
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Fig. 11.2 Individual NK cell total cytotoxic activity in cosmonauts after
variability of NK cell long-duration spaceflights
cytotoxic activity after SALYUT-6.7 MIR ISS

long-duration space missions 65-237 days 72-438 days 128-215 days
(1 day after landing) Ey

] Increase more than 20% from preflight values

[] No significant changes from preflight values

of the 74 cosmonauts, in the middle range (decline by 51-90%) in 17 cosmonauts,
or in the significant low range (cytotoxicity close to zero) in 7 cosmonauts, respec-
tively. At day 7-9 after landing, NK cell cytotoxic activity of only 4 crew members
increased toward their preflight values, but NK cell cytotoxic activity in 16 cosmo-
nauts continued to decrease in their values on day one after landing. Examination of
cosmonauts at days 14—19 postflight demonstrated that NK cell cytotoxic activity
remained decreased in almost 30% of the cosmonauts.

On the other hand-and in contrast to the Salyut missions of equal duration when
100% of the crew members showed lower NK activities postflight-the first day after
the long-duration missions on MIR and ISS, NK cell suppression was not seen in all
cosmonauts. In contrast 36% and 21% of the crew members demonstrated even a
significant increase in NK cell cytotoxic activity as compared to the preflight values,
which then tended back to baseline by the last recovery data point (within 7-14 days
after landing).

Analysis of the results obtained from investigation of cosmonauts allowed to
identify differential types of NK cell reactions as a consequence of long-duration
spaceflight conditions: firstly, a decrease in cytotoxicity on the first day after land-
ing with an increase toward preflight values in 1 week; secondly, the absence of a
decrease in cytotoxicity on the first day after landing and a significant decrease in
cytotoxicity on the seventh day; thirdly, a decrease in cytotoxicity at days 1—7 post-
flight; fourthly, an increase in cytotoxicity on the first day after landing with a trend
toward preflight values upon examination at later periods.

11.1.2 NK Cells Cytotoxicity Affected by Countermeasures

The assessments of NK cell functions in cosmonauts after long-duration Mir or ISS
missions show overall a lower degree of the NK suppression or even an increase of
activation which might be not surprisingly when taking into account the counter-
measures that have been implemented in the meantime since the Salyut era. The
system of countermeasures used by Russian cosmonauts in space flights on board of
Mir and ISS included as primary components: physical methods aimed to maintain
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the distribution of fluids at levels close to those experienced on Earth; physical
exercises and loading suits aimed to load the musculoskeletal and cardiovascular
systems; measures that prevent the loss of fluids, mainly, water—salt additives which
aid to maintain orthostatic tolerance and endurance to gravitational overloads dur-
ing the return to Earth; well-balanced diet and medications directed to correct pos-
sible negative reactions of the body to weightlessness. Fulfillment of countermeasure
protocols in flight was thoroughly enforced (Kozlovskaya and Grigoriev 2004;
Kozlovskaya et al. 1995). Recent scientific research has shown that NK cells are
highly influenced by physical exercise. The possible important mechanisms behind
exercise-induced changes in NK cell function are cytokines, hyperthermia, and
stress hormones, including catecholamines, growth hormone, cortisol, and beta-
endorphins. Infusion studies mimicking stress hormone levels in blood during exer-
cise indicate that increased plasma-adrenaline accounts for at least part of the
exercise-induced modulation of NK cell function (Pedersen and Ullum 1994). Many
studies have documented that severe exercise is followed by immunodepression, but
moderate regular exercise has a beneficial effect on the NK cells function (Mackinnon
1999) (see also Chap. 27). In this connection, elevated NK cell cytotoxicity after
long-duration space missions in some cosmonauts could have been associated not
only with the constitutional characteristics of these individuals but also with the
performance by the crew members of a set of recommended prophylactic measures,
first of all moderate regular physical exercise.

11.1.3 NK Cells, Cytotoxicity Associated with Viral Reactivation?

A further explanation of an increase in NK cell cytotoxicity in some cosmonauts
after long-duration space missions is that enhancement of NK cell cytotoxicity was
associated with latent viral reactivation during space flight as observed during short-
duration missions (Mehta et al. 2000, 2005; Stowe et al. 20014, b; Pierson et al. 2005;
Cohrs et al. 2008). Indeed, a normal NK cell response to a viral infection should be
an initial rise in activity, followed by elevated activity during the course of infection,
and then a gradual return to baseline activity, while NK cell numbers can be reduced
during infectious episodes (Whiteside and Herberman 1989). However, the relation-
ship between the function of NK cells and latent viral reactivation in space flight has
not been fully investigated, but the establishment of such a relationship could lead to
the development of countermeasures that could prevent any compromises in resis-
tance to infection resulting from exposure to flight conditions.

11.1.4 NK Cell Cytotoxicity Declines Proportionally
to Mission Duration?

It seemed of interest to clarify whether the magnitude of the reduction in the cyto-
toxic activity of NK cells correlates with the length of time an individual remains in
the microgravity associated with space flight. The data from all cosmonauts
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examined after prolonged missions were divided into four groups based on the
length of time an individual remained on board the orbital station: 65-131 days,
145-199 days, 208-241 days and 312—438 days, respectively. No future decline was
noted when flight duration increased from a few months to 14 months. Most of the
nine cosmonauts, participating in missions lasting 65—131 and 145-199 days two or
three times, had similar changes in NK cell cytotoxicity after all flights. In one of
these cosmonauts, a decrease in cytotoxic activity was significant after the first
spaceflight lasting 65 days aboard the Salyut 7 station, but a reduction was moderate
after two missions lasting 152 and 175 days aboard the Mir station. Note that exami-
nation of 17 crew members who flew two or three times during 145-199 days dem-
onstrated in some cases a considerable magnitude of changes in NK cell cytotoxicity
after the first flight and subsequent missions. Comparison of the degree of changes
after repeated exposure to space allows some speculation that some discrepancy
could have been associated with some specific features of each mission or differ-
ences in the countermeasures that were used, respectively. Therefore it is of impor-
tance to note that some crew members, even after mission durations of 12 or
15 months, had rather high NK cell activity — at least during all the measurement
periods after landing. These results possibly indicate that the immune system (or
some of its components) could become adapted - possibly also as a consequence of
countermeasures - to prolonged exposure to space flight conditions.

11.2 Natural Killer (NK) Cell Activities, Subpopulations,
and Counts: Results and Considerations from More
Recent Long-Duration Missions

NK cells execute their cytotoxicity in a sequential manner, which involves (I) forma-
tion of conjugate between NK and target cell, (I) delivery of lethal hit, (II) disas-
sociation of target cell and NK cell. A disassociated NK cell can restart and bind to
new targets and finally eliminate them, commonly referred to as recycling capacity
or killing frequency (Ullberg and Jondal 1981). In order to define the nature of
changes in NK activity after long-duration flights, experiments were performed using
single cell-in-agarose assay with mononuclear cells (Grimm and Bonavida 1979). By
these assays, it was possible to estimate the capacity of effector cells binding to target
cells, the lytic activity of NK cells in conjugates formed, and the percentage of active
NK cells. Examination of 27 cosmonauts who lived on-board space stations Mir for
2 to 12 months revealed a significant decrease in the proportion of lymphocytes that
bound target cells and the percentage of active NK cells in peripheral blood mononu-
clear cells within 7 days of landing (Meshkov and Rykova 1995). In most cases,
these changes correlated with decreased NK cell total cytotoxic activity in peripheral
blood mononuclear cells. However, the percentage of cytotoxic cells in conjugates
after the flights did not differ from the data observed before the launch.

The induction of many NK cell effector functions, including cytotoxicity, requires
that the NK cell contacts its target cell. Thereupon, a likely explanation of findings, i.e.,
a decrease in the cytotoxic activity of NK cells in crew members after long-duration
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space missions is a defect in the initiation stage in the formation of the lytic NK cell
immunological synapse. Because early steps in NK cell synapse formation — adhesion —
depend on the integrin family of adhesion molecules (Orange 2008), it is possible
that NK cells from cosmonauts do not adhere to their target cells, which results in
defective cytotoxicity. This hypothesis seems to be highly probable since after land-
ing, a marked decrease in the cell surface expression of the adhesion molecules
CD11b on NK cells as compared to preflight values was observed. In contrast, space
flight did not induce significant changes in events that occur following the interac-
tion between a cytolytic cell and its target cell resulting in the directed secretion of
lytic granules onto a target cell. At the same time, after 179-day mission on board
MIR station in one cosmonaut NK cell total cytotoxic activity was significantly
decreased, but the capacity of lymphocytes to bind target cells was relatively
unchanged. In this case, the inhibition of the recycling function NK cells, which
have already participated in serial killing, may form the the basis of the effect.

NK cells are a heterogeneous subset of large granular lymphocytes. Recent
studies have identified at least 48 distinct NK cell subsets, whose significance and
function largely remain uncertain (Jonges et al. 2001). A few NK cell subsets,
however, have been well defined. NK cells do not express T cell receptors (CD3)
on their surface but express antigens CD16 and CD56. There has been debate over
the past several years as to whether changes in cellular distribution reflect changes
in NK cell total cytotoxic activity. It appears that changes in circulating NK cell
number account for most of the change in total NK cell cytotoxic activity after
long-duration flights. Thus, in most crew members, a reduction in total NK cell
cytotoxic activity after landing was accompanied by a similar reduction in the per-
centage of circulating CD3-CD56*CD16* NK cells. However, not all effects of
long-duration space missions on total NK cell cytotoxic activity can be attributed
solely to changes in NK cell number. In particular, two variants of changes of NK
cell number were observed. Firstly, the percentage of CD3-CD56*CD16* NK cells
was unchanged or even elevated (as compared to preflight baseline values), but
total NK cell cytotoxic activity was reduced. Secondly, the percentage of
CD3-CD56*CD16* NK cells was significantly decreased, but total NK cell cyto-
toxic activity was significantly increased. These results showed that investigations
of the effects of spaceflight factors on NK cells should include examination of NK
cell activity and NK cell counts.

In the recent years, NK cells have been categorized into major groups based on
the level of CD56 expression (CD56 bright and dim) (Cooper et al. 2001). These
CD56" and CD56%™ subsets are thought to differ in their tissue homing proper-
ties due to differential patterns of expression of chemokine receptors and adhesion
molecules. CD56% NK cells comprise the majority of peripheral blood NK cells
(approximately 95%) and express high levels of the Fc-y receptor CD16. Ex vivo
CD56%m cells contain detectable perforin and thus are expected to mediate cytotox-
icity. In contrast, the CD56"¢" NK cells express low levels of perforin but express
high levels of cytokines and are thought to be an important inflammatory or regula-
tory subset (Orange and Ballas 2006). It is surprising that only a few attempts have
been made to further characterize NK subsets distribution during stress. Thus J.A.
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Bosch and coworkers (Bosch et al. 2005) reported that acute psychologic stress
increased the number of cytotoxic CD56 %™ NK cells without altering the immuno-
regulatory CD56 et NK cell counts. Conversely, chronic stressors (as well as
1 month of intensive competitive sports training) caused an increase in the number
of CD56 NK cells but no change in the number of CD56%" NK cells (Suzui
et al. 2004). At the same time, the examination of nine cosmonauts who flew 187-
196-day missions aboard the ISS showed that the number of CD56%™ and CD56
bight NK cells (among CD16*CD56* and CD16-CD56* NK cells) was decreased
during the first seven days after landing. These results suggest that space mission—
associated factors can result not only in decreased level of circulating NK cells
with a high cytotoxicity but also decreased level of the major cytokine-producing
subset of NK cells.

It is well known that interleukin 2 activation of NK cells rapidly induces the
expression of CD69 antigen (Lanier et al. 1988). This activation antigen represents
a triggering surface molecule in NK cell clones as its stimulation triggers the
cytolytic machinery of these cells (Borrego et al. 1993). Beyond its role in NK cell
cytotoxicity, CD69 is involved in regulating other NK cell functions such as TNF-a
production and the expression of other, functionally relevant, activation antigens,
such as the inter-cellular-adhesion-molecule (ICAM)-1 by a mechanism that
involves Ca?* mobilization (Borrego et al. 1999). Expression of cell surface marker
CD69 on NK cells, induced by IL-2, was assessed by performing whole blood cul-
tures for 18 h in 10 cosmonauts before and after long-duration missions aboard the
ISS. A marked decrease in the number of CD56* NK cells expressing this marker
was observed on the first and seventh days after landing. Such effect may reflect in
part a decrease in the functional potential of NK cells.

Although studies such as those described above provide useful information on
NK cell function after long-duration space missions, the main question whether the
altered NK cells were already present during flight, or was caused solely by landing
effects remains. Comparing results from brief and long flights may facilitate under-
standing of the differences and interrelationships between the multiple stressors
associated with spaceflight and landing. In spite of substantial differences in meth-
odology used, the results from American and Russian studies conducted before and
after short-duration missions (4—16 days) showed decreased NK cell cytotoxicity,
capacity of lymphocytes to bind target cells, and decreased number of NK cells after
landing (Konstantinova and Fuchs 1991; Meshkov and Rykova 1995; Tipton et al.
1996; Mehta et al. 2001; Mills et al. 2001; Rykova et al. 2001; Borchers et al. 2002;
Sonnenfeld and Shearer 2002; Crucian et al. 2008; Rykova et al. 2008). These data
might suggest that landing stress (i.e., an acute response to reentry and readaptation
to unit gravity) may be a major factor contributing to impaired NK functions of
cosmonauts. On the other hand, in ground-based space analog studies, there was a
significant decrease in total NK cell cytotoxicity during and after 120- and 360-day
bed rest with head-down tilt (Konstantinova and Fuchs 1991). This observation
indicates that functionally deficient NK cells may not result exclusively from land-
ing stressors but could represent alterations in space flight. In addition, since experi-
mental conditions of bed rest were the same for all subjects, the magnitude of changes
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differed dramatically between individuals. This data underscores the importance of
individual differences in responsiveness.

In conclusion, the mechanisms responsible for changes in NK cell activity dur-
ing or after long-duration missions are not clear yet and seem to be the results of a
combination of environmental and individual factors, hereby modulating multiple
immunotropic hormonal pathways (e.g. catecholamines, glucorticoids, neuropep-
tides) (Meehan et al. 1993; Stowe et al. 2003). Future studies of the role of psy-
choneuroendocrine factors on spaceflight-induced alterations in NK cells as well as
the interaction with the microbial load on board will expand significantly our under-
standing of the mechanisms of immune reactions as well as provide novel informa-
tion about relationship of the immune system with other functional systems
participating in adaptation of organism to altering exogenous and endogenous fac-
tors (see also Chaps. 8-10, 12—-17).

We summarize that the past three decades of continuous research has revealed that
spaceflight factors can suppress NK cell function of humans. The practical importance
of these findings is indisputable, since these deviations indicate not only secondary
immune-deficiencies that can increase the risk of diseases during long-duration space
missions but also provide some evidence how the evolution of countermeasures seems
to have affected NK cell functional properties and to increase its activities. However,
the individual and the individuals’ conditions are to be taken into account as well as
the complex interaction with other immune cells and microbial antigens, and future
and integrated research on-board space crafts need to be undertaken.
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Brian Crucian and Clarence Sams

12.1 Adaptive Immune Cell Function

The distribution of the various immune cell subsets and their functional capacity are
mutually exclusive considerations. Cellular distribution may be dramatically altered
while cell functional capacity is normal. Alternatively, the distribution of peripheral
immune cells may be unaltered, when functional capacity is reduced. Either a loss
in cell numbers or a reduction in cell function may each separately result in a clini-
cal immunodeficiency. Considering this, any assessment of immune status during
spaceflight must include assays of both cell number and measures of cell function.
There are many distinct assays to measure cell function. Some assays may be gen-
eralized and apply to several cell types, whereas others may be highly specific and
apply only to a particular cell subset. Most functional innate immune assays consist
of cell culture in the presence of a cellular stimulus, after which any event in the
normal activation process may be monitored. For T cells, a specific sequence of cel-
lular events, beginning within seconds and progressing over the course of days,
leads to full activation and execution of an in-vivo response. Very early events
(within minutes) include transmission of intracellular signals to the nucleus, protein
kinase C (PKC) phosphorylation, and cytoskeleton reorganization. Over the course
of hours there is expression of new mRNA and translation of new protein. Activation
markers are expressed on the T cell surface at specific times postactivation, each
with a specific purpose. CD69, preformed in the cytoplasm, is expressed within an
hour, whereas CD25 (Interleukin (IL)-2 receptor) is expressed at about 24 h postac-
tivation. A third marker of activation, HLA-DR (a MHC class II molecule), is
expressed between 48 and 72 h postactivation. IL-2 is secreted, activating other T
cells as well as the origination cell (autocrine stimulation). Depending on the local
cytokine environment, antigen type/dose, and other factors, naive CD4 positive
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T-helper cells will proliferate, and develop into a variety of Th1, Th2, or Th17 cells.
These cells will then produce additional effector cytokines to drive the adaptive
immune response toward a particular bias, specific for the initiating pathogen or
antigen. Cell division and expansion (proliferation) usually begins at around 72 h.
Although any of the cellular events involved in T cell activation may be monitored
as a functional assay, the expression of activation markers and production of cytok-
ines are the most commonly used. These assays are relatively simple, and indicate
if T cell activation has initiated, progressed, and resulted in effector function
(cytokine production, etc.).

Representative studies, demonstrating specific adaptive immune functional alter-
ations that have been observed during or immediately following spaceflight are
summarized in Table 12.1. Several groups have observed that T cells in culture do
not activate during spaceflight (or simulated microgravity) conditions. Specific find-
ings include alterations in T cell activation characteristics, intracellular signaling,
and other observable changes at the single-cell level (Cogoli 1997; Hashemi et al.
1999; Hughes-Fulford 2003). Microgravity culture was recently demonstrated to
affect several T cell intracellular signaling pathways (see also Chap. 14) upstream
of the protein kinase C (PKC), a family of enzymes involved in transuding cellular
signals by controlling the function of other proteins. However phosphorylation of
PKC was not down-regulated in T cells incubated in the presence of Concanavalin
A (Con A) and anti-CD28 antibodies in simulated microgravity (Boonyaratanakornkit
et al. 2005), and T cell stimulation with phorbol myristate acetate (PMA)+ ionomy-
cin (direct PKC activation) was able to fully restore T cell activation during simu-
lated microgravity (Cooper and Pellis 1998). This suggested that signaling pathways
‘upstream’ of PKC might be responsible for the ‘microgravity defect’ in normal T
cell activation observed in microgravity. Hughes-Fulford et al. analyzed differential
gene expression following T cell activation comparing normal gravity to simulated
microgravity conditions, to identify gravity-sensitive intracellular signaling path-
ways. The study found that 99 genes were significantly up-regulated during early T
cell activation in normal gravity; however during simulated microgravity the major-
ity of these showed no mitogen-induced gene expression (Boonyaratanakornkit
et al. 2005). Most of the gravity-sensitive genes were regulated by transcriptional
factors NF-kB, CREB, Ets-like protein, AP-1, or STAT1. The authors concluded
that gravity is a key regulator of cell-mediated immunity, and its absence slows or
impedes signaling pathways required for early T cell activation.

While these microgravity cell culture measurements represent solid findings, it is
unknown if these findings reflect a clinical risk for crewmembers. Since T cells
from otherwise normal and healthy test subjects also do not activate during micro-
gravity culture, these findings may potentially represent some gravisensing ‘arti-
fact’ associated with the unique culture conditions. The in vivo situation is quite
different from pure microgravity culture, with the addition of adhesion, tissue envi-
ronment, pressure, motion, and shear flow variables. It is also possible that micro-
gravity does indeed inhibit T cell function to some degree in vivo, thus explaining
the in-flight DTH response data. However, additional crewmember variables such
as stress and isolation make such mechanistic distinctions problematic.
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Table 12.1 Representative studies: adaptive immune function and spaceflight

Flight
Category Author phase  Findings
T cell Cogoli 1997  Review T cells during reduced gravity, expression of IL-2
intracellular receptor is inhibited, cytoskeleton interactions with rap
signaling proteins are disturbed, the function of PKC is altered
Hashemi et al. In TCR stimulation during space flight: engagement and
1999 internalization, but T cells failed to express CD25. T
cell intracellular signaling(likely PKC pathway)
within first few hours of activation is disrupted
Hattonetal. In Microgravity differentially modifies protein kinase C
2002 isoform translocation in monocytes and T cells
T cell Lewis et al. In Jurkats cells stimulated during spaceflight: diffuse
cytoskeletal 1998 shortened microtubules, poorly defined microtubule
rearrangement/ organizing centers (MTOC), and increased percentage
MTOC of FAS/APO-1 apoptotic cells. Cytoskeletal changes
orientation potential cause of poor T cell activation during flight
Hughes- In Collapse of actin cytoskeleton, loss of focal
Fulford 2003 adhesions, increase in PGE2 during microgravity.
Actin and microtubule modification in microgravity,
alteration in anabolic signal transduction, probably
through growth factor receptors and associated
kinase pathways connected to cytoskeleton
Leukocyte Konstantinova Post Human lymphocytes have decreased responses to
proliferation or et al. 1973 mitogens following spaceflight
blastogenesis  Kimzey etal. Post Marked decreased in mitogen-stimulated RNA and
1975 DNA synthesis by lymphocytes following both 28
days and 59 days spaceflight
Cogolietal. In Mitogenic stimulation of cultured lymphocytes
1984 during spaceflight shows almost no proliferative/
DNA synthesis response
Nash and Post Following 4 day spaceflight, proliferation of lymph
Mastro 1992 node lymphocytes to ConA or PMI-I depressed, not
restored by exogenous IL-1 or IL-2. Response to
PHA not decreased. Proliferation of splenocytes was
not depressed
Cogoli 1993  In T lymphocyte response to mitogens depressed by

average of 56% in humans during and following
spaceflight (n = 129)
Grove et al. Post Following 10 day spaceflight, lymph node lympho-
1995 cytes and splenocytes showed decreased IL-2
production in response to T cell receptor (TCR)
independent mitogens, but unchanged following

TCR stimulation
Pippia et al. In Addition of exogenous IL-1 does not restore loss of
1996 lymphocyte proliferative response during microgravity
Sonnenfeld Post Flown rats: blastogenesis of spleen cells in responses
etal. 1998 to mitogen inhibited for dams, but not for pups
Gridley et al. ~ Post Mice flown onboard Space Shuttle: splenocyte DNA
2009 synthesis significantly reduced in response to PHA

stimulation

(continued)
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Table 12.1 (continued)

Flight
Category Author phase  Findings
T cell function Hashemietal. In Cell cultures performed during spaceflight: TCR
(early 1999 stimulation does not result in early blastogenesis
blastogenesis) (CD69/CD25), phorbol ester bypass only partially
restores an activity. TCR internationalization and
monocyte function appear not to be responsible
for T cell deficit
Chouker et al. Post T cell early blastogenesis depressed following
2008 long-duration spaceflight. Percentage of T cell
subsets capable of being stimulated to secrete
cytokines depressed following both short and
long-duration spaceflight
Delayed type  Taylor and DTH responses diminished during short duration
hypersensitiv-  Janney 1992 spaceflight. N=10; antigens administered 46 hours
ity before landing, reactions read 2 hours following
landing
Gmunder DTH responses dimimished during or following
etal. 1994 long-duration spaceflight onboard MIR space station
in 4 of 5 subjects
Virus-specific ~ Stowe 2003 Levels of EBV viral specific T cells elevated prior to
T cell function flight, their function reduced at landing
Stowe 2009 Samples collected during short-duration spaceflight:
EBV-specific T cell levels increased, their function is
reduced
NK cell Konstantinova Postflight, NK cell binding and lysis of target cells
function et al. 1995 reduced, production of NK cells decreased
Meshkov and Decrease in percentage of lymphocytes that can bind
Rykova 1995 targets leads to reduction in total NK activity
Buravkova During cell culture onboard the ISS, NK cell binding
et al. 2004 and cytotoxicity to K562 target cells was unchanged

Removing and culturing cells from crewmembers or animals during or following
spaceflight, and performing cell function assays using terrestrial cell culture, pro-
vides subject-specific clinical information. Almost universally, activation, blasto-
genesis, and proliferation are altered in crewmembers or animals postflight
(Fig. 12.1). Since these cultures are free of the microgravity cell culture ‘artifact’,
this must represent legitimate in vivo immunosuppression. It is likely that multiple
factors may explain these observations. Certainly stress hormone levels associated
with the high-G reentry and readaptation to unit gravity play a significant role.
Elevated stress hormone levels are commonly observed postflight (Gmunder et al.
1994; Meehan et al. 1992; Mills 2001; Stowe 2003), and corticosteroids are known
to suppress immune function. It is also possible that any microgravity effect on T
cell function may linger, and thus require some ‘recovery’ time period. Unfortunately,
minimal data exists from samples collected during spaceflight, and cultured terres-
trially, to determine if these postflight observations reflect the in-flight condition.
There are some limited studies that indicate adaptive immunity is in fact dysregulated
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Fig. 12.1 (a) Normal T cell activation during cell culture consists of expression of CD69 on the
T cell surface (within 1 h), followed by expression of CD25 (at about 24 h). (b) T cell activation is
significantly reduced, for both CD4+ and CD8+ subsets, following short-duration space flight;
“L-": days before launch, “R+" days after retrun to Earth

during spaceflight. Delayed type hypersensitivity responses were found to be
blunted during long-duration mission (Taylor and Janney 1992; Gmunder et al.
1994). This assay, unfortunately no longer available, provided an excellent in vivo
measure of immune function in human subjects. Latent herpes virus reactivation, an
indirect indicator of loss of cytotoxic T lymphocyte functional control, occurs to
high levels during spaceflight (see Chap. 16).

12.2 Alterations in Cytokine Production Profiles

In addition to the generalized functional measures described above, a primary
end-effector function following activation of adaptive immune cells is the pro-
duction of cytokines. Cytokines are the signaling molecules of the immune sys-
tem, and are responsible for cellular cross talk, recruitment, and activation among
immune cell subsets. They regulate the type and magnitude of any immune
response. Cytokines generally possess a short half-life, and thus function at low
concentrations in a localized environment restricting the reaction to the site of
pathology. Upon binding, cytokines may upregulate expression of activation
genes, induce new protein expression, and initiate proliferation and cellular
effector function. CD4+ T cells are the primary cytokine producing cells within
adaptive immunity, and essentially regulate adaptive immune responses between
cellular and humoral, as well as pro- and anti-inflammatory biases. Recent
advances in cytokine biology have identified several specific categories of T cell
immune responses based on specific patterns of cytokine expression. These cat-
egories are Thl, Th2, and Th17 T cell responses, and generally result in mono-
cytic, mast cell/basophilic, or neutrophilic patterns of inflammation, respectively.
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These categories of cytokines generally inhibit each other’s production, so only
a single immune bias may be realized. Proper T cell cytokine regulation is impor-
tant for immune health, and inappropriate biases (either hypo or hyper) may
result in clinical disease. Rheumatoid arthritis is a Thl7-mediated disease,
whereas excessive Th2 responses can result in allergies and hypersensitivities
(Jager and Kuchroo 2010).

Much may be learned about immune status and function by measuring cytokine
levels following immune cell stimulation during cell culture. There have been
many studies that have investigated cytokine production profiles associated with
spaceflight. A summation of representative data regarding cytokines and space-
flight is presented in Table 12.2. As might be expected the spaceflight data vary
considerably based on human vs. animal, vehicle/duration, mitogen used, culture
system used, and other experimental variables. There are however, some generally
common findings. The adaptive immune cytokine Interferon-g is found to be sup-
pressed during/following spaceflight (Gould et al. 1987; Sonnenfeld 1988; Crucian
et al. 2000, 2008), whereas production of inflammatory cytokines such as IL-1,
IL-6, and IL-8 seem to vary associated with spaceflight (Chapes et al. 1994; Miller
et al. 1995; Sonnenfeld et al. 1996; Kaur et al. 2008). There is a postflight decrease
in the IFNg:IL-10 ratio and a Th1:Th2 shift during spaceflight (Crucian et al.
2008). A Th1:Th2 shift would seem to be supported by other evidence, such as
diminished cell-mediated immunity during spaceflight (Taylor and Janney 1992;
Gmunder et al. 1994), yet unaltered humoral immunity during spaceflight (Fuchs
and Medvedev 1993; Stowe et al. 1999). In fact, Sonnenfeld summarized that
cytokine changes in astronauts during spaceflight would not involve a general shut-
down of the cytokine network, but rather involve selective alterations of specific
cytokine functions (Sonnenfeld and Miller 1993). Either a generalized cytokine/
functional immunosuppression, or a Th2 cytokine shift, would result in specific
clinical risks for crewmembers should the dysregulation persist for the duration of
exploration-class missions. Further in-flight assessments, or in-flight sampling fol-
lowed by terrestrial analysis, using complete cytokine arrays will be required to
completely understand cytokine dysregulation in-flight and derive associated clini-
cal risks.

12.3 Humoral Immunity

Humoral immunity has not been investigated to the extent of which the cellular
aspects of adaptive immunity have been investigated. Those studies which have
been performed seem to indicate that humoral immunity may not suffer defects
during spaceflight similar to cellular immunity. Following space flight, no
changes were observed in total immunoglobulins and Ig isotypes for Russian
cosmonauts (Fuchs and Medvedev 1993). Similar results were reported follow-
ing Space Shuttle flights for US astronauts (Stowe et al. 1999), and in Russian
Cosmonauts following long-duration flight onboard the International Space
Station (Rykova et al. 2000).
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Table 12.2 Representative studies: adaptive immune cytokines and spaceflight

Flight Human/
phase animal

Author

Gould et al.

1987

Sonnenfeld
1988

Chapes
et al. 1994

Miller et al.

1995

Sonnenfeld
et al. 1996

Crucian
et al. 2000

Kaur et al.
2008

Crucian
et al. 2008

Gridley
et al. 2009

Fitzgerald
et al. 2009

Gridley
et al. 2009

Morukov
et al. 2010

Post,
short

Post,
short

In,
short

Post,
short

Post,
short

Post,
short

Post,
short

Post,
short
and

long

Post,
short

In

Post,
short
Post,
short

Rats

Rats

Rats

Rhesus
monkey

Human

Human

Human

Mouse

Human

Mouse

Humans

Cells
Splenocytes

Splenocytes

Marrow
macrophage
line
Splenocytes,
thymocytes

Leukocytes
Peripheral
blood
mononuclear

cells
(PBMC)

Monocytes

Whole blood

Splenocytes

Lymphoid

tissue

Splenocytes

PBMC

Mitogen
Concanavalin
A (Con-A)
Con-A

LPS

Con-A or

LPS

PMA/L

LPS

Anti-CD3,
PMA-I

Anti-CD3

Antigenic
polyclonal

LPS

LPS+PHA

Findings

IFNg production severely
inhibited, IL-3 production
unaffected

IFNg production severely
inhibited, IL-3 production
normal

Production of TNFa, IL-1, IFNb,
IFNg elevated during spaceflight

Both spleen and thymus cells
secreted elevated IL-2, but only
thymus cells secreted elevated IL-6
Production of IL-1 and
expression of IL-2 receptor
decreased after space flight
Intracellular production of IL-2
reduced in CD4 and CD8-positive
T cells; production of IFNg
reduced in CD4 T cells only

Postflight, crew monocytes
produced lower levels of IL-6
and II-1b, and higher levels of
IL-1ra and IL-8 compared to
control subjects

Short duration: percentage of T
cells secreting IL-2 and IFNg
decreased, IFNg:IL-10 ratio
decreased. Long duration:
percentage of T cells secreting
IL-2 reduced, secreting IFNg
unchanged, IFNg:IL-10 ratio
reduced

Decreased production of 1L-2,
increased production of IL-10,
IFNg, MIP-1a following
short-duration spaceflight

Cell culture on board ISS,
lymphoid cells did not respond
to antigenic or polyclonal
stimulation, losing ability to
produce antibodies or cytokines
(cells stimulated before launch
maintained their ability onboard
ISS)

Secretion of IL-6 and IL-10, but
not TNFa, increased in flown mice
Alterations in Th1:Th2 cytokine
production following space flight
indicating a Th2 shift
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12.4 Ground-Analog Studies

Despite the great success of the Space Shuttle, MIR and ISS programs, historically
there has been extremely limited access to in-flight resources to support on-orbit stud-
ies. Limitations on up/down mass capability, crew time, power, volume, and micro-
gravity-compatible instrumentation, have all precluded large-scale or complicated
studies as may be readily performed on Earth. Some aspects of human spaceflight
may be replicated to high fidelity using ‘ground-based space analogs’. It is thus very
advantageous when possible to advance spaceflight knowledge using these available
analogs. Choice of analog depends highly on the physiological system of interest. For
example, prolonged head-down tilt bed rest is an appropriate analog bone loss and
muscle deconditioning. However, HDT bed rest does not replicate the likely causal
factors of spaceflight-associated immune dysregulation: mission stress, isolation, con-
finement, disrupted circadian rhythms, microgravity, radiation, etc. The best likely
terrestrial analog for these particular space factors would include extreme environ-
ment deployment, prolonged isolation, legitimate subject risk, and operational mis-
sion activities. For immune studies, NASA has investigated deployment to the
Canadian arctic and undersea station deployment as human analogs for immune dys-
regulation. The Russian Space Agency has recently initiated the MARS500 project, a
high-fidelity simulation for the confinement and duration of a projected Mars mission,
which will include an immune surveillance component. The European Space Agency,
using the French-Italian ‘Concordia Station’ at Dome C on the high Antarctic plateau,
has initiated an ongoing study of immune and stress parameters during Antarctic win-
ter over. The Antarctic analog, with prolonged 1-year mission deployment, extreme
environment and risk, long travel, subject isolation, disrupted circadian rhythms, mis-
sion objectives, and station environment, likely represents one of the best human space
analogs for immune dysregulation on Earth. This ESA study is ongoing, but will
attempt to validate life at Concordia as a ground analog for spaceflight immune dys-
regulation (see also Chaps. 13 and 31, 32). Any validated analog could then be used
for further mechanistic studies or evaluation of countermeasures.

Other nonhuman analogs exist which may have significant utility. Single cell
studies may be performed in ‘clinostat’ or ‘bioreactor’ devices, which simulate
microgravity during cell culture by slowly spinning the culture vessel, resulting in a
constantly randomized gravity vector. Studies have indicated similar dysregulation
of T cell activation during bioreactor culture as has been observed during on-orbit
culture (Hashemi et al. 1999). Animal studies, offering a greater variety of sampling
opportunities than human studies, may be performed using various stress models
such as hind-limb suspension or confinement situations.

12.5 Conclusion

This chapter has summarized the current knowledge base regarding the function of the
adaptive immune system and spaceflight. Although some of the postfindings are
almost certainly related to landing and readaptation, it is likely at least some postflight



12 Adaptive Immunity and Spaceflight 173

observations may reflect in-flight immune alterations. In fact, the very limited in-flight
studies that have been performed do indeed confirm an adaptive immune system dec-
rement during both short and long duration spaceflight. Lacking is a comprehensive
in-flight immune assessment in humans during long-duration flight, to a comparable
degree as has been successfully done in some ground-based space analog environ-
ments. This — together with ongoing and new earthbound and clinical studies — is
required to clearly define human immunity during flight and draw conclusions related
to the individual crewmember’s clinical risk for disease. Should a severe in-flight
dysregulation be found to persist during long-duration flight, as ongoing projects on
the ISS are indicating (“Integrated Immune”, “IMMUNO”, and IBMP-Immune stud-
ies) and hence are not transiently related to either launch or landing, certain clinical
risks would indeed result (Crucian and Sams 2009). If this were the case, both a moni-
toring strategy and countermeasures validation would be required prior to the initia-
tion of exploration missions (Chouker et al. 2008).
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Stress, Hypoxia, and Immune Responses 1 3

Manfred Thiel, Michail Sitkovsky, and Alexander Chouker

13.1 Introduction

Immune cells are unique in their capacity to distinguish between self and nonself.
This ability is more or less pronounced with respect to cells of the adaptive and the
innate part of the immune system, respectively. Although specificity of immune cells
in targeting foreign microbial structures is well developed overall, damage to normal
tissue may occur in excessive inflammatory reactions (Fig. 13.1). Under such condi-
tions, overactive immune cells release a large spectrum of cytotoxic mediators caus-
ing damage to vascular endothelial cells, especially at the level of the microcirculation.
As a result, perfusion-dependent oxygen delivery to tissues gets compromised and
severe tissue hypoxia ensues. Hypoxia in turn gives rise to the stabilization of
hypoxia-inducible factors and leads to the enhanced degradation of adenine nucle-
otides to adenosine. In search of physiologic mechanisms directed at the limitation
of inflammatory collateral tissue damage during ongoing immune cell-mediated
destruction of pathogens, a critical role for hypoxia in protecting tissues was revealed.
Collateral tissue damage-associated deep hypoxia, hypoxia-inducible factors (HIF),
and hypoxia-induced accumulation of adenosine may represent one of the most fun-
damental and immediate tissue-protecting mechanisms, with HIF-1 o, adenosine
A2, and A2, receptors triggering “OFF” signals in activated immune cells. In these
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Fig. 13.1 Regulation of immune cells by inflammatory hypoxia: Under conditions of inflammation,
immune cells may get overactivated and cause collateral tissue injury ending up in tissue hypoxia.
Hypoxia triggers the breakdown of adenosine triphosphate (ATP) to form adenosine which acts in
a delayed negative feedback manner. In this model, the extracellular adenosine serves both as a
“signal” and the adenosine A2, receptors as “sensors” of excessive inflammatory collateral tissue
damage. Adenosine A2, receptor activation will stimulate formation of intracellular cyclic adenos-
ine monophosphate (cAMP), a well-known inhibitor of immune cell effector functions. In parallel,
hypoxia will stabilize hypoxia-inducible factor (HIF-1a), also shown to counteract immune cell
activation. These hypoxia-dependent signaling pathways help to counteract further immune cell
activation and hence limit inflammatory collateral tissue injury. Although good in the short term,
prolonged activation of these hypoxic mechanisms will lead to severe immunosuppression in the
long term. (Modified from Sitkovsky et al. 2004)

regulatory mechanisms, oxygen deprivation and extracellular adenosine accumulation
serve as “reporters,” while HIF-1 o, adenosine A2, and A2 receptors serve as “sen-
sors” of excessive tissue injury. HIF-1 a by not yet characterized signaling pathways
and adenosine A2, /A2 receptor-triggered generation of intracellular cAMP strongly
inhibit activated immune cells in a delayed negative feedback manner to prevent
additional tissue damage (Sitkovsky et al. 2004; Thiel et al. 2007).

Thus, short-term activation of hypoxia-dependent anti-inflammatory signaling
mechanisms is considered to be beneficial in tissue protection from immune cells-
mediated inflammatory collateral damage, while long-term activation of these anti-
inflammatory mechanisms by chronic hypoxia may cause severe immunosuppression,
predisposing an individual to microbial infections.

Although chronic exposure to stress has clearly been demonstrated to be associated
with higher rates of infection (Dhabhar 2009), only very little is known about the role
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of hypoxia-triggered immunosuppressive mechanisms in astronauts/cosmonauts
during long-duration space flights (LDMs). This brief review focuses on questions of
whether stress encountered by astronauts/cosmonauts (i) may trigger neurohumoral
effector mechanisms leading to tissue hypoxia and/or (ii) may also cause up-regulation
of the same hypoxia signaling-dependent anti-inflammatory pathways even in the
absence of low tissue pO, tension, i.e. also under normoxic conditions.

13.2 Evidence for Hypoxia to Cause Immunosuppression

The hypoxia — adenosine — adenosine-receptor pathway is an evolutionary old
mechanism to control inflammation. In this pathway adenosine acts by binding to
widely distributed adenosine A2, and A2, receptors located on the cell surface
(Linden 2001). Adenosine A2 receptors activate the enzyme adenylylcylase leading
to the enhanced production of cyclic adenosine-monophosphate (cAMP). cAMP
itself represents a very potent ‘OFF’ signal in activated immune cells. Although this
sequence of events is part of a delayed negative feedback manner mechanism
directed at the protection of tissues from uncontrolled ongoing excessive inflamma-
tion, down-regulation of immune cells may cause severe immunosuppression
(reviewed in Linden 2006). Indeed there is a lot of in vivo and in vitro evidence for
hypoxic-adenosinergic suppression of cells of innate and specific immunity.
Although there are some reports on activation of distinct functions of phagocytes
(e.g. up-regulation of B2-integrins) upon short-term exposure to hypoxia (Scannell
et al. 1995) or moderate hypobaric hypoxia (Hitomi et al. 2003), capacity of phago-
cytes to kill germs is severely impaired (Segal et al. 1981; Leeper-Woodford and
Mills 1992). Similarly, production by macrophages - and T lymphocytes of chemot-
actic and activating factor or monocyte chemoattractant protein-1 (MCP-1) was
inhibited during hypoxia (Bosco et al. 2004).

While T cell-mediated immune responses are suppressed, B-lymphocytes have
been shown to still produce immunoglobulins under hypoxic conditions (Sitkovsky
et al. 2004). Moreover, hypoxia resulted in a shift of T-helper cell responses from a
Th1 type to a Th2 type. This effect is discussed to be mediated by adenosine leading
to the inhibition of the differentiation of naive CD4 T-cells into Th2 cells via ade-
nosine A2 receptors (Panther et al. 2003). As a result of a lack of oxygen, activity of
cells especially of those of the specific immune system is severely suppressed
(Sitkovsky et al. 2004).

The effects of hypoxia on lymphoid and nonlymphoid tissues can be further
aggravated by breathing air with an oxygen content of lower than 20.9 vol.%,
because this will enhance the accumulation of extracellular adenosine. Accordingly,
we and others (Decking et al. 1997) showed in in vivo experiments that adenosine
blood concentrations significantly increased upon breathing 10-12% oxygen
(Chouker et al., unpublished). Altogether, adenosine signaling via A2 R and A2 R
and accumulation of immunosuppressive intracellular cAMP in activated immune
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cells (Sitkovsky 2003) inhibits intracellular pathways required for synthesis and
secretion ofpro-inflammatory and cytotoxic mediators by immune cells, effects
which will terminate the immune cells’ effector functions and thereby down-regulate
the immune response.

13.3 Are Astronauts at Risk to Develop Tissue Hypoxia?

Concerning this question, it is of interest to note that several stressful conditions
encountered by astronauts/cosmonauts during space flight might cause hypoxia
leading to the up-regulation of hypoxia-related immunosuppressive signaling path-
ways. During spaceflight multiple stressors take effect on the body’s psychological
and physiological stress response systems. These systems include neurohumoral
control mechanisms (Fig. 13.2) which are old in nature and have been shaped by a
long history of evolutionary processes on earth. As it was not foreseen by evolution
for man to leave earth, it is hard to predict how these endogenous stress response
supersystems may interact during LDM and what the long-term effects on the astro-
nauts’/cosmonauts’ health status may look like.

Despite a lack of data collected during the course of spaceflight missions, there
is some evidence from earth-bound models of simulated microgravity for the devel-
opment of tissue hypoxia or hypoxia-like disturbances in response to stress espe-
cially caused by microgravity and/or radiation.

The loss in gravity is associated with an upward shift of the body’s blood volume
toward both the thoracic cavity and the head, respectively. Such a state of central
hypervolemia will elicit a multitude of adaptive responses at the macro- and micro-
circulatory level (Vorob’ev 2004). Additionally, low or zero G conditions will
significantly change airway breathing characteristics. Both altered central blood
volume distribution and mechanical airway characteristics might end up in pulmo-
nary ventilation/perfusion mismatch thereby compromising lung gas exchange.
Such simple mechanistic effects are likely to be even more pronounced during sleep
when physical activity and consciousness are decreased and control of airway pat-
ency is impaired (Prisk 1998).

At the microcirculatory level, oxygen delivery may be further limited by periph-
eral vasoconstriction due to elevated blood levels of stress hormones like vasopres-
sin, adrenaline, and noradrenaline, with the action of the catecholamines being
potentiated by vasoconstrictor permissive effects of increased blood concentrations
of cortisol (Yang and Zhang 2004). Tissue malperfusion may additionally be aggra-
vated by partial obstruction of capillaries due to catecholaminergic activation and
aggregation of blood platelets, known to be induced upon stimulation of a2 adren-
ergic receptors located on the surface of thrombocytes (Tschuor et al. 2008.).

In this scenario, a decrease in rheological properties of erythrocytes due to
decreased cell membrane fluidity and increased cell stiffness will further add to tis-
sue malperfusion. Such effects are even more pronounced by increased hematocrit
values which are frequently observed in astronauts/cosmonauts during LDMs. The
rise in hematocrit values, however, is not due to an increase in red cell mass, but
results from its decrease which is paralleled by a much stronger restriction of the
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Fig. 13.2 Stress Supersystems: The major stress supersystems of the body comprise the
sympathetic and parasympathetic parts of the autonomous nervous system, the endocrinological
hypothalamic-pituitary-adrenal gland axis and the immune system which mutually interact in a

highly compartmentalized and timely coordinated fashion to cope with psychological and physical
challenges

plasma volume. In consequence, during LDMs circulating blood volume is in the
end far below from normal in astronauts/cosmonauts which may predispose them to
substantially increased risk for tissue hypoxia in case of unexpected cardiovascular
or pulmonary challenges (Talbot and Fisher 1986).

Pathophysiological hypoxia elicited by microgravity is further aggravated in
astronauts/cosmonauts by breathing even normoxic or hypoxic air mixtures at hypo-
baric or normobaric pressures, respectively. Such environmental stressors are likely
to be encountered during space exploration missions when air pressure and oxygen
content will be reduced in Lunar or Martian living habitats to reduce risks of fire or
to facilitate extrahabitat activities in hypobaric space suits.

13.4 Are There Environmental Stress Conditions Which
Are Able to Up-regulate Immunosuppressive Hypoxic
Signaling Pathways Irrespective of Tissue Hypoxia?

Little is known about factors able to up-regulate or to mimic hypoxic signaling
pathways independently from a lack in oxygen, i.e. under conditions of normoxia.
In this regard stress caused by cosmic radiation (see Chaps. 17 and 25) likely repre-
sents an important one encountered by astronauts/cosmonauts during LDMs.

For instance, tumors respond to radiation especially upon reoxygenation in the
postradiation phase by the nuclear accumulation of HIF-1 a. Enhanced translation
of HIF-1 a-regulated transcripts, however, are very likely to compromise the effi-
cacy of antitumor therapies by stimulation of tumor angiogeneic processes or by the
suppression of cytotoxic functions of tumor infiltrating T-cells (Moeller et al. 2004.).
These data describe novel pathways contributing significantly to our understanding
of HIF-1a regulation by radiation which may be one of the major reasons for the
development of immunosuppression in astronauts/cosmonauts during LDMs.

Accordingly, HIF-1 a was shown not only to directly suppress immune-stimula-
tory cytokine production but also to modulate key enzymes for the generation of
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immunosuppressive adenosine. For instance, HIF-1 o up-regulates the AMP degrading
and adenosine forming enzyme ecto 5'-NT (CD73) (Synnestvedt et al. 2002)and
increases adenosine A2, receptor expression (Kong et al. 2006) due to the location
of hypoxia-responsive elements (HRE) in the promoter region of these genes.
Moreover, HIF-1 o by inhibiting adenosine kinase expression (Morote-Garcia et al.
2008) strongly attenuates the removal of formed adenosine via inhibition of its
rephosphorylation to AMP. This will greatly increase levels of adenosine upon the
release of ATP into the extracellular space and strengthen immunosuppressive sig-
naling via A2 receptor expression (Sitkovsky et al. 2004). Such mechanism may be
further augmented by the ability of radiation to cause direct release of ATP, the
mother molecule for the generation of adenosine. A hypothesis under investigation
is that opening of multidrug resistance protein P-glycoprotein 1, a MDR ATP/chlo-
ride channel, in response to increased local concentrations of peroxides may be one
initial response to ionizing radiation. Notably, a rapid release of ATP was detected
from cells irradiated with doses as low as 10 centigray (cGy) (Abraham et al. 1994).
As the magnitude of ATP release correlated with the level of MDR1 expression,
ATP release was rather mediated by the specific P-glycoprotein transmembrane
channel than by nonspecific membrane leakage.

The direct effects of radiation in terms of enhanced ATP release and immunosup-
pressive adenosine formation are likely to be strengthened by other stressors known
to cause ATP release from cells via activation of ATP-permeable channels and/or
exocytosis of ATP-containing vesicles. Accordingly, ATP is set free from the intra-
cellular pool upon challenge of cells by numerous stressors, like oxidative stress
(Ahmad et al. 2006), mechanical stress (Qin et al. 2008), heat and osmotic stress
(Kimura et al. 2000).

Most importantly, ATP is released into the synaptic cleft via exocytosis as a
chemical cotransmitter of noradrenaline or acetylcholine neurotransmission follow-
ing activation of the autonomous sympathetic and parasympathetic nervous system
(Abbracchio et al. 2009). This is of potential immunomodulatory, immunosuppres-
sive significance and may represent a direct link between psychic stress, activation
of the autonomous nervous system, and direct immunosuppressive action of ade-
nosine, since primary as well as secondary lymphoid tissues are directly innervated
by sympathetic and cholinergic nerve fibers (Bellinger et al. 2008).

13.5 Is There Direct Evidence for Activation of Hypoxic
Signaling Pathways in Astronauts/Cosmonauts?

Despite the clearly identified risk for the development of tissue hypoxia during
LDM, to the best of our knowledge there are no space in-flight data available regard-
ing tissue oxygenation in astronauts/cosmonauts. As a consequence it is also not
known whether LDMs induce the aforementioned anti-inflammatory hypoxic
signaling pathways which were shown by us to significantly contribute to immuno-
suppression.

Most studies on tissue oxygenation therefore arise from earth-bound models.
For instance, indirect evidence for local circulatory hypoxia has been reported in
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individuals subjected to head-down tilt to mimic microgravity-induced cardiovascular
changes on central blood volume (Vorob’ev 2004). Accordingly, after 1 week in
head-down tilt, local O2 utilization, for example, by the arm was found to be
increased as O, content was lowered and lactate increased in peripheral venous
blood returning from the periphery, while respective parameters and mean pressure
were unchanged in arterial blood. Besides such short-term experiments and other
numerous observational studies strongly suggesting that astronauts/cosmonauts
are prone to hypoxia (Grigor’ev et al. 2008) and immunosuppression (Gueguinou
et al. 2009) during long-term spaceflight missions, long-term isolation experiments
are currently run in the Antarctic region to determine how hypobaric hypoxia might
affect the complex interaction between the body’s stress supersystems at the psy-
choneuroendocrinological and immunological level (Fig. 13.2). In the CHOICE-
Study (Consequences of long-term-Confinement and Hypobaric HypOxia on
Immunity in the antarctic Concordia Environment) the stress effects caused by
long-term confinement will be delineated from those elicited by hypobaric hypoxia.
This can be achieved by the comparison of results obtained either at the Concordia
base located at high altitude to the data gathered from crew at the Antarctic
Neumayer III Station at the sea level (Fig. 13.3, see also Chap. 31). As oxygen ten-
sion is a major variable affecting any cell’s function and hereby impacting health
and immunity, investigations on the long-term effects of hypoxia in a confined and
hostile environment as seen in Antarctic are becoming of increasing significance
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for future space mission beyond the ISS when low oxygen pressure can become a
prerequisite for extraterrestrial space habitats. Therefore not only the combination
of hypoxia and confinement stress have been investigated but are currently extended
by experiments designed to test also for the effects of a combination of hypoxia
with conditions of bed-rest, the latter mimicking the space mission-relevant con-
ditions of unloading of the human body.

In summary, the knowledge on stress-triggered, hypoxia-signaling-dependent
anti-inflammatory and immunosuppressive mechanisms can be of critical importance
for long-duration space mission and part of unfavorable impact on immune functions.
The hypoxic and normoxic pathways of the neurohumoral stress response may syn-
ergistically end up in clinically relevant immune modulation. This knowledge about
the interactions of stress- and hypoxia-sensitive pathways, as has been gathered in
different condition, in space and in space analog studies, as well as from clinical and
experimental models, will greatly benefit patients on Earth in the fields of surgery,
emergency, and intensive care medicine. This all the more as in the hostile environ-
ment of an Intenisve Care Unit critically ill patients experience substantial amounts
of psychological and physical stress frequently complicated by tissue hypoxia.
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Gravitational Force: Triggered Stress 1 4
in Cells of the Inmune System

Oliver Ullrich and Cora S. Thiel

14.1 The “Immune Problem” in Space as a Cellular
“Gravity Problem”

Cells of the immune system are exceptionally sensitive to microgravity. During the
first Spacelab missions in the year 1983 the pioneering discovery from Cogoli and
co-workers - that isolated human lymphocytes failed to proliferate after several days
in microgravity - provided the first strong evidence of cell sensitivity to long-term
reduced gravity exposure (Cogoli et al. 1984). Follow-up experiments clearly veri-
fied the depression of lymphocyte proliferation activation after mitogenic stimula-
tion in long-term microgravity (Cogoli 1996).

Immunological problems of spaceflight were already described since the first
Apollo missions, when more than half of the astronauts suffered from bacterial or
viral infections (Hawkins and Zieglschmid 1975). Also in crew members of Skylab
and Soyuz, a reduced reactivity of blood lymphoid cells has been observed
(Konstantinova et al. 1973; Kimzey 1977), whereas recent studies described a reac-
tivation of the varicella zoster virus (VZV), a latent nervous system virus, in astro-
nauts (Cohrs et al. 2008; Mehta et al. 2004), an alarming observation for long-term
space missions. Because of the obvious and severe effects on the human immune
system, serious concerns arose whether spaceflight-associated immune system
weakening ultimately precludes the expansion of human presence beyond Earth’s
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orbit (Guéguinou et al. 2009) (see also Chaps 9-12, 15-16). Therefore, to understand
the cellular and molecular mechanisms of how gravity changes can influence
immune cell functions has become an urgent need. For the future of human space
flight, we should know which cellular and molecular mechanisms will provide ther-
apeutic or preventive targets for keeping the immune system of astronauts alive
during long-term space missions.

The gravity field may act on a cell directly or indirectly. In the experimental systems
used, direct influences of altered gravity are more pronounced in vitro, while indirect
influences are more apparent in the living organisms (Tairbekov 1996). Therefore,
in vitro experiments with living human immune cells in microgravity conditions, such
as on board of parabolic flights, sounding rockets, satellites, or the International Space
Station (ISS), are providing an ideal platform to elucidate the underlying cellular and
molecular mechanisms. In contrast to the logistic limitations of the International Space
Station (ISS) and other space-based research platforms, parabolic flights provide fre-
quent and repeated access to microgravity and therefore allow replication and modifi-
cation of experiments within a reasonable time frame, which are not only characteristics,
but rather requirements, of modern biomedical research. Thus, access to space is an
instrument to elucidate long-term and functional effects of microgravity, whereas ultra-
short, initial and primary effects and mechanisms are amenable by short-term-micro-
gravity provided by parabolic flight maneuvers. In vivo and in vitro experiments can be
performed on board of an aircraft which is weightless when it is flying on a Keplarian
trajectory, described as an unpropelled body in ideally frictionless space subjected to a
centrally symmetric gravitational field. For extensive in vitro experiments with living
cells of the human immune system, we recently developed an experimental system
which allows for large-scale cell culture experiments with living mammalian cells on
board of the parabolic flight aircraft Airbus A300 ZERO-G (Paulsen et al. 2010) and
for small scale, but frequent experiments on board of the military fighter aircraft
Northrop F-5E (Studer et al. 2010). Due to the fact that cells of the immune system are
obviously influenced by altered gravity, its gravisensitive nature render these cells also
an ideal biological model in the search for general gravisensitive mechanisms in mam-
malian cells (Fig. 14.1).

Whereas it has been supposed that the most of the cellular effects of microgravity
or of simulated weightlessness by the clinostat model may be attributed to the gen-
eralized unspecific reaction of a cell to external influence (Kondrachuk and Sirenko
1996), recent findings support a more specific nature of the cellular reactions
(Paulsen et al. 2010). The ability of cells to sense, to interpret, and to respond to
mechanical forces are increasingly recognized as playing predominant roles in a
variety of relevant cellular functions (Orr et al. 2006; Ingber 2003a) such as cell
migration, growth, mitosis, and differentiation (Engler et al. 2006). The mecha-
nisms by which the cells detect mechanical forces could lead to an idea how cells
may sense gravitational forces. In the last decade, much progress has been made in
understanding the response of cells to physical forces (Vogel and Sheetz 2006;
Hoffman and Crocker 2009). However, a clear concept how human cells are sensing
gravity is missing and research trying to identify and to understand gravity-sensitive
mechanisms in human cells is still at the beginning of a long road.
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Fig. 14.1 T-cell activation
in 1g (static) culture versus
simulated microgravity
(clinorotation); Photo credit
to Clarence Sams (NASA
Johnson Space Centre) and
Mayra Nelman-Gonzalez
(Wyle)

Normal gravity

Clinorotation

14.2 Gravisensitivity in Cells of the Immune System

Several investigations evidence alterations in signal transduction in lymphocytes.
In this type of cells, microgravity affected the protein kinase C (Hatton et al. 2002;
Schmitt et al. 1996), whereas delivery of first activation signal, patching, and cap-
ping of conA-binding membrane proteins occurred normally (Cogoli et al. 1992).
These findings suggest the existence of gravisensitive cellular targets upstream from
PKC (protein kinase C) and downstream from the TCR (T cell receptor)/CD3,
where the lipid-raft-associated membrane-proximal signalosome complex is located.
Gene expression analysis of T cells subjected to simulated microgravity revealed an
alteration of several signal moduls, in particular NF-kB and MAPK-signalling
(Boonyaratanakornkit et al. 2005). Also the expression of the early oncogenes c-fos,
c-myc, and c-jun is inhibited (summarized in Braeucker et al. 2002). Gravisensitive
mechanisms have been recently suggested at the chromatin (Paulsen et al. 2010) and
epigenetic level (Singh et al. 2010). In Jurkat T cells, enhanced phosphorylation of
the MAP kinases ERK-1/2, MEK, and p38 and inhibition of nuclear translocation
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of NF-kB were the predominant responses to simulated weightlessness (Paulsen
et al. 2010). In contrast, nonstimulated myelocytic U937 cells responded to simu-
lated weightlessness with enhanced overall tyrosine phosphorylation and activation
of c-jun, whereas PMA (12-O-Tetradecanoylphorbol-13-acetate)-stimulated U937
cells responded with reduced tyrosine phosphorylation and reduced activation of
c-jun, compared with 1 g controls (Paulsen et al. 2010).

In other studies, gravisensitivity of pro- and anti-apoptotic pathways has been
reported in human mononuclear cells (Bakos et al. 2001), human ML-1 thyroid-
carcinoma cells (Kossmehl et al. 2002), and astrocytes (Uva et al. 2002a). On the
molecular level, microgravity induced fas, p53, and bax and reduced bcl-2 (Kossmehl
et al. 2002; Nakamura et al. 2003; Ohnishi et al. 1999). Interestingly, the expression
of fas was elevated in Jurkat-T-cells during space flights of the shuttle missions STS
(Space Transportation System)-80 and STS-95 (Cubano and Lewis 2000), suggest-
ing an enhanced fas-fasL-mediated apoptosis of immune cells. During a 14-day
space flight (SLS-2-mission) an accumulation of p53 has been found in keratino-
cytes and myocytes, indicating that central regulatory molecules of nuclear signal
transduction and cell cycle are influenced by gravity (Ohnishi et al. 1999). In fact,
p53 protein was phosphorylated in Jurkat T cells after 20 s in real microgravity
(Paulsen et al. 2010). The diminished proliferative response of T cells upon stimula-
tion during microgravity could also be caused by a reduced expression of IL-2
receptor (Schwarzenberg et al. 1999; Walther et al. 1998), resulting in an impair-
ment of positive regulatory feedback loops. Overall, a decreased capacity of T-cells
for the production of cytokines is a prominent effect of microgravity on leukocytes
(Cogoli and Cogoli-Greuter 1997).

Microgravity also impaired monocyte function: During the spacelab-mission
SLS-1 monocytes lost their capability of secreting IL-1 (Cogoli 1993) and of express-
ing IL-2-receptor (Hashemi et al. 1999). However, the molecular mechanisms are not
identified. Examination of gene expression of monocytes under real microgravity
demonstrated significant changes in gene induction associated with differentiation of
monocytes into macrophages (Hughes-Fulford et al. 2008). Kaur et al. (2005) inves-
tigated monocytes isolated from astronauts before and after a mission and compared
the results with control groups. They found a reduction of phagocytosis and a reduced
oxidative burst- and degranulation-capacity. Meloni et al. (2006) recently demon-
strated that simulated weightlessness leads to massive alterations in the cytoskeleton
of monocytes, which in turn influences motility and recently revealed during an ISS
experiment a severe reduction in the locomotion ability of monocytic cells in micro-
gravity (Meloni et al. 2008) (see also Chap. 12). Importantly, LFA-1 (Lymphocyte
function-associated antigen 1) and ICAM-1 (intercellular adhesion molecule-1)
adhesion protein expression — important to tether the antigen presenting cell (APC)
to the lymphocyte that is activated and that proliferates in response to the antigen
presented and other (co-) activation pathways — seemed also to be sensitive to micro-
gravity, whereas their interaction is not altered (Meloni et al. 2008). It seems that not
all cell types of the immune system are as sensitive to reduced gravity: In vitro stud-
ies with natural killer cells in simulated weightlessness and in real microgravity on
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board of the ISS revealed that neither cytotoxic effects nor interferon production is
altered in microgravity (Buravkova et al. 2004).

14.3 Cell Migration and Cytoskeletal Architecture
in Altered Gravity

Cell migration is an essential characteristic of life. Multicellular organisms must be
motile to obtain nourishment, evade being eaten in their own right, respond to envi-
ronmental changes, and reproduce. Likewise, unicellular organisms such as
Paramecium or Loxodes must dynamically respond to fluctuations in ever-changing
surroundings to assure survival. However, cell migration is also an essential charac-
teristic of many normal and abnormal biological processes within the human organ-
ism including embryonic development, defense against infections, wound healing,
and tumor metastasis (Lauffenburger and Horwitz 1996; Horwitz and Parsons
1999). Neutrophil granulocytes demonstrate the body’s first line of host defense by
recognizing and killing microorganisms. Neutrophil locomotion is integral for
immune effector function, because the cells have to leave the blood vessels and
navigate to places of infection and injury to fulfil their main task of phagocytosis.
Returning astronauts of spaceflight missions exhibited a strong increase of neutro-
phil granulocytes immediately after landing (Kaur et al. 2004) and neutrophil
chemotactic assays showed a tenfold decrease in the optimal dose-response after
landing (Stowe et al. 1999). In previous studies, changes in gravity demonstrated an
inhibition of lymphocyte locomotion through type I collagen (Pellis et al. 1997,
Sundaresan et al. 2002), and culture of human bone marrow CD34+ cells using
NASA’s rotating wall vessels resulted in a decreased migration potential (Plett et al.
2004). An altered movement in microgravity was shown for leukocytes and Jurkat
T cells, too (Cogoli-Greuter et al. 1996; Sciola et al. 1999), whereas the underlying
signal transduction mechanisms are still illusive. On the other side, T cells become
more motile after being cultured in 10 g hypergravity (Galimberti et al. 2006).

The cytoskeleton is responsible for giving a cell its shape and for generating the
forces required for cell motility. It is an internal network of at least three types of
cytosolic fibers: actin filaments, microtubules, and intermediate filaments. Actin,
one of the most highly conserved and abundant eukaryotic proteins, is constantly
polymerized and depolymerized within cells to invoke cellular motility, tissue for-
mation, and repair (Feldner and Brandt 2002; Lee and Gotlieb 2002). Actin dynam-
ics are considered to be the major component of the cytoskeleton responsible for
cell motility. It has been shown to be essential for the migration of T lymphocytes
as well as neutrophil granulocyte migration, a conclusion readily assumed as actin-
depolymerizing drugs inhibit cellular motility (Hofman et al. 1999; Verschueren
etal. 1995). In contrast, an intact microtubule network does not appear to be required
for neutrophil migration, because microtubule-disrupting drugs such as colchicine
even induce the migration of neutrophils (Niggli 2003), probably by inducing
changes in the actin network.
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Multiple investigators have reported that this complex network of fibers is sensi-
tive to environmental factors such as microgravity and altered gravitational forces
(Schatten et al. 2001). Several studies demonstrate modifications of the actin and
microtubule cytoskeleton in microgravity. Already a few minutes of weightlessness
affected the cytoskeleton of lymphocytes, astrocytes, neurons, and glial cells, disor-
ganizing microtubules, intermediate filaments, and microfilaments (Uva et al.
2002b, 2005; Roesner et al. 2006). Morphological differences of both the microtu-
bule and actin components of the cytoskeleton have been observed in cells grown in
real and simulated microgravity (Uva et al. 2002b; Lewis et al. 1998). Hughes-
Fulford (2003) reported that actin reorganization responded to the gravity level.

14.4 Learning About Graviperception in Unicellular Systems

Unicellular systems were and are frequently used as model systems to analyze and
understand the influence of gravitational forces on the cellular level. Common sub-
jects of study are ciliates like Paramecium and Loxodes, and flagellates like the algae
Euglena (reviewed in Hemmersbach and Braeucker 2002; Haeder et al. 2005).
Ciliates and flagellates are particularly interesting, because they can show positive
and negative gravitaxis (movement in the same or opposite direction as the gravity
vector) and gravikinesis (altered swimming velocity) due to their swimming proper-
ties and have the advantage of convenient experimental handling and observation
(Planel et al. 1981, 1982; Machemer et al. 1991; Haeder et al. 1996; Hemmersbach
et al. 1998; Hemmersbach and Haeder 1999). In these model organisms two different
mechanisms of graviperception evolved: (1) in Loxodes gravity is sensed by specific
statocyst-like organelles filled with barium sulfate (Miiller vesicles) (Penard 1917;
Rieder 1977; Fenchel and Finlay 1986); (2) in Euglena and Paramecium density dif-
ferences between cytoplasm and extracellular medium activate mechanosensitive ion
channels (Hemmersbach et al. 1998, 1999; Lebert and Haeder 1996; Lebert et al.
1997). This induces different signal transduction cascades where calcium, cAMP,
calmodulin, and phosphorylation processes play an important role (Hemmersbach
and Haeder 1999; Haeder et al. 2005; Streb et al. 2002). The sensitivity for gravity
differs in Paramecium (0.35 g; Hemmersbach et al. 1996, 1998), Euglena (0.16 g
and 0.12 g; Haeder et al. 1996, 1997), and Loxodes (<0.15 g; Hemmersbach et al.
1998). This was shown by using a slow rotating centrifuge microscope (NIZEMI)
in microgravity and identifying the acceleration threshold inducing graviresponse.
Below these thresholds, protists were unable to sense gravity and lost their typical
gravity-based directed movements (Hemmersbach-Krause et al. 1993). These results
were independent of the previous exposure to microgravity up to 12 days, although
cells underwent several division cycles. Besides the described effects on gravity-
based orientation, other effects can be observed due to microgravity in protists like
Paramecium, e.g. an increased cell growth rate, increase in cell volume, decrease in
total cell protein content, and lower cell calcium content (Planel et al. 1981, 1982;
Planel 2004). The research on effects of microgravity on microorganisms will be of
common future interest, since they represent an essential component of biological
life support systems during long-term spaceflights.
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14.5 The Question of Sensing Gravitational Forces in Human Cells

The gravitational force acting on a cell or a subcellular or molecular structure is
equal to the mass of the structure and the acceleration toward the center of Earth.
Despite the multitude of observed gravity-dependent effects on the cellular level,
there is no clear idea how human cells may sense gravity. In general, direct gravi-
sensing (e.g., by specialized cells as parts of a gravisensing organ) and indirect
gravisensing, in which cells without specialized gravity detectors are affected by the
acceleration, have to be distinguished (Albrecht-Buehler 1991). It is also important
to mention, to which extent the direction and the amplitude of gravity is sensed.
According to basic laws of physics, the weight of a single normal-sized cell seems
too small compared with other cellular forces to allow them the distinction between
up and down (Albrecht-Buehler 1991). In this context, thermal and mechanical
noise within cells seem too high in relation to the change of force due to the change
from normogravity to microgravity (Klopp et al. 2002). But since the weight of the
surrounding environment is much larger, cells may be able to sense certain environ-
mental changes caused by gravity and thus may sense indirectly at least the ampli-
tude of gravitational forces (Albrecht-Buehler 1991).

14.5.1 Sensing Stress as Changes in the Gravitational Environment

The environment, which is sensed locally (Choquet et al. 1997), consists of cells and
of the intercellular matrix. In microgravity, force-induced breakage of cell-cell- or
cell-matrix-adhesion sites could be reduced. The mechanical properties of the
matrix have predominant effects on different cell functions (Discher et al. 2005).
The forces sufficient to activate such kind of cellular response are very low (10pN
for 1 s, Jiang et al. 2006). Adhesion-mediated signalling provides cells with infor-
mation about multiple parameters of their microenvironment, including mechanical
characteristics (Bershadsky et al. 2006). During the last decade, several molecules
and mechanisms of adhesion-mediated signalling have been identified, mostly in
endothelial cells, where the response to fluid shear stress alters and regulates several
cellular functions (Engler et al. 2006). In endothelial cells, integrins are crucially
involved in endothelial mechanosensing of shear stress (Shyy and Chien 2002).
Immunoglobulin family adhesion receptor PECAM-1 directly transmits mechanical
force and, in cooperation with VE-cadherin and VEGFR-2, mediates the response
of confluent endothelial cells to shear flow (Tzima et al. 2005). Interestingly, modu-
lation of the expression of surface adhesion molecules such as ICAM-1 has been
reported as the consequence of long-term microgravity (Buravkova et al. 2005;
Romanov et al. 2001). Additionally, early molecular mechanisms responsible for
gravity sensing of endothelial cells involve caveolae and Caveolin-1 phosphoryla-
tion (Spisni et al. 2006). Importantly, the appropriate formation and function of the
immunological synapse between T cells and antigen-presenting cells require a well-
defined spatial orientation of membrane adhesion molecules ICAM-1 and LFA-1
(Mossman et al. 2005). Therefore it is possible that integrin-mediated force trans-
duction renders the immunological synapse a gravisensitive site.
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14.5.2 Cellular Mechanosensory System

If the cells are able to sense gravitational forces by adhesion to the extracellular
matrix, the question about the responsible mechanosensory system arises. Paradigms
of cellular mechanosensing have been reviewed by Orr et al. (2006). One possibility
is that the entire actin network serves as a mechanosensor. The folding state of
cytoskeleton-associated proteins, which creates or masks binding sites for other
proteins, depends on the strains in the actin network (reviewed in Vogel and Sheetz
2006). Forces applied to or taken from the actin network could be therefore trans-
duced in altered binding of signal proteins to the cytoskeleton or the gain or loss of
enzyme function. Consequently, microgravity may reduce the force inside the actin
network, which could be then transduced into a certain biochemical signal by
cytoskeleton-associated proteins. According to the tensegrity model (Fuller 1961),
the whole cell is a prestressed structure (Ingber 1993, 2003b), with tensions gener-
ated by the actin—myosin network, by cellular force through focal adhesions
(Choquet et al. 1997; Tamada et al. 2004), by cell—cell adhesions and polymeriza-
tion of cytoskeletal elements (Wang et al. 2001, 2002; Wang and Stamenovic 2000;
Stamenovic et al. 2002). A cell would not maintain its shape stability under load
without a preexisting stress or prestress in the mechanical elements (Ingber 2003b).
During gravitational unloading of the cell, intracellular forces induced by the pre-
stress could be altered and transduced into a biochemical response. Force-induced
changes of protein conformation and exposure of cryptic binding sites for signal
proteins have been described as a possible method of mechanotransduction (reviewed
in Vogel and Sheetz 2006). Unfolding of proteins with tandem-repeat domains can
occur with applied forces on the order of 50-200 pN, as demonstrated by single-
molecule experiments with actinin (Rief et al. 1999), filamin (Furuike et al. 2001),
and spectrin (Rief et al. 1999). Tandem-repeat sequences are found in most extracel-
lular matrix (ECM) proteins and many proteins that link the integrins to the cytoskel-
eton. Therefore, cells could hypothetically “measure” strain by integrating the
number of unfolded domains (Hoffman et al. 2007). Many molecules are stabilized
by disulphide bonds and their redox state can be therefore sensitive to force (Vogel
and Sheetz 2006). In cross-linked molecules, only a small alteration in force could
readily cause extensive conformational changes, suggesting binding partners of
cross-linking proteins as potential signal proteins in mechanotransduction, such as
including heat shock proteins, protein kinase C, Ral A (ras-related protein A),
PIP2 (Phosphatidylinositol 4,5-bisphosphate), PIP 3 (Phosphatidylinositol (3,4,5)—
trisphosphate), PI3-kinase (Phosphatidylinositol 3—kinase), MEKK1 mitogen-acti-
vated protein kinase kinase 1 (as reviewed in Otey and Carpen 2004; Stossel et al.
2001), and regulatory proteins for the Rho GTPases (Mammoto et al. 2007; Ohta
et al. 2006). Interestingly, Rho kinase has been found to regulate the intracellular
micromechanical response of adherent cells (Kole et al. 2004) and small G proteins
are discussed having a significant role in mechanotransduction (Burridge and
Wennerberg 2004). A special class of mechanosensing mechanisms (Orr et al. 2006)
is represented by myosins. In most myosin classes, mechanical load alters ADP
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release. Myosin mechanosensing is best demonstrated by myolC during adaptation
in hearing (LeMasurier and Gillespie 2005). Enzymatic activity can be regulated in
response to mechanical force by opening of enzymatic cleavage sites. Fibronectin,
for example, has a partially cryptic disulphide isomerase (Langenbach and Sottile
1999) and a cryptic metalloprotease activity (Schnepel and Tschesche 2000), but it
is not known whether these activities can be regulated by force (Vogel and Sheetz
2006). It has been demonstrated that application of a force to fibronectin binding
induced rapid local src activation forming a directional wave propagated away from
the stimulation site along the plasma membrane (Wang et al. 2005). Structural
motifs that could change conformation over a range of mechanical forces and could
therefore exhibit mechanosensory functions are diverse (Bershadsky et al. 2006;
Martinac 2004; Vogel and Sheetz 2006). Considering the myriad of multidomain
cross-linking proteins in different cells and subcellular localizations, it is likely that
mechanoresponse is a highly specific and specialized process and not a general and
nonspecific phenomenon.

14.5.3 Force-Sensitive lon Channels

Mechanosensitive ion channels respond to mechanical stimuli with a change in
their conductive state. Either the mechanosensitive channel senses directly altera-
tions of the lipid bilayer, or transmit forces of the cytoskeleton or the extracellular
matrix via a physical connection. Ion-channel involvement in mechanosensing is
well described in prokaryotic systems (Martinac 2004). However, prokaryotic ion
channels are relatively force-insensitive and only open at high tensions that are
approaching the lytic tensions for the lipid bilayer (Vogel and Sheetz 2000),
whereas typical membrane tensions in animal cells are a thousand fold lower than
the activating bacterial tensions (Sheetz 2001). Membrane channels, for example,
the PKD2 Ca?* channel and inner rectifier K* channel in eukaryotes, are activated
upon stretching (Martinac 2004), leading to channel opening, ion flux, and most
probably to the recruitment and activation of downstream signalling molecules. In
this context, cellular responses to forces in bone and cartilage are probably the
consequence of out-of-plane forces on channel-cytoskeleton linkages (Haut
Donahue et al. 2004). Possible cellular gravisensing mechanisms and gravisensi-
tive cellular molecules and functions are summarized in Table 14.1.

14.6 Conclusion

Taken together, cellular gravisensing may not result from a direct activation of a
single gravisensing molecule. Instead, gravitational stress and forces may be sensed
by an individual cell in the context of altered extracellular matrix mechanics, cell
shape, cytoskeletal organization, or internal prestress in the cell-tissue matrix
(Ingber 1999).
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Table 14.1 Cells of the immune system are exceptionally sensitive to microgravity
Possible cellular gravisensing systems
Actin network/folding state of cytoskeleton- associated proteins
Prestressed structure of the cell (tensegrity model)
Force-induced changes of protein conformation
Force-sensitive ion channels
Gravisensitive cellular molecules and mechanisms
Protein kinase C
NF-kB
MAPK-signalling
c-fos, c-myc, and c-jun
Chromatin and epigenetic level
Pro- and anti-apoptotic pathways
Cell cycle
IL-1 secretion
IL-2-receptor expression
Phagocytosis
Oxidative burst- and degranulation-capacity
Cytoskeleton
Locomotion ability
LFA-1
ICAM-1
Gravitational forces may be sensed by individual cells in the context of altered extracellular matrix
mechanics, cytoskeletal organization, or internal prestress in the cell-tissue matrix and transduced

into specific molecular alterations which in turn contributes to a complex disturbance of immune
cell reactions and interactions

The development of cellular mechanosensitivity and mechanosensitive signal
transduction was probably an evolutionary requirement to enable our cells to sense
their extracellular matrix and their individual microenvironment. However, mecha-
nosensitive mechanisms were designed to work under the condition of 1 g, but never
had the possibility to adapt and adjust their reaction to conditions below 1 g.
Therefore it is possible that the same mechanisms, which enable human cells to
sense and to cope with mechanical stress, are potentially dangerous in microgravity.
It is a major challenge to find out if our cellular machinery is able to live and to work
without gravity force or if our cellular architecture will keep us dependent on the
gravity field of Earth. With the completion and utilization of the International Space
Station and with mission plans to Moon and Mars during the first half of our
century, astronautics has entered the era of long-term space missions. Such long-term
missions represent a challenge never experienced before: Small or even marginal
medical problems could easily evolve to substantial challenges, which could possibly
endanger the entire mission. Since crew performance is the crucial factor during space
missions and since evacuation or exchange of the crew is impossible during interplan-
etary flights, to elucidate the underlying mechanism of limiting factors for human
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health and performance in microgravity, such as for the immune system, and to identify
and test potential counteractive interventions is an urgent need. Therefore, identifica-
tion of gravisensitive cellular reactions will also help to understand the molecular
mechanisms of disturbed immune cell function in space in order to identify, to test,
and to provide new targets for therapeutic or preventive intervention related to the
immune system of astronauts during long-term space missions.
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