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Preface

Thank you for your interest and for reading this second edition of the book “Stress 
Challenges and Immunity in Space”. I would like to warmly welcome the new read-
ers and am deeply indebted to the loyal readers who read the first edition already. I 
am very grateful for their interest, the positive feedback and criticisms that were 
instrumental in shaping these research topics and in spreading the enthusiasm for 
this inter- and cross-disciplinary field of research. Encouraged by reader comments 
and by the expanding body of knowledge in the area of stress and immunity, together 
with an emerging interest in space and human space exploration beyond the Earth 
orbit, the publisher, the authors and I were compelled to embark together on another 
“journey” with this second edition.

The complex nature of stress and stress responses and immunity, especially in 
light of extreme living conditions such as in space, need to be addressed on the one 
hand in a very detailed fashion, but on the other hand, in a more holistic perspective. 
While all organ systems are obviously interconnected in the human body, these 
interactions can be strongly affected by the space life conditions (the “space expo-
some”). I hope this second edition of “Stress Challenges and Immunity in Space” is 
an attempt in approaching this multifaceted issue even more comprehensively. This 
has not only resulted in significant updates of the existing chapters with new know-
ledge and new perspectives, but also from the creation of several new chapters, 
partly stemming from more basic research, which connects the physiological sys-
tems and research areas in a meaningful way to reflect progresses in science. This 
also resulted in a new summary chapter displaying all the interconnected areas and 
key information and directions at a glance.

This book will hopefully continue to serve as a handy resource and as an inspira-
tion for a more integrative approach in the field of stress and immunity, highlighting 
the bidirectional scientific, technological and health benefits of research in space 
and on Earth.

The authors and I look forward to your comments to this new edition.

Munich, Germany Alexander Choukér  
2019
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1The Human Space Exploration 
Endeavour: A Personal View from Inside

David Parker

Humanity’s road into the solar system is now under construction, and the humans 
that will ride along that road will be exposed to many physical and psychological 
challenges. Uniquely among space activities, exploration is driven by the combina-
tion of curiosity and opportunity: the curiosity to venture into the unknown and the 
opportunity to bring back to Earth discoveries and perspectives only possible by 
exploring with humans and robots. To ensure our human explorers return safely is 
both a moral responsibility and a scientific puzzle—a puzzle which researchers 
around the world have been tackling with enthusiasm and increasing success.

The European Space Agency’s (ESA) exploration strategy—approved by 
Ministers back in 2014—focuses on three destinations: Low Earth Orbit, the Moon 
and Mars. Through the International Space Station (ISS), Low Earth Orbit has 
proven its value as a place for humans to live and work. In particular, it has allowed 
sustained physiology research of value back on Earth as well as in preparing for 
more distant voyages.

The Moon has immense scientific and practical potential, much increased given 
the discoveries made since the days of Apollo. Space agencies around the world 
concur that it is the next target for sustained human exploration, being—in compari-
son with the ISS—a few days instead of a few hours away from the Earth’s 
surface.

Finally, the Red Planet is a key target not least because it has much to reveal 
about the potential for past or present life elsewhere in the universe. Establishing 
how to sustain humans on a multi-year mission to Mars is the horizon goal of the 
current research discussed in this book.

But while exploration without science is merely tourism, exploration is much 
more than only science. As the ultimate proving ground for important technolo-
gies—energy, robotics, life support systems—it is also a vital source of innovation. 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16996-1_1&domain=pdf
mailto:David.Parker@esa.int
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And this innovation undoubtedly encompasses the practical value to humanity of 
the knowledge and techniques needed to sustain our human explorers. Put another 
way, the manifold challenges of space exploration drives the creativity of scientists 
and engineers to seek understanding and find solutions to problems, which in turn 
repay us through the increased knowledge of our society.

Everything we do in exploration is in international cooperation. In difficult times, 
the simple fact that the ISS partnership endures is a hope for a brighter future. 
Astronauts see no borders from space. A brighter future depends on exciting the 
citizens of tomorrow with these values as well as the value of science, technology 
and maths. The members of the European astronaut corps, and indeed astronauts 
and cosmonauts from around the world, amply demonstrate these ideals.

All of these motivations are embedded within ESA’s European Exploration 
Envelope Programme, approved at the Luzern Council of Ministers in 2016.

It is not about Moon versus Mars or humans versus robots, but rather it is one 
unified, ambitious but realistic vision for extending humanity’s presence into the 
solar system; and achieving this through strong global partnerships.

First and foremost, Europe continues to be a committed partner to the ISS. Further 
important research will be conducted by a succession of European astronauts work-
ing aboard the European Columbus research laboratory: fundamental science, 
applied science and feed-forward exploration science. We are also building on the 
systems that provide power, propulsion, water and oxygen to NASA’s Orion space 
exploration vehicle, destined to undertake the first human voyage into deep space 
for 50 years.

Scouting ahead of the human explorers, our ExoMars orbiter is seeking under-
standing of the mysterious trace gases (including methane) first spotted by ESA’s 
Mars Express and which could imply active geology or biology on the Red Planet. 
Working with our international partners, we will also launch the ExoMars rover 
mission, the first dedicated life search rover that will join a veritable armada of Mars 
missions arriving in 2021. Beyond that, bringing pristine geological samples back 
to Earth with a robotic could be a key scientific and technological step towards 
human exploration of Mars.

Meanwhile, we also want our human explorers to learn to live and work in the 
much more distant and hostile environment of cis-lunar space. Many experts think 
that the next step for human exploration could be a Lunar Orbital Platform; a 
Gateway orbiting the moon. Operational by the middle of the next decade and 
located a thousand times further out in space than the ISS, this could be humanity’s 
most distant research station, a stepping stone to more distant voyages and a base 
camp for humans to return to the Moon.

The Moon. The eighth continent, untroubled by humans for more than 50 years, 
but silently awaiting our return. Back when the Apollo astronauts visited the equato-
rial regions for just a few days at a time, we knew nothing about the possibility of 
water in its deeply shadowed polar craters. The Moon is a museum of 4.5 billion 
years of solar system history: but so far, we have only visited the entrance foyer and 
the gift shop. We haven’t explored its potential for planetary science, astronomy or 
human research; let alone its inclusion into our future space economy.

D. Parker



5

Given all this, it is not surprising that the Gateway and the wider exploration of 
the Moon is generating increasing interest in the science community and beyond. 
Undoubtedly, it will further advance the research topics—from fundamental under-
standings of the cell´s function to the integrative and interdisciplinary insights on 
the effects of stress on the immune and associated organ systems—as discussed in 
this second edition of Alexander Choukér’s volume. There are new discoveries and 
new history awaiting humanity—it is time for us to take the next steps in life sci-
ences and human exploration!

1 The Human Space Exploration Endeavour: A Personal View from Inside



7© Springer Nature Switzerland AG 2020
A. Choukér (ed.), Stress Challenges and Immunity in Space, 
https://doi.org/10.1007/978-3-030-16996-1_2

T. Reiter (*) 
Human Spaceflight and Operations (HSO), Darmstadt, Germany
e-mail: Thomas.reiter@esa.int

2Space Travel: A Personal  
View from Above

Thomas Reiter

One of the disciplines that is in the focus of scientists is the human physiology. It’s 
not too surprising how much gravity influences the function of our body from a 
macroscopic- down to the microscopic level of biochemical processes within each 
cell—the absence of gravity opens completely new insights into physiological and 
biochemical processes. It is remarkable, how the human body is able to adapt to 
weightlessness, increased radiation, altered atmospheric constituents and circadian 
rhythm. ISS—this multidisciplinary laboratory in space is an ideal environment to 
understand these effects, and consequently might help us to reveal the root-causes 
of some widespread diseases, e.g. diseases of the cardiovascular system, the demin-
eralization of bones and the deficiencies of the immune system.

Human space flight is also the source of great fascination. The view of our planet 
from above and the view of the starry sky is just overwhelming, nurtures our curios-
ity and drives us to continuously expand our boundaries, to find answers to ever new 
questions about our origins and the physical principles that govern our universe. 
Curiosity is a deeply human quality, which has always played a central role in our 
development.

The progression and further evolution of our technical and scientific knowledge 
is the 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. I have no doubt that we will again see humans on the surface of the moon. 
And in two or three decades we will travel to even more distant destinations like our 
neighbouring planet Mars. Still a number of technological challenges need to be 
solved, and a range of medical issues, which are linked to long-term exposure to the 
space-environment, have to be understood.

Spaceflight is an interdisciplinary regime with a direct impact on science, tech-
nology and industrial capabilities. In this context we should not lose sight of the 
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cultural aspect of human spaceflight. There are destinations, which can probably 
never be reached by humans, but by automated or robotic probes. However, humans 
with their unique combination of cognitive-, sensory- and dexterous capabilities 
cannot be replaced by robots, not in the near- and maybe not even in the far future. 
Anyhow, a machine will hardly be able to share any feelings when executing tasks 
on the surface of a remote celestial body, or share its emotions when looking back 
to this beautiful planet, with all its colours, textures, oceans, forests and deserts—a 
multitude of impressions that an astronaut registers, assimilates and never forgets.

T. Reiter



9© Springer Nature Switzerland AG 2020
A. Choukér (ed.), Stress Challenges and Immunity in Space, 
https://doi.org/10.1007/978-3-030-16996-1_3

A. Choukér (*) · J.-I. Buchheim · A. Guo 
Laboratory of Translational Research Stress and Immunity, Department of Anaesthesiology, 
Hospital of the University of Munich (LMU), Munich, Germany
e-mail: Alexander.Chouker@med.uni-muenchen.de 

S. Baatout 
Radiobiology Unit, Belgian Nuclear Research Centre, SCK•CEN, Mol, Belgium 

P. Campolongo 
Department of Physiology and Pharmacology, Sapienza University of Rome, Rome, Italy 

J.-P. Frippiat 
Stress Immunity Pathogens Laboratory, EA 7300, Faculty of Medicine, Lorraine University, 
Vandœuvre-lès-Nancy, France 

J. Gopalakrishnan 
Laboratory for Centrosome and Cytoskeleton Biology, Institute of Human Genetics, 
University Hospital, Heinrich-Heine-University, Düsseldorf, Germany 

3Entering a New Era of Holistic Research 
in Establishing Groundwork for Future 
Human Space Exploration: Perspectives 
from the ESA-Topical Team “Stress 
and Immunity”

Alexander Choukér, Sarah Baatout, Patrizia Campolongo, 
Jean-Pol Frippiat, Jay Gopalakrishnan, Ines Kaufmann, 
Nicola Montano, Siegfried Praun, Dominique de Quervain, 
Benno Roozendaal, Gustav Schelling, Manfred Thiel, 
Detlef Thieme, Antoine Viola, Judith-Irina Buchheim, 
Alex Salam, and Anne Guo

Alexander Choukér, Sarah Baatout, Patrizia Campolongo, Jean-Pol Frippiat, Jay Gopalakrishnan, 
Ines Kaufmann, Nicola Montano, Siegfried Praun, Dominique de Quervain, Benno Roozendaal, 
Gustav Schelling, Manfred Thiel, Detlef Thieme, Antoine Viola are the TT-members and Judith-
Irina Buchheim, Alex Salam and Anne Guo are co-authors of this chapter.

The European Space Agency (ESA) supports teams of international experts in “Topical Teams.” 
ESA-Topical Teams are open structures led by European researchers to address a scientific field in 
which gravity and access to space or planetary bodies constitute as cornerstones of their research. 
The members of the Topical Team “Stress and Immunity” played a crucial role in the realization of 
this book and its second edition and authored this prelude collectively as a group.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16996-1_3&domain=pdf
mailto:Alexander.Chouker@med.uni-muenchen.de


10

3.1  Introduction

We are currently entering a new era of manned space flight, which will expand 
human presence to the moon and Mars as outlined in the roadmaps of the 
International Space Exploration Coordination Group (ISECG, www.globalspaceex-
ploration.org). This roadmap builds on the vision for “a coordinated human and 
robotic exploration of our solar system” within this century, and envisions perma-
nent human colonization on the moon and on our neighboring planet. This goal set 
by the established and emerging space countries and agencies, as well as by private 
entrepreneurs, has further fueled the pace and created impact in this new “race to 
space” to moon again and to Mars, following the first era in exploring the Earth orbit 
and the landing on the moon in the past century. These new strategies mandate that 
we also need to enter a new era of holistic research to better understand human 
beings subjected to extreme environments for longer periods of time.
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3.2  Millions of Years on Earth: 60 Years in Space

For centuries, mankind has been struggling to understand the profound complexity 
governing the principles of life and the universe. This quest has taken him on scien-
tific journeys far and wide: from the delicate structure of our DNA to the hellish and 
chaotic depths of our sun. Scientific, artistic, and social discoveries are what drive 
humans, and what distinguish us from all other species. 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 into to space, escaping the 
clutches of Earth’s gravitational pull.

Yet in 1960, before a human was launched into space, it was not even clear if one 
could survive in a zero-gravity environment. At no point in our evolution had we been 
prepared for such extreme and manifold environmental stresses. From the moment 
life began in the “pre-biotic soup” some three billion years ago, all life on Earth, 
Eukaryotes, Prokaryotes, and Archaea alike, have been shaped by the universal force 
of gravity. Within a matter of few minutes into space, one is faced with the most com-
plex forces and must successfully cope with the absence of gravity. Since Gagarin’s 
historic 108-min voyage, others have survived for months not only in weightlessness 
but also in extreme isolation and confinement. 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 impact almost all organ systems. While our presence has extended beyond low 
Earth orbit to the moon, manned exploration beyond Earth’s vicinity into the depths 
of our solar system as stated above requires a much more detailed understanding of 
the adaptation of human beings to extreme environments. Major questions remain: 
What are the principles and most important environmental and social threats to physi-
cal and mental health during long-duration space flight missions and how can we 
prevent and mitigate the adverse effects from adaptation to these threats?

3.3  The Biological Definition of Stress

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 
quality of the conditions, i.e., the qualitative end-result of different stressor types is the 
same. Rather, it is the quantitative effects that vary. He also recognized that stressful 
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 system either 
builds up resistance and maintains a healthy physiological and psychological equilib-
rium, or succumbs to the stress, resulting in disequilibrium and eventual disease. 
Stress research has expanded tremendously since then, and Selye probably never 
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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 circadian rhythm, and closed-loop 
environments. Such stressors will be experienced in the extreme during interplanetary 
travel. These combined and multifactorial challenges affect many organ functions 
with different time slopes of adaptation and can result in health issues critical to mis-
sion success. For example, the neurovestibular and cardiovascular systems seem to 
adapt within days and weeks, respectively (Aubert et al. 2016). However, the signifi-
cant brain morphological changes (van Ombergen et al. 2018) and altered immune 
responses that are observed are much less predictable in their degree and “dose-
response” in relation to mission duration and exposition to the stressors in space. 
Moreover, changes in the immune system can influence by secondary effects other 
physiological systems and even feed-back with neural pathways in a bidirectional 
manner (Tracey 2009). This expands the current view that the physical and social 
environment stressors interact in the “ecological loop” with the nervous system and 
further with hormonal and immunological responses, the so-called macroorganismal 
loop. The latter is connected by the immune system to the microorganismal loop and 
the intrinsic regulation of microbial changes (Irwin and Cole 2011).

Although astronauts, cosmonauts, and taikonauts are exceptionally well selected, 
trained and healthy individuals, some are now known to be particularly susceptible to 
the stressors of space flight. When challenged by complex stressful conditions, indi-
viduals react differently and adjustments to the extreme 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 homeody-
namics, “the stability of the internal milieu toward perturbation” (Lloyd et al. 2001).

3.4  Researching the Effects of Stress on the Organism

Although studying specific cellular models and simple biological organisms under 
conditions of simulated weightlessness, increased radiation, or isolation and confine-
ment can help unravel the neurophysiological consequences of standardized emo-
tional 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—bedrest, 
or group isolation and confinement in chamber studies (i.e., former Mars-500 habitat, 
now SIRIUS) or field operational conditions (i.e., Antarctica or subaquatic 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 subse-
quent exhaustion and failure to re-establishing an appropriate equilibrium.

A. Choukér et al.
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3.5  Selecting the “Right Stuff”

Given that the reaction to stress can vary between individuals and even within one 
individual at different times, how can we design strategies to meet the astronauts’ 
individual needs under evolving and unpredictable conditions? How can we pro-
vide personalized medicine? This may prove very difficult and would require new 
technologies and devices. Should we select astronauts based on the presence of 
genetic characteristics that confer resistance to stress? The new emerging techno-
logical tools of molecular biology, such as next-generation sequencing, single-
cell genomics, and exosome research, will help to uncover the genetic and 
epigenetic (e.g., DNA methylation, post-transcriptional regulation) explanations 
for (mal) adaption and the corresponding therapeutic consequences. Today, organ-
oids are very promising representatives of human models for space research as 
they represent the miniature of human organs constituting the complexities simi-
lar to human tissues. For instance, the human brain is a very susceptible organ 
when subjected to extreme conditions. Recent years have seen enormous progress 
in developing human brain organoids reflecting events of early brain development 
and maturation. Due to the fact that (brain) organoids are amendable for experi-
mental purposes and are economical, clearly they hold promises to uncover 
aspects that are practically impossible to investigate in real humans. Moreover, 
autologous organoids are opening up new opportunities for investigating and 
modeling an individual’s organ capacity (Clevers 2016) as affected by external 
stressors in metabolizing drugs and allowing dose adjustments according to indi-
vidual responses. Such new bioengineering technologies will also “revolutionize 
the field of regenerative medicine” (Madl et al. 2018) on Earth and may probably 
be just as needed when humans aim to expand into outer space. This altogether 
will help us better predict, prevent, and treat the space voyager and to help him or 
her coping with external stressors while paving the way to individually and fully 
controlled human metabolism in enabling a hibernating state, for example, during 
space travel (Choukèr et al. 2018).

Genetic, metabolic, and bioengineering approaches have the potential to select 
and deselect candidates. This would have important psychological, social, and ethi-
cal implications. While “reading genes” does not equate to “understanding genes” 
and the complexity of a human being goes far beyond his genetic heritage, identifi-
cation of single-gene polymorphisms that appear to correlate with a higher predis-
position for physiological and behavioral stresses should not disqualify a potential 
space flight candidate. Although polymorphisms in genes, such as genes regulating 
sleep (Goel et al. 2009), traumatic memory encoding, or DNA repair, may confer 
vulnerability, individuals may have unidentified genetic resistance to other space- 
related stress factors as well as behavioral coping strategies that may mitigate the 
genetic risk.

“The right stuff” (Wolfe 2008) seems very likely to be a highly complex mix of 
gene and environmental interactions. Given ethical implications, the use of genetic 
analyses or other emerging technologies are not permitted in the selection of candi-
dates for space flight, but rather, to identify possible risks in order to personalize the 
frequency and mode of physiological and psychological assessments and 
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countermeasures in space, as well as during rehabilitation upon return to Earth. 
There is much left to qualify and quantify, but with time we will refine the physio-
logical, psychological, and pharmaceutical factors and interventions that will allow 
humans to travel interplanetary distances.

3.6  Research in Space for Benefits on Earth

The study of healthy humans experiencing high levels of stress in confinement and 
isolation or in other space analogous environments allows us to establish 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. Often undermined are sex differences, which 
have to come more into the focus (Jaillon et al. 2017) as well as the effect of stress 
on aging of the immune system (Prather et al. 2018) and autoimmunity (Gianchecchi 
et al. 2018). Space and space analogous environments provide an excellent platform 
for such studies since these processes appear to be accelerated and more profound.

In the future of manned space exploration, the pace of research in understanding 
these effects will be accelerated through new diagnostic and healthcare tools and 
regimens that are necessary to enable a personalized, circadian-adjusted precision 
medicine to balance the individuals’ allostatic load. An important question remains 
though: to which degree will the required human–robotic interactions and artificial 
intelligence affect the human in space and how they can assist in better adaptation? 
Along the way, these new developments will not only benefit our space agencies but 
also the wider society at large. Stress has the ability to alter the function of virtually 
every single organ system and cell type in the human body, therein lie many new 
opportunities in understanding the profound complexities governing the principles 
of life and the adaptation responses of an individual. After all, every single person 
on this planet experiences stress and no one is completely immune to its effects.
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4What Is Stress?

Bruce S. McEwen and Ilia N. Karatsoreos

4.1  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, 
not only in our daily lives and in extreme conditions on Earth but also in space. But 
these same mediators also contribute to pathophysiology when overused and dys-
regulated, 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 
situation but also determines the physiological and behavioral responses (Fig. 4.1). 
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 qual-
ity and quantity; diet, exercise, and substance abuse; adverse early life experiences 

‘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.
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(see also following Chap. 6) 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 the further basis for the understanding, 
why, along with effects on the brain, the immune systems and health can be affected 
under such condition.

4.2  Types of Stress

The term “stress” is perhaps one of the most overused terms in general life. 
Everyone has a different definition of stress, from the “stressful” day at work to 
posttraumatic stress disorder (PTSD). For the purposes of this chapter, we will 

Physiologic
responses

Perceived
stress

Environmental
stressors

Behavioral
responses

Individual
differences

Brain responses

Allostatic
responses Adaptation

Allostatic 
load

Fig. 4.1 Environmental stressors engage brain systems that perceive the stressful situation, acti-
vating both behavioral responses and physiological responses. These responses can be shaped by 
individual differences that may arise from genetic polymorphisms or from experience (e.g., early 
life environment, cumulative exposures). The behavioral and physiologic responses are an integral 
component of allostatic responses which promote adaptation and also contribute to allostatic load. 
Long-term buildup of allostatic load can lead to allostatic overload and breakdown of this inte-
grated set of responses, promoting pathology
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focus on the following definitions of stress: good stress, tolerable stress, and toxic 
stress (Box 4.1).

Good stress, also known as “eustress,” 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. 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.

Perhaps halfway down the spectrum of stress is “tolerable stress,” which refers to 
those situations where bad things happen, but an individual is able to cope, often 
with the aid of family, friends and other individuals who provide support. Here we 
can also introduce the term “distress” that 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,” on the extreme end of the stress spectrum, refers to the 
situation in which bad things happen to an individual who has limited support. In 
this case, previous life experience may have resulted in neurophysiological changes 
that can impair the development of good impulse control and judgment and ade-
quate self-esteem, all known to help modulate the negative effects of stress. Here, 
the degree and/or duration of “distress” may be greater. With “toxic stress,” the 

Box 4.1 Types of Stress
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
 – 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

4 What Is Stress?
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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.

4.3  The Concepts of Allostasis, Allostatic Load, 
and Overload in Health, Disease, and Aging

When discussing the term “stress,” it is the negative connotations that seem to be the 
primary focus. However, the “stress response” is a necessary set of physiological 
changes that help an organism cope with a threat to homeostasis, and indeed poten-
tially a threat to survival. The body responds to many experiences by releasing 
chemical mediators, for example, catecholamines that increase heart rate and blood 
pressure. These mediators 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 cardio-
vascular system, over time, these changes can cause pathophysiological conditions 
like atherosclerosis, that can result in strokes and myocardial infarctions (Cohen 
et al. 2007).

Because allostaic mediators are paradoxically  involved 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” (Box 4.2). A useful way to disambiguate the terms is that homeostasis 
employs small changes about a fixed set point. On the other hand, in allostasis the 
set point is modulated by context, and the brain plays a central role since prior expe-
riences can be used to inform the magnitude and duration of the potential stressor. 
However, chronically engaged allostatic responses can lead to pathophysiology, we 
introduced the term “allostatic load or overload” (see distinction in Box 4.2 and 
below) to refer to the “wear and tear” that results from either too much stress or 
from inefficient 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).

Box 4.2 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 activ-
ity levels of the primary mediators, e.g., glucocorticoids, that integrate 
physiology and associated behaviors in response to changing environments 
and challenges such as social interactions, weather, disease, predators, and 
pollution. An allostatic state results in an imbalance of the primary media-
tors, 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 allo-
static 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., neuronal remodeling or loss in hippocampus, atherosclerotic plaques, 
left ventricular hypertrophy of the heart, glycosylated hemoglobin, and other 
proteins by advanced glycosylation end products as a measure of sustained 
hyperglycemia. High cholesterol with low HDL may also occur, and chronic 
pain and fatigue, e.g., in arthritis or psoriasis, associated with imbalance of 
immune mediators.

4 What Is Stress?
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Other forms of allostatic load/overload involve not shutting off the response 
efficiently, or not engaging an adequate response in the first place (McEwen 1998). 
Perhaps one of the most significant contributors to allostatic load is repeated 
engagement of the stress response in an unconstrained or poorly managed manner. 
Having many stressful events and many stress responses contributes to general 
“wear and tear” on the body and brain (McEwen 1998). Likewise, not habituating 
to the recurrence 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). It is intriguing to posit, and several studies in humans and non-
human animals demonstrate, links between accumulation of allostatic load and 
aging (Piazza et al. 2018). Indeed, it is obvious that as one ages one is more likely 
to be exposed to more challenges, and thus increased cumulative allostatic load. 
Many of the mediators and processes discussed below, from circadian rhythms and 
sleep to immune function and oxidative stress, are involved in organismal and cel-
lular senescence. There is also significant new data from the field of telomere biol-
ogy that shows that decreased telomere length is associated with stress and 
allostatic load (Ahrens et al. 2016; Tomiyama et al. 2012; Zalli et al. 2014). Given 
the recent findings that spaceflight can lengthen telomeres, this is an exciting area 
for future investigations (Garrett-Bakelman et al. 2019).

4.4  The Complex Interactions of Allostatic 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.” That is, while the evolutionary advantage of allostatic responses is 
adaptation to environmental challenge, repeated or unmanaged allostatic chal-
lenges can lead to damage by the very mediators that are supposed to protect the 
organism. The primary reason for this Janus-faced aspect of allostasis and allo-
static load is that there are myriad mediators acting in multiple interacting webs of 
physiological regulation. Besides adrenalin and noradrenalin, there are many 
mediators that participate in allostasis, and they are linked together in a network of 
regulation that is nonlinear, meaning that each mediator has the ability to regulate 
the activity of the other mediators, sometimes in a biphasic manner (Fig. 4.2). For 
example, glucocorticoids produced by the adrenal cortex in response to adrenocor-
ticotropic hormone (ACTH) from the pituitary gland are the other major “stress 
hormones.” 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 glucocorti-
coids 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 (see Chap. 8), 
since it generally opposes the sympathetic nervous system and, for example, 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 simultane-
ously 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 is to “tap into” these mediators, 
and their surrogates, and obtain a broader picture of the network of allostasis is the 
“allostatic load battery” (McEwen and Seeman 1999; Seeman et al. 2010).

A further important aspect of the mediators of allostasis is the biphasic nature of 
many of their effects, a concept embodied by the term “hormesis” (Calabrese 2008) 
and represented 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).

4.5  Stress: An Ecological Perspective

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 
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Fig. 4.2 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
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disrupts mating, as  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 then used, 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 bore-
dom) while not exercising (McEwen and Wingfield 2003), is an example of “allo-
static overload”; a more extreme condition that is associated with pathophysiology 
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 are being caused for salmon, in 
part, by the migration up the rapidly flowing rivers, and also because of physiologi-
cal changes that represent accelerated aging and include suppression of the immune 
system (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 
hypothesized mechanism is a response to mating that reduces the binding protein 
for glucocorticoids (corticosteroid binding globulin, CBG) and renders them much 
more active throughout the body, including likely suppressive actions on the immune 
defense system (Cockburn and Lee 1988).

4.6  Being “Stressed Out” in the Modern World 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 some-
what 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 parasympathetic 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 activ-
ity. We are also likely to sleep poorly. Indeed, poor or inadequate sleep is a fre-
quent result of being “stressed out.” Sleep deprivation produces an allostatic 
overload that can have deleterious consequences and a more detailed examination 
of this and circadian disruption via shift work and jet lag reveals how many aspects 
of health can be adversely affected. Indeed, it is our health-damaging behavior 
resulting from being “stressed out” that are among the main contributors to allo-
static load and overload. Among those, circadian disruption may be among the 
most potent.
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4.7  Allostatic Consequences of the Modern World’s 
Disruption of Circadian Clock and Sleep

Because the brain is the master regulator of the neuroendocrine, autonomic, and 
immune systems, as well as behavior (McEwen 1998), alterations in brain function 
by chronic stress can have direct and indirect effects on the cumulative allostatic 
overload. One of the key systems in the brain and body that regulate these varied 
physiological and behavioral variables is the circadian system (see also Chap. 9). 
Based in the suprachiasmatic nucleus (SCN) of the hypothalamus, the brain’s clock 
controls 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 regu-
lates the timing of sleep, and sleep and circadian systems interact to regulate rest–
activity cycles and keep an organism in synchrony with the external environment. 
As such, disruption of these key homeostatic systems could clearly contribute to 
allostatic overload.

Reduced sleep duration has been 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, 
possibly 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).

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 
(Niedhammer et al. 1996). Numerous mouse models have also contributed to our 
understanding of the relationship between circadian disruption and metabolism, 
with CLOCK mutant mice showing altered basal metabolism and a tendency 
towards obesity and metabolic dysregulation (Niedhammer et al. 1996), while nor-
mal C57Bl/6 mice housed in a 20-h photoperiod (T20) of 10-h light:10-h dark, show 
accelerated weight gain and disruptions in metabolic hormones (Karatsoreos et al. 
2011). While this approach clearly disrupts many body rhythms, it is important to 
note that in many models of circadian disruption, sleep loss is not observed, while 
in others sleep loss is a hallmark. In the T20 cycle described above, mice who are 
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disrupted show no sleep loss, but instead reduced sleep quality, more fragmented 
sleep, and a loss of “niche appropriate” sleep; that is they sleep more in the phase of 
the light–dark cycle (Phillips et al. 2015). In humans, even short duration misaligned 
circadian rhythms lead to acute changes in glucose homeostasis and metabolic func-
tion that are similar to prediabetic states (Scheer et al. 2009). Thus, understanding 
how mistimed sleep, not only sleep loss, affects metabolic function will be critical, 
especially under conditions of long-term space flight.

In addition to the effects on metabolic systems, the circadian system plays a key 
role in the immune function (see Chap. 9). Since the original work by Halberg et al. 
(1960), over the past 60 years evidence has accumulated that time of day and the 
circadian clock impact immune function (Fonken et al. 2015; Fortier et al. 2011; 
Labrecque and Cermakian 2015; Scheiermann et  al. 2018). A recent study by 
Gagnidze et al. (2016) takes these findings a step further by attempting to modulate 
potential underlying mechanisms of these circadian effects on immunity. Using 
vesicular stomatitis virus (VSV) intranasal infection as a model of viral-induced 
encephalitis, it was demonstrated that time of day has significant effects on survival, 
with mice infected at the start of their day phase showing significantly increased 
mortality, while mice infected at the start of their night phase showing significantly 
enhanced survival. Inactivation of REV-erb-alpha, an important molecular circadian 
clock factor, in the olfactory bulb completely mimicked the effect of day time infec-
tion, significantly reducing survival. While this study is one of many that demon-
strates the importance of the circadian clock in regulating immune responses, 
disrupted circadian timing has also been shown to modulate normal responses. 
Using circadian disruption as way to increase allostatic load, several groups have 
demonstrated that the response to lipopolysaccharide (LPS, a component of the 
bacterial cell wall that mimics a bacterial infection) is sensitive to disrupted circa-
dian timing (Adams et  al. 2013; Castanon-Cervantes et  al. 2010; Rahman et  al. 
2015). In the T20 model of disruption, while basal plasma cytokine responses are 
not significantly altered, the cytokine response to LPS challenge is clearly dysregu-
lated (Phillips et al. 2015). Thus, disrupting the circadian clock may serve as a low- 
grade allostatic load that alters immune responses, and once again demonstrates that 
circadian disruption may alter allostatic responses, and lead to distorted or ineffi-
cient physiological responses to additional environmental challenges.

While the metabolic and immune consequences of circadian disruption are clear, 
there are neurobehavioral consequences as well. Behaviorally, circadian disruption 
can contribute to cognitive impairments. In animal models of disrupted circadian 
timing, effects have been observed in both emotionality and cognitive functions. For 
instance, in the T20 cycle model of disruption, mice show an increase in impulsive- 
like behaviors, altered responses in novel environments (e.g. open field), and 
impaired cognitive flexibility (Karatsoreos et al. 2011). These changes are accom-
panied by reductions in medial prefrontal cortex (mPFC) pyramidal neuron den-
dritic complexity (Karatsoreos et al. 2011). Similarly, in a T7 light–dark cycle, mice 
show significantly impaired emotional function, coupled with reduced hippocampal 
learning, and reduced hippocampal long-term potentiation (LTP) (LeGates et  al. 
2012). Human studies reveal impairments that are very similar both qualitatively 
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and quantitatively. 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). Again, understanding the mechanisms involved in the neurobehavioral 
impairments of circadian disruption will be critical in the isolated conditions that 
are experienced during space flight. Eventually, when humans colonize Mars, they 
will be faced with a slightly longer solar day (24 h 37 min). This may present an 
important consideration in the housing environments of those early explorers.

4.8  The Brain 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 behavior. Effects of 
stress on the amygdala and prefrontal cortex will then be summarized.

4.8.1  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 Hypothalamic–pituitary–adrenal 
(HPA) axis. The hippocampus, which is interconnected with the amygdala and pre-
frontal 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 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 media-
tors can have deleterious effects on the hippocampus under conditions associated 
with chronic stress and allostatic overload, the most extreme being head trauma, 
seizures, stroke, and diabetes (Gold et al. 2007; McEwen 2007; Sapolsky 1992). 
Insulin action and insulin resistance in the hippocampus are very important for cog-
nitive function, depending only partly on modulation of glucose uptake (Biessels 
and Reagan 2015; Grillo et al. 2015).

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 
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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 vulnerable 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 granule 
neurons within just 7 days and contribute in multiple ways to the function and plas-
ticity of the hippocampus (Cameron et al. 1993; Cameron and McKay 2001; Gould 
and Gross 2002; Cameron and Schoenfeld 2018). There are many hormonal, neuro-
chemical and behavioral modulators of neurogenesis and cell survival in the dentate 
gyrus, including estradiol, androgens, 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) (Okamoto et al. 2012). 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) recep-
tors and endogenous opioids (for review, see McEwen 2007).

 An additional form of neuroplasticity is the remodeling of dendrites in the hip-
pocampus. Chronic restraint stress causes retraction and simplification of dendrites 
in the CA3 region of the hippocampus (McEwen 1999). Such dendritic reorganiza-
tion is found in both dominant and subordinate rats undergoing adaptation of psy-
chosocial 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 remodeling, but a complex set of other interacting factors that modulate 
neuronal structure. Indeed, in species of mammals that hibernate (see also Chap. 5), 
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 reversible within hours of wakening of the ani-
mals 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 associ-
ated with altered gene expression and mediated by multiple cellular and molecular 
pathways (McEwen et al. 2015).
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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 his-
tory of high perceived stress, chronic systemic inflammation, chronic jet lag, lack of 
regular 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, 2011).

4.8.2  Amygdala

A critical function of the amygdala in stressor-related processing involves the fear, 
anxiety and aggression. Sensory input is relayed through thalamic and cortical- 
thalamic pathways to the basolateral area and then to the central nucleus. As a pri-
mary output nucleus, the central nucleus turns on adrenalin and cortisol output and 
freezing behavior (LeDoux 2003). The central nucleus is also networked with corti-
cal areas involved in stressor-related processing, including the anterior cingulate 
cortex, 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 (Chattarji 
et al. 2015; 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 corticotro-
phin releasing factor (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 
chronic depression (Frodl et al. 2003; Sheline et al. 1998), as well as increased 
functional 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) and by an early life history of lower socioeconomic status (Gianaros 

4 What Is Stress?



32

et  al. 2008b) and leads to a predisposition to cardiovascular disease (Gianaros 
et al. 2008a). Moreover, not only is emotional reactivity affected, but consolida-
tion of fear-related memories is also impacted in humans by sleep deprivation 
(Menz et al. 2013).

4.8.3  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 (McEwen and Morrison 2013). For example, chronic stress causes dendritic 
shortening in medial prefrontal cortex (Dias-Ferreira et al. 2009; Liston et al. 2006; 
Radley et al. 2004; Wellman 2001), and also produce dendritic growth in orbitofron-
tal 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 remi-
niscent of recent work on experimenter versus self-administered morphine and 
amphetamine, in which different, and sometimes opposite, effects were seen on 
dendritic spine density in orbitofrontal cortex, medial prefrontal cortex, and hippo-
campus CA1 (Robinson and Kolb 1997). For example, amphetamine self- 
administration increased 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 chronic restraint stress (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 
the T20 circadian disruption 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 
chronic circadian disruption may not impair simple cognitive tasks; more complex 
tasks requiring 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).

B. S. McEwen and I. N. Karatsoreos



33

4.9  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 Chap. 
7);

 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 neuro-
nal loss (Sapolsky 1992).

4.10  Acute and Chronic Stress Effects on Immune Function

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; Dhabhar 2018; Prather 
et al. 2018). Moreover, the acute stress effect shows a dose-response in that an acute 
restraint plus shaking of the animal produces a larger enhancement of DTH than 
acute restraint stress alone (Dhabhar and McEwen 1997, 1999). In the hippocam-
pus, chronic restraint for 21  days 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 day) period of a 
more intense stress, namely, chronic immobilization, caused CA3 dendrites to 
shrink (Dhabhar 2018; Prather et al. 2018; Vyas et al. 2002).

4.11  Stress Controllability: An Important Consideration

The essence of the difference between “tolerable” vs. “toxic” stress (Box 4.1) 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, 
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“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. 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 midbrain serotonergic activity (Amat et al. 2005). Moreover, lack of con-
trol 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.

4.12  Space Flight, Microgravity, and Stress: A Unique 
Allostatic Load by the “Space Exposome”

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 as well as autonomic and immune 
system function (Chaps. 5, 8–11) (Alperin et al. 2017; Blanc et al. 2001; Hasan et al. 
2018; Roberts et al. 2017; Strollo et al. 1998; Tipton et al. 1996). Both short- and long-
duration space flight is associated with shifts in adrenocortical and immune system 
function (Crucian et  al. 2011; Stowe et  al. 2011). For instance, motion sickness 
induced by parabolic flight, is linked with reduced activity of the endocannabinoid 
system in humans (Chouker et al. 2010), an important regulator of the stress response. 
The experience of microgravity, which increases glucocorticoid 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 hippocampus (Sarkar et al. 2006). Further 
studies of brain regions involved in cognitive function and emotional control are war-
ranted. This is especially true for prolonged space flight where neuroendocrine 
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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) and changes of the body core temperature of about 1°C that 
developed gradually over 2.5 months in crew exposed to 6 months space flight on the 
ISS (Stahn et al. 2017; see also Chap. 26). 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 consequences of weightlessness and 
prolonged space missions. In this respect, space is providing a complex set of allo-
static loads as a consequence of being exposed to the “space exposome” the individ-
ual  has to adapt to. The “space exposome” can be defined—in extension of the 
definition by Wild (2012)—as the sum of every exposure to which the crew member 
is subjected in their mission, which become a function of the quality, the intensity, and 
duration of the impact to affect immunity (Crucian et al. 2018). Some of those effects 
can also be selectively mirrored in so-called space analog environments to assess 
some of the allostatic loads in extreme living conditions such as in Antarctica or in 
controlled isolation or bed-rest studies (Chaps. 36 and 37). Here the effects on stress 
hormone release, circadian rhythms, and sleep, as well as metabolism and tempera-
ture regulations have been conducted (Gander et  al. 1991; Harris et  al. 2010; 
Jacubowski et al. 2015; Mendt et al. 2017; Pattyn et al. 2017).

4.13  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 
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 to 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. 

4 What Is Stress?



36

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 both brain-dependent biological 
hormonal and neural mediators and peripheral functions with other direct gravita-
tional, metabolic, microbial, or radiation-dependent consequences of the stressful 
living conditions in space is important. For example, it is known that the circadian 
clock is very important in tissue responses to radiation-induced damage and cancer 
(Dakup and Gaddameedhi 2017; Wang et al. 2017). What could be the consequences 
of the combined allostatic load of disrupted circadian timing, increased radiation 
exposure, impaired inflammatory regulation, and increased psychological stress on 
the response of tissues and organs? Understanding that these systems interact, 
sometimes in unpredictable ways, is important as it provides us an insight into the 
complex processes of adaptation of human organ-systems. This is of importance in 
order to find the appropriate means to prevent the occurrence, or repair the negative 
consequences, of prolonged allostatic states and resulting allostatic overload. Such 
states can result from chronic disease, and also in space. The relevance of under-
standing these processes for crew on their way to long-duration exploration class 
missions is important not only in space but also here on Earth. Thus, knowledge of 
how organisms adapt to severe environmental challenges has both basic science and 
practical applied impacts in many different realms of exploration.
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5.1  Introduction

On cell level “stress consists of any physico-chemical alteration of the environment 
that interferes with cell functioning, potentially or actually producing damage. 
Stress elicits active cell responses that, according to cell type, and to type and extent 
of damage, aim at cell survival and/or cell – reparative response” (Cerella et al. 
2010). The quality of stress seems to be of minor significance for the resulting 
symptoms (Selye 1936); therefore, stresses generated on Earth could well be used 
as predictors for stresses expected during space missions.

Stresses are unavoidable. Keeping an organism alive requires chemical and phys-
ical reactions and these produce entropy, i.e. dysfunctional molecules. Dysfunctional 
genes or molecules themselves are stressors for the organism, cells, and tissues. 
Therefore, stresses originate not only from the environment but also from the activ-
ity of cellular organelles themselves. A large range of countermeasures against 
restriction of function and to cope with stresses has been developed: Repair mecha-
nisms, increased resistance against deleterious stresses, elimination of dysfunc-
tional molecules, organelles, and cells. These countermeasures warrant homeostasis 
of cells and tissues and maintenance of the physiological functions within an 
organism.

Mitochondria are key players in the production of physiological stresses as well 
as in fighting the consequences of external and internal attacks to cellular viability. 
Furthermore, they are also targets for external stressors like radiation damage (see 
Chap. 20), hypoxia (Chap. 16), and nuclear dysfunction because more than 90% of 
their proteins are coded within the nucleus. Mitochondria are central in the network 
of processes resulting in apoptosis, in aging and in neurodegenerative diseases. The 
relative amount of mitochondria per cell varies depending on the energy require-
ment of the specific cell types and mitochondria often are in close contact to struc-
tures with high demand of ATP like the endoplasmatic reticulum (ER), the basal 
convolute in proximal kidney tubules, synaptic structures in nerves and they are 
wrapped around the nucleus as seen in many cells in culture, for review see (Bereiter- 
Hahn et al. 2008). Although mitochondria mostly exist as single entities, they may 
fuse and divide continuously and by this mitochondrial material (proteins as well as 
DNA) underlies a continuous mixing process. Sometimes mitochondria fuse to 
form a few huge, branched organelles (Fig. 5.1a, b). These observations justify the 
term chondriome because all single mitochondria contribute continuously to the 
whole mitochondrial system within a cell.

5.2  Free Radicals: Stressors Produced Within Cells

Reactive oxygen species (ROS) are produced by mitochondria and peroxisomes, 
whereas mitochondria generate the majority of ROS in the respiratory chain com-
plexes I and III. ROS can act as signaling molecules as well as damage molecules, 
depending on the ROS species and concentration (Scialo et al. 2013). One of the 
main targets of ROS are the mitochondria themselves. Damage to mitochondria 
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Fig. 5.1 Comparison of the reaction of mitochondria in young (proliferation active) HUVEC and 
senescent HUVEC (stationary, nonproliferating) to external stress: irradiation by green light which 
is strongly absorbed from mitochondria selectively stained with Mitotracker Red (MTR, 25 nM). 
Controls were stained but not irradiated (control S), or irradiated without MTR staining (control I), 
or MTR stained and irradiated (0.3  J/cm2). 8  h after irradiation, the mitochondrial membrane 
potential was analyzed using the dye DASPMI. Both controls in both cell cultures show strong 
DASPMI fluorescence in the mitochondria, indicating a high membrane potential. (a) In prolifera-
tion of active (“young”) cell cultures mitochondria appear shorter and less interconnected than in 
senescent cells (b) and 8 h after irradiation of MTR-stained cells mitochondria are fragmented, 
appearing as red points in the MTR image and are no longer stainable with DASPMI which was 
released to the cytoplasm revealing loss of membrane potential. (b) Senescent (stationary) HUVEC 
cultures. Equal relative mitochondrial MTR fluorescence in young and old HUVECs was reached 
by an increase in MTR staining concentration for old cells from 25 to 40 nM. The very long mito-
chondria are intensively interconnected. After 8 h, mitochondria in both controls and irradiated 
cells appeared unaltered and exhibited comparable DASPMI fluorescence, indicating that the 
membrane potential remained intact (From Mai et al. 2010 with permission). (c) Young HUVEC 
transfected with GFP-LC3 and stained with MTR, 72 h after irradiation: Extensive mitophagy is 
seen: read mitochondrial remnants are surrounded by green fluorescence from GFP-LC3-II which 
participated in the formation of autophagic vesicles. Two confocal laser scan images taken at dif-
ferent focus levels from the same cell area (From Mai et al. 2012 Suppl., with permission)

5 Environmental Stress: Mitochondria as Targets and Stressors in Cellular Metabolism



46

increases ROS production and this creates a vicious circle of mitochondrial ROS 
production and ROS-induced oxidative damage to mitochondria, which can contrib-
ute to aging as was summarized by the mitochondrial free-radical hypothesis of 
aging (Harman 1956, 1972).

Mitochondria are especially sensitive to ROS due to their proximity to the place 
of its generation. Furthermore, mitochondrial DNA (mtDNA) is not protected by 
histones and it possesses poor repair capacities compared to nuclear DNA (Weissman 
et al. 2007). This correlates with data implying that damaged mtDNA can induce 
premature aging in animal models (Trifunovic et al. 2004, 2005). Numerous experi-
mental studies in old cells and tissues demonstrate increased ROS levels, mutations 
of mtDNA, an increase of oxidatively modified cellular and mitochondrial proteins, 
and increased accumulation of damaged mitochondria, thus supporting the mito-
chondrial free-radical hypothesis of aging.

As a comparison between young and old, postmitotic human umbilical vein 
endothelial cells (HUVEC) showed an age-dependent increase of ROS. Consistent 
with these data, old cells exhibited decreased mitochondrial membrane potential 
and increased oxidative damage to the mtDNA. Furthermore, cellular proteins of 
old HUVEC were also characterized by oxidative modifications (carbonylation, 
AGE modifications) (Unterluggauer et al. 2007; Jendrach et al. 2005). Interestingly, 
fibroblasts isolated from long- and short-lived birds (pigeon embryonic fibroblast 
(PEF) and chicken embryonic fibroblasts (CEF), respectively) showed no increase 
in ROS in old age and in correlation with this data no increase in ROS-mediated 
damage (carbonylated proteins and damage to mtDNA) was detected in old avian 
cells (Strecker et al. 2010).

A direct test of the mitochondrial free-radical hypothesis of aging was a short- 
term treatment of young HUVEC with hydrogen peroxide. The transient increase in 
the ROS content after hydrogen peroxide addition caused a concentration- dependent 
induction of deletions and strand breaks of the mtDNA. Consistent with data show-
ing premature aging as a result of mtDNA damage (Trifunovic et al. 2004, 2005), 
replicative lifespan of the cell population treated with hydrogen peroxide was evi-
dently reduced compared to untreated cells in vitro (Jendrach et al. 2008). Thus, 
these findings support the mitochondrial free-radical hypothesis of aging for human 
cells in vitro and imply an important role for ROS in human aging.

5.3  Fission and Fusion of Mitochondria Represent  
Dual Stress Responses

Following the rule that the extent of stress and not the quality of stress determines the 
reaction, responses of endothelial cells to a very general stimulation—shear stress—
can be compared to a stress regime hitting selectively mitochondria in endothelial 
cells. Bretón-Romero et  al. (2014) exposed endothelial cells of various origins 
(human umbilical vein, bovine aorta) to fluid shear stress (12 dyn/cm2). This treat-
ment resulted in mitochondrial fission within 30 min, increased ROS production, 
decreased respiration, and increase in mitochondrial membrane potential. Fission is 
preceded by recruitment of dynamin-related protein 1 (Drp1) to the outer 
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mitochondrial membrane, most probably as a consequence of the higher level of Ca2+ 
provoked by the shear stress acting along the axis ROS—mitochondrial Ca-uniporter 
(Alevriadou et al. 2017). Fragmentation of mitochondria by Drp1-mediated fission is 
a very general reaction following stress exposure of cells (Youle and Van Der Bliek 
2012) and may precede apoptosis. However, apoptosis is not a necessary conse-
quence of mitochondrial fragmentation, and fission is not a one-way process as was 
shown by application of ROS to the culture medium of human endothelial cells. This 
induces extensive fragmentation of mitochondria, but within 2  days fragmented 
mitochondria either became degraded by mitophagy or they fused again and by this 
return to “normality” when fusion and fission events balance each other. On the tran-
scriptional level, fusion and fission factors become elevated and Peroxisome prolif-
erator-activated receptor gamma coactivator 1 (PGC-1) based mitochondrial 
biogenesis may be stimulated demonstrating the transient character of mitochondrial 
impairment under the experimental stimuli used (Jendrach et al. 2008).

Fusion and fission underlie both the exchange of proteins and mtDNA between 
mitochondria (Muster et al. 2010; Busch et al. 2006; Sato et al. 2006; Ono et al. 
2001; Ishihara et al. 2003; Arimura et al. 2004). This immense mixing process runs 
through the filter of mitochondrial membrane potential, only those parts retain the 
ability to fuse and to become reintegrated into the chondriome which are able to 
develop membrane potential (Priault et al. 2005; Elmore et al. 2001; Legros et al. 
2002) while dysfunctional mitochondria are prone to degradation via autophagy 
(Twig et al. 2008; Mai et al. 2012).

After depolarization, Parkin—which plays a critical role in ubiquitination—is 
recruited and binds to stabilized PTEN-induced putative kinase 1 (PINK1) on the 
outer mitochondrial membrane (Lazarou et al. 2012; Okatsu et al. 2015), initiating 
selective elimination of dysfunctional parts of mitochondria (Narendra et al. 2010; 
Bereiter-Hahn and Jendrach 2010). The mechanism of gathering dysfunctional pro-
teins to one zone which then can be selected and eliminated is unclear. Measurements 
of protein diffusion within mitochondria (Sukhorukov et al. 2010; Sukhorukov and 
Bereiter-Hahn 2009) revealed the existence of mobile and immobile fractions, but 
these data were not achieved in relation to functionality. Monte Carlo simulations 
using computational randomness algorithms showed that cristae junctions are prone 
to act as regulators for protein diffusion within the membrane (Sukhorukov and 
Bereiter-Hahn 2009). But nothing is known whether these junctions act to trap dys-
functional proteins.

Elongation of mitochondria has been found to provide increased resistance against 
disturbing metabolic conditions, and prevents from autophagic degradation (Gomes 
et al. 2011). Senescent endothelial cells no longer shuttle their mitochondria between 
cell center and periphery. Endothelial cells in culture are flat and well spread, cover-
ing a large area, which is much larger in old cells than in those still proliferating. Two 
adaptive mechanisms improve survival with this microstructure: ATP production 
largely is fueled by glycolysis (Bereiter-Hahn et  al. 1995; Bretón- Romero et  al. 
2014; Tillmann and Bereiter-Hahn 1986) and in senescent cells mitochondria form a 
stable network of very long and interconnected mitochondria (Fig. 5.1b). Fission is 
strongly reduced (Jendrach et al. 2005), thus this chondriome must survive with its 
dysfunctional proteins. Cessation of intracellular mitochondrial trafficking preserves 
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these elongated and interconnected mitochondria from PINK1/Parkin-mediated 
accumulation in the perinuclear region associated with autophagy (Vives-Bauza 
et al. 2010). On the other hand the extremely large size achieved by extensive fusion 
spreads electron transport and ATP production throughout the whole chondriome, 
i.e. the proton gradient can spread over the whole structure and where ever intact 
oxidative phosphorylation sites are present, those are fueled to produce ATP. A sim-
ple experiment visualizes this situation (Fig. 5.1): When irradiated with green light, 
mitochondria selectively stained with the fluorochrome “Mitotracker Red” loose 
membrane potential and fragment in a Drp1- dependent manner in proliferating cells 
with many medium sized or small mitochondria, and extensive mitophagy is evoked 
(Fig. 5.1c), whilst the large mitochondrial network in senescent cells remains stable 
and keeps a high level of membrane potential (Fig. 5.1b). Thus the extensive connec-
tion compensates the irradiation damage. The mechanism of this behavior is based 
on upregulation of the kinase PINK1 following aging-related downregulation of 
Drp1 (Mai et al. 2010). PINK1 becomes bound to the outer mitochondrial membrane 
and phosphorylates the mitochondrial chaperon TRAP1 which confers resistance 
against oxidative stress-induced apoptosis and reduces mitochondrial ROS produc-
tion (Hua et al. 2007).

Elongation of mitochondria not only results from downregulation of Drp1 but 
also requires the interaction mitofusin (MFN1) and optic atrophy protein 1 (OPA1) 
in mammals (Romanello and Sandri 2015). The fact that OPA1 acts as a physical 
sensitivity sensor in skeletal muscle and its deficiency promotes degeneration of 
mitochondria, sarcopenia, and premature aging (Tezze et al. 2017) underlines the 
protective role of mitochondrial elongation increasing stress resistance. OPA1 defi-
ciency only in skeletal muscle is sufficient to induce a systemic catabolic program 
and early death via ER stress (Tezze et al. 2017).

A molecule which is intensively discussed for its proposed anti-aging activities is 
resveratrol (see Chaps. 13 and 33). A recent study on the cardiomyocyte cell line H9c2 
which can be transferred to senescence in presence of d-galactose reveals—in addition 
to its multiple effects on mitochondrial mass—the strong influence of resveratrol on the 
control of mitochondrial fission and fusion (Ren et al. 2017): Extensive mitochondrial 
elongations are considered to reduce the efficiency of ischemic preconditioning (IPC) in 
senescent cardiomyocytes. Resveratrol restores IPC activity in D-galactose- induced 
senescence in this cardiomyocyte cell line by increasing Drp1 expression. In this situa-
tion senescent cells also become more sensitive against Carbonylcyanide 3-chloro-
phenylhydrazone (CCCP)-induced depolarization (Ren et al. 2017).

5.4  Hypometabolism as a Countermeasure  
to Avoid Mitochondrial Stresses

The differentiation and proliferative status of cells is closely linked to energy metab-
olism. Mitochondria play a central role in this control process. Aged cells or quies-
cent cells are characterized by low metabolism but can be activated for entering a 
proliferative state. Among mitochondrial proteins the LACTB/PSID equilibrium 
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(Keckesova et al. 2017; Torrano and Carracedo 2017) is a key player for quiescence/
proliferation transition. The mitochondrial protein lactamase beta (LACTB) potently 
inhibits proliferation of tumor cells and prevents formation of tumor cells from nor-
mal tissue by altering mitochondrial lipid metabolism via reduction of mitochondrial 
phosphatidylethanolamine synthesis (Keckesova et al. 2017). LACTB is a protease 
with functional connection to phosphatidylserin decarboxylase (PSID). Cells over-
expressing LACTB show reduced mitochondrial membrane potential and ATP levels 
and increased ROS production. Evasion from this metabolic state typical for prolif-
erative quiescence can be supported either by downregulating LACTB or disconnect-
ing PISD from the negative control by LACTB (Torrano and Carracedo 2017).

Organisms might be exposed to extreme environmental situations, i.e. heat or 
cold, lack of nutrients, long lasting diving and apnea or any forms of lack of oxygen. 
In all these situations reduction of metabolism provides a chance to survive such 
adverse conditions as long as they are transient (Storey 2015; Gorr 2017). 
Hypometabolism is a physiological state with reduction of protein synthesis, growth 
and proliferation activities on the energy consumer side and corresponding reduction 
of ATP delivery on the side of “energy production” by metabolic pathways produc-
ing ATP. Energy demand is very different in different organs; therefore, hypometabo-
lism is not a general property of the same extent in all organs of an organism, even 
not within all tissues of an organ. Functional reductions of some organs are life 
threatening (e.g. brain, heart) while others can be tolerated much better, i.e. in skel-
etal muscle. Mitochondria are the main source of ATP in aerobic organisms. Their 
activity will be restricted by low oxygen concentration (in case of hypoxia) as well 
by internal organismic factors reducing electron transport and ATP production. These 
intrinsic conditions are responsible for hypometabolism in response to fasting or by 
torpor in estivating and hibernating animals.

5.4.1  Hypoxia

The basic form of forced hypometabolism is hypoxia (see Chap. 16). However, 
hypoxia cannot be defined by a single limit of oxygen concentration. Isolated mito-
chondria, regardless of their origin, may respire with almost constant speed down to 
very low oxygen concentrations (Gnaiger et al. 1998), whilst whole cell respiration 
may follow kinetics close to Michaelis Menten kinetics as we showed for adhering 
human proximal kidney tubule cells (hPTC) in culture (Fig.  5.2), but the distal 
tubule cells were almost insensitive to oxygen concentration variation and reached 
their 50% respiratory activity at lower oxygen saturation (19% instead of the Km at 
26% O2 saturation of hPTC).

The difference of respiration of mitochondria and of whole cells on oxygen con-
centration may be due to the additional membrane barrier and surrounding cyto-
plasm restricting diffusion of oxygen into mitochondria and to regulation of 
respiration by energy-consuming activities within cells (Gnaiger et al. 1998). Within 
living cells many factors control respiration and which are missing after mitochon-
dria have been isolated.
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Because most of the oxygen is consumed in mitochondria, these organelles are 
key control elements. Hypoxic responses in metabolism go in parallel with rear-
rangements of proteins in respiratory complexes to keep mitochondria intact during 
low oxygen conditions, inhibition of mitochondrial fusion due to MFN2 degrada-
tion by the mitochondrial ubiquitin ligase MARCH5 (Kim et al. 2015) and with 
increased mitophagy (Fuhrmann and Brune 2017). At least three organs act as sen-
sors for whole body hypoxia in mammals, the carotid body, lung, and epidermis. In 
all these cases mitochondrial ROS trigger the response involving activation of 
hypoxia-induced factor-1 (HIF-1) (Guzy et al. 2005). Hampering electron transport 
by reduced oxygen supply increases ROS production. ROS induce contraction of 
pulmonary arterial smooth muscle cells (PASMC) by causing release of Ca2+ from 
smooth ER (sER) and thus activating myosin kinase which promotes myosin-actin- 
based contractions (Weir et al. 2005). This sequence is specific for PASMC, most 
other smooth muscle cells reduce their contractile force in response to hypoxia and 
by this facilitating oxygen delivery to hypoxic tissues (Weir et al. 2005).

Oxygen supply of epidermis cells in humans is provided exclusively from the 
surrounding air, and this cell type consumes a very small amount of oxygen (Stucker 
et  al. 2002) but epidermis plays a pivotal role in systemic response to hypoxia 
(Boutin et  al. 2008). Hypoxia activates dimerization of the transcription factor 
HIF-1α with HIF-1β and by this shifts energy metabolism from oxygen consump-
tion towards glycolysis (Papandreou et al. 2006; Tello et al. 2011) and starts trans-
activation of hundreds of target genes that are vital for proliferation, glycolysis and 
metastasis, as are e.g. phosphoglycerate kinase-1 (PGK1), carbonic anhydrase 9 
(CAIX), vascular endothelial growth factor (VEGF), glucose transporter 1 (Glut1) 
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Fig. 5.2 Oxygen consumption of human proximal kidney tubule cells adhering to a solid substrate 
in relation of oxygen concentration of the culture medium follows Michaelis Menten kinetics. 
Because of the attachment to a solid surface diffusion ways of oxygen are very small and cytoskel-
eton organization corresponds better to the in situ situation than in suspended cells used for the 
Oroboros oxygraph (Luttropp et al. 2011)
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and plasminogen activator inhibitor 1 (Pai1) (Semenza 2012; Hamanaka et  al. 
2016). This process strongly depends on mitochondrial ROS production: In mouse 
epidermis under normoxic conditions degradation of the transcription factor HIF-1α 
by prolyl hydroxalases (Kaelin Jr. and Ratcliffe 2008) and ubiquitinilation keeps its 
level low despite continuous expression as revealed by mRNA levels. Low oxygen, 
mitochondrial ROS production and tricarboxylic cycle intermediates have been 
shown to inhibit prolylhydroxylases (PHDs) and thus stabilize HIF-1α which then 
can dimerize with HIF-1ß and activate HIF-target genes. In addition the dimer pro-
motes cutaneous vasodilation directing blood flow toward the body periphery and 
by this potentiates the hypoxic responses in the internal organs (Hamanaka et al. 
2016). Renal HIF-2α increases renal erythropoietin production and finally supports 
chronic hypoxia tolerance, enhances erythrocyte production and changes in metab-
olism which seem to be involved in reduced cancer mortality in high altitude (hypo-
baric conditions) (Thiersch et al. 2017) and immune sensitization (Feuerecker et al. 
2018). On the other hand hypoxic areas in tumors contain elevated HIF-levels acti-
vating tumor growth while inhibition or loss of HIF-1α decreased tumor growth 
(Semenza 2012).

Insufficient oxygen supply is a severe health risk, i.e. for coronary artery diseases 
and hypertension. Ischemia and reperfusion (I/R) evoke tissue damage e.g. in brain, 
heart, kidney, intestine and traumatic/hemorrhagic shock. The severity of tissue 
damage (e.g. infarct volume) depends on the extent and duration of ischemia. 
Although extravasation and infarct can be identified only after start of reperfusion, 
the underlying events have to be described in a holistic way, understanding ischemia 
and reperfusion as one process. I/R represent severe mitochondrial stress on the 
organ and tissue level. Reduced availability of oxygen increases mitochondrial ROS 
production, decreases mitochondrial membrane potential and interacts with mito-
chondrial Ca2+ handling. Only high concentrations of ROS may be detrimental by 
oxidizing proteins, and initiating apoptosis when opening the mitochondrial perme-
ability transition pores, whilst at low concentration ROS are important signaling 
molecules. Anaerobic proton production during ischemia results in acidification of 
the cytoplasm which is buffered by Na+/H+ exchange between the extracellular and 
intracellular space where Na+ accumulates because Na+/K+ exchange does not work 
anymore because of reduced ATP availability (Murphy et al. 1991, 1999). In this 
situation the Na+/Ca2+ exchange becomes reversed, Ca2+ enters the cytoplasm, its 
reuptake by the ER is hampered. ATP generated by glycolysis might be used to 
generate mitochondrial membrane potential used for taking up Ca2+ into mitochon-
dria. On reperfusion the reestablished mitochondrial and plasmalemmal membrane 
potentials are used to extrude H+ and Na+ from the cytoplasm and Ca2+ from mito-
chondria. Close apposition of sER and mitochondria is the structural basis of regu-
lated Ca2+ shuttling between both. Release of Ca2+ from the sER and mitochondria 
cause cytoplasmic overload by Ca2+, inducing opening of the mitochondrial perme-
ability transition pore (MPT), break down of mitochondrial membrane potential and 
finally release of cytochrome c, inducing apoptosis or other forms of cell death 
reviewed by (Murphy and Steenbergen 2008; Kalogeris et al. 2012). This pathway 
is not restricted to myocytes, it strongly affects endothelial cells as well, where it is 
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potentiated by eNOS and by shear stress also promoting fragmentation of mito-
chondria (Giedt et al. 2012). This reperfusion injury is a multifactorial event com-
prising rise in ROS, Ca2+ overload, opening of the MPT (Ong et al. 2015), endothelial 
dysfunction and finally inflammatory responses (Kalogeris et al. 2012). However, 
the sensitivity of cells against I/R differs depending on their differentiation state 
(Hidalgo et al. 2018).

I/R-related damage can be diminished by preconditioning which may reduce 
ischemic acidosis, decrease ATP consumption, retard decline of mitochondrial 
membrane potential and release of agonists binding to G-protein receptors and acti-
vation of a series of kinases (e.g. MAPK, ERK, AKT, PKC) (Murphy and 
Steenbergen 2008). In humans, cardiac preconditioning is lost beyond 1  h until 
sustained ischemia, but a second window of increased resistance was described to 
occur approximately 24  h after preconditioning (Yellon and Baxter 1995; Rizvi 
et al. 1999). Protein kinases participate in I/R injury in a very complex manner. For 
cardiomyocytes, Piper et  al. (2008) distinguish reperfusion salvaging kinases 
(RISK) and reperfusion injury-causing kinases (RICK). Inhibition of these kinases 
attenuates I/R injury (Kalogeris et al. 2012; Park et al. 2001). The RISK pathway 
PI3K-Akt-eNOS-PKG exerts salvaging function even if activated in a post- 
conditioning manner during reperfusion by targeting sER and mitochondria simul-
taneously and protecting MTP from opening (Piper et al. 2008). Another principle 
of preconditioning is exposure to heat which initiates increased expression of heat 
shock proteins (Hsp) which exert multiple salvaging activities (Hutter et al. 1994; 
Sammut et  al. 2001; Sammut and Harrison 2003). In rats heating to >41°C for 
35  min induced Hsp72 providing infarct size reduction on I/R-induced damage 
(Hutter et al. 1994), such a salvaging effect was also observed on overexpression of 
Hsp70 (Williamson et al. 2008).

Under ischemic/hypoxic situations mitochondrial functions can be stabilized 
with those substances reducing ROS and interfering with the deleterious pathways, 
e.g. by activation of Mn-superoxide dismutase (Jung et al. 2009). A substance with 
a broad range of activities against mitochondrial damage is melatonin. It reduces 
ROS production, keeps high mitochondrial membrane potential, reduces cyto-
chrome c release and membrane permeability, and thus apoptosis. These actions 
have been shown to protect neuronal tissues from injury during the reperfusion 
phase (Hamada et al. 2010; Andrabi et al. 2004; Revuelta et al. 2016; Wakatsuki 
et al. 2001; Watanabe et al. 2004), however more recent results indicate that proba-
bly only astrocytes and not neurons may be rescued (Berger et al. 2016). The benefi-
cial influence of melatonin also led to reduction of myocardial infarct in rats (Hu 
et al. 2017; Petrosillo et al. 2006) and reperfusion injury in liver and other (Ma et al. 
2017). See in this chapter below at Sect. 5.5.

Hibernating animals regularly undergo I/R cycles. Blood flow of tissues 
declines dramatically during torpor, but during arousal from torpor reperfusion 
takes place. Hibernators during the hibernation season appear to be resistant to 
the deleterious effects (Kurtz et al. 2006) which even might extend to euthermic 
situations as was shown for the arctic ground squirrel (Spermophillus parryii) 
(Dave et al. 2006).
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5.4.2  Calorie Restriction and Torpor

Calorie restriction (reduction by approx. 30% of the ad libitum level and otherwise 
balanced nutrition; abbrev. CR) is the most successful intervention prolonging 
lifespan. This effect has been shown for almost all organisms from yeast to fungi, 
worms, insects to humans. Also longevity of cell cultures can be prolonged by 
reduced glucose availability. CR decreases electron flux, mitochondrial membrane 
potential and ROS production and thus the deleterious actions of free radicals 
(Lopez-Lluch et al. 2006) while retaining ATP production. This goal is reached by 
activation of mitochondrial biogenesis stimulated by peroxisome proliferation acti-
vated receptor coactivator 1 (PPAR 1) and the silent information regulator (SIRT1) 
stimulating PGC-1α (Masuda et al. 2017). Cells shift from excessive turnover to 
lowered basic energy metabolism with high efficiency of increased mass of mito-
chondria, but less ROS production and by this attenuate age-dependent endoge-
nous oxidative damage (Lopez-Lluch et  al. 2006). Similar results have been 
described for humans exposed to 25% CR either with or without physical exercise. 
Individuals with CR showed decrease in energy expenditure and reduced DNA 
damage although the activity of key mitochondrial enzymes of the tricarboxylic 
acid (TCA) cycle and electron transport chain were unchanged, but expression of 
some genes (e.g. SIRT1, eNOS, PPAR, GC1A) involved in mitochondrial function 
was enhanced (Civitarese et al. 2007).

In parallel CR activates autophagy (Wojtovich et  al. 2012) and mitophagy in 
particular, the second strategy attenuating oxidative stress by eliminating dysfunc-
tional mitochondria. However, mitochondrial elimination by mitophagy may be 
counteracted by elongation of mitochondria: starvation increases cAMP levels acti-
vating PKA which renders Drp1 inactive by phosphorylation as was shown for 
mouse embryonic fibroblasts (Gomes et al. 2011).

It could be shown that overexpression of three specific autophagy genes (ATG5, 
ATG8F and ATG12), but not of the Lysosomal-associated membrane protein 1 
(LAMP-1) resulted in an enhanced protection against oxidative stress, an increased 
mitochondrial fitness and an extended replicative life span of two in vitro aging cell 
models (HUVEC and CEF) (Mai et al. 2012; Strecker et al. 2010).

Torpor is characterized by an intrinsically controlled reduction of metabolic rate 
(MR) (measured as oxygen consumption per body weight; heart rate or ventilation 
frequency may also be used as a measure of MR), linked with a controlled decrease 
of body temperature, which in small mammals may closely approach low ambient 
temperature but in larger mammals may become reduced by a few degrees only. 
These changes certainly involve mitochondria. Whether mitochondria themselves 
play a key role in the control of torpor or whether they are primarily targets of con-
trol mechanisms (e.g. respiratory substrate availability) is still under debate. How 
should mitochondrial activity changes during torpor and inter-torpor bouts be char-
acterized, what represents the correct baseline? Most studies on mitochondrial 
changes during torpor addressed these questions only marginally, i.e. mitochondria 
isolated from organs in small animals act at very low temperature, should their 
activity be measured at 37°C or at lower temperatures? Furthermore, metabolic 
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activities differ among different organs. Another problem is the influence of isola-
tion of mitochondria on their metabolic activities, which may differ considerably 
from the situation in situ. Measurements of oxygen consumption of tissue slices did 
not compare properly with state 3 and state 4 differences revealed from isolated 
mitochondria (Gallagher and Staples 2013).

In topor MR decrease by 65–98% below basal MR results from a suppression of 
body functions (demand of metabolic energy) and a reorganization of metabolic 
pathways i.e. a shift from glycolysis to lipolysis, reduction of mitochondrial activity, 
and suppression of gene expression and protein synthesis. MR reduction obviously is 
limited to a basic level of oxygen consumption per unit body weight common to all 
mammals. Seasonal hibernation and daily torpor are considered to rely on the same 
principles although MR in daily torpor often does not go as deep as in hibernation.

Denning bears show a moderate reduction in body temperature only, they pre-
serve some reduced reactivity to environmental stimuli but do not interrupt their 
period of quiescence if not being disturbed (continuous torpor). Some authors still 
consider strong reduction of body temperature a key element for torpor, neglecting 
that reduction of body temperature follows metabolic rate decrease, which therefore 
represents the basal event (Heldmaier et al. 2004; Watts et al. 1981). This type of 
torpor is considered a useful model for humans subjected to a state of 
hypometabolism.

On the side of ATP availability the shift from glycolysis to lipolysis (β-oxidation) 
and reduced mitochondrial activity are limiting the supply. Reduction of glycolytic 
enzymes is achieved by posttranslational modifications. Reduction of succinate 
dehydrogenase (SDH) is at least in part due to high levels of oxaloacetate during 
torpor (Armstrong and Staples 2010). During entrance into torpor of the 13-lined 
ground squirrel (Ictidomys tridecemlineatus) respiration of liver mitochondria is 
rapidly suppressed by 70% relative to the interbout situation (Mathers et al. 2017). 
Whilst the total amount of proteins of the electron transport chain remains 
unchanged, electron flux through complexes I–IV and II–IV was suppressed by 
40/60% respectively, but complexes III–IV and IV remained unaltered (Mathers 
et al. 2017). These observations coincide with reduction of state 3 respiration (state 
of phosphorylation) of mitochondria from the liver and skeletal muscle of 13-lined 
ground squirrels with succinate as a substrate (Brown et al. 2012). When measured 
at 37°C the decline was 70% and 30% respectively, cooling mitochondria down to 
10° reduced state 3 respiration by 88% relative to IBE (interbout euthermia). Also 
state 4 respiration is reduced, although less.

Suppression of metabolism appears to be invoked quickly during entrance into 
torpor—when body temperature still is high—but reversal during arousal is slow, 
therefore Staples (Staples 2014) proposes enzyme-mediated posttranslational modi-
fication of electron transport complexes e.g. by phosphorylation or acetylation. This 
still is an open question because no torpor specific protein phosphorylation has been 
identified in 13-lined ground squirrel liver mitochondria, although F1-ATPase and 
long chain-specific acyl-CoA dehydrogenase and ornithine transcarbamylase 
showed seasonal (summer/winter) differences in phosphorylation of threonine and 
serine residues (Chung et al. 2013).
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Liver mitochondria from torpid animals showed increased ROS production with 
succinate and malate-glutamate at 37°C but this strongly depended on temperature. 
Thus at low body temperature which is typical for torpid squirrels, most probably 
ROS production will decline to lower levels than in euthermic conditions (Brown 
et al. 2012). Together with increased level of antioxidants during torpor and arousal 
in hibernators, this explains the resistance against I/R injury mentioned above which 
became even more prominent by comparing preservation of liver grafts from rats 
and squirrels stored at 4°C up to 72 h and then reperfused with 37°C buffer in vitro. 
Lactate dehydrogenase (LDH) release within 60  min was the measure to assess 
integrity of the grafts. After 72 h cold storage, livers from hibernators showed better 
maintenance of mitochondrial respiration and bile production and released 37-fold 
less LDH than rat livers and only 1/10 of summer livers (Lindell et al. 2005). This 
observation is only one example for improved stress resistance of hibernator’s 
organs. Hibernators cannot afford to arouse with dysfunctional organs, thus mecha-
nisms have been developed for resistance against ionizing radiation and organ dis-
use. The exact mechanisms how this is achieved are not known yet, but some key 
factors can be identified: the low ROS production and general reduction of metabo-
lism during torpor, strong antioxidant production in early arousal and stimulation of 
autophagy during arousal. Similarities between intermittent ischemia used for pre-
conditioning against I/R and remodeling related to hibernation have been termed 
“myocardial hibernation” (Kalogeris et al. 2012), however this terminology is a bit 
misleading if we consider the profound changes occurring during torpor.

5.4.3  Comparison of Fasting and Torpor

In both situations (Fig. 5.3), fasting (long lasting CR) and in torpor nutrient uptake 
is interrupted, requiring similar adaptations of metabolism affecting mitochondria 
which finally support longevity and resistance against external stresses (Raffaghello 
et al. 2010). Comparison of metabolic rates during euthermic fasting and torpor in 
dwarf Siberian hamsters (Phodopus sungorus) and in euthermic mice showed low-
ered state 3 respiration in both situations but quantitatively different. The same was 
true for ROS production with glutamate as substrate but with succinate only mito-
chondria from torpid animals showed increased ROS production as 37°C (Brown 
et al. 2012). Shift from glycolysis to lipolysis and inhibition of growth hormone 
release as well as Insulin-like growth factor (IGF)-1 activity are reactions in com-
mon to both metabolic states. These result e.g. in reduction of blood glucose levels 
and activities of the different MAPKinases. Stabilization of blood glucose levels 
also under starvation is reached by serotonin release from pancreatic cells (Wyler 
et  al. 2017). Differences are apparent for organ integrity, i.e. muscle mass and 
strength which will be reduced on fasting but seems to persist even during long 
periods of torpor in hibernation when tissue integrity is widely preserved. This dif-
ference can be explained in part by the differences in autophagy, which becomes 
strongly activated during fasting whilst it is reduced during torpor and becomes 
stimulated only during phases of arousal and readaptation to euthermic conditions. 
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Fig. 5.3 Main metabolic pathways affected by starvation (fasting) and torpor. In both cases food 
intake is strongly reduced or absent which results in similar inhibitions of metabolism i.e. inhibi-
tion of glycolysis, insulin-like growth factor (IGF), and mitogen-activated protein kinase (MAPK) 
pathways and thus growth. Two main differences are obvious: metabolic rate becomes severely 
reduced in torpor but not in fasting, and autophagy is activated in fasting conditions by several 
pathways, the Sirt1-Foxo-way activating pro-autophagic gene, proteasomal degradation of p53 a 
potent inhibitor of autophagy, or via cAMP-dependent kinase (AMPK) and by the direct Sirt1- 
based activation of autophagy-related genes (ATG). This is not the case as long as torpor lasts; 
however, on arousal autophagy also increases. Both situations result in prolonged life span. The 
fasting way because of degradation of dysfunctional cells and their renewal when feeding situation 
improved, in torpor reduction of metabolic rate adds to life span
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A further factor preserving tissue integrity is the high concentration of antioxidants 
in hibernators, of H2S in particular. Autophagy together with apoptosis is a process 
supporting longevity because disintegration of dysfunctional proteins and cells acts 
as a rejuvenation process when followed by regeneration phase with nutrition suf-
ficient to fuel all life processes. This is also shown by the close relationship between 
mitochondrial biogenesis stimulated by PGC-1α and muscle growth (Romanello 
et al. 2010). cAMP-dependent kinase (AMPK) can stimulate mitochondrial biogen-
esis via PGC-1α and as well autophagy when phosphorylated as is the case on 
starvation (of mice) (Romanello et al. 2010). ROS production becomes reduced on 
CR as well as during torpor adding to tissue integrity and this might also be one 
factor improving resistance against stresses i.e. improved tolerance of ionizing irra-
diation (see Chaps. 20 and 28).

5.5  Neurodegeneration: A Consequence of Mitochondrial 
Stress and Dysfunction?

In the last years mitochondria are also getting more and more in a focus of attention 
in aging-progressive, neurodegenerative diseases as Alzheimer’s Disease (AD), 
Parkinson’s Disease (PD), Frontotemporal dementia (FTD), and Huntington’s 
Disease (HD). Studies on cells and tissues from patients with these neurodegenera-
tive diseases, as well as work with the corresponding cell and animal models impli-
cate mitochondrial involvement in the development and/or progression of these 
diseases with common features as increased ROS, impaired mitochondrial physiol-
ogy, and disturbed equilibrium of mitochondrial dynamics resulting in increased 
cell death and neurodegeneration.

In cells derived from an AD mouse model (Swedish and London double 
mutant), increased levels of ROS, reduced mitochondrial membrane potential, 
and decreased ATP synthesis were found, with no reduction in the number of 
mitochondria (Hauptmann et al. 2009). Induction of ROS production by addition 
of respiratory complex I and III inhibitors resulted in vitro and in vivo in elevated 
levels of soluble amyloid beta, one of the hallmark proteins of the disease (Leuner 
et al. 2012). In correlation, blockage of ROS production protected against cogni-
tive decline and oxidative stress (Manczak et  al. 2010; Mcmanus et  al. 2011). 
Increased presence of amyloid beta correlates with mitochondrial fragmentation 
(Calkins et al. 2011), whilst blockage of mitochondrial fission resulted in vitro 
and in vivo in increased mitochondrial fitness, improved behavioral, and reduced 
amyloid beta accumulation (Joshi et  al. 2018; Baek et  al. 2017; Cassidy-Stone 
et al. 2008).

Increased fission was observed in cell and animal models of AD (Wang et al. 
2016), HD (Costa et  al. 2010; Shirendeb et  al. 2011; Song et  al. 2011) and 
PD. Overexpression of alpha-synuclein, a hallmark protein in PD or the loss of the 
functional PD-associated proteins PINK1, Parkin, and DJ1 resulted in mitochon-
drial fragmentation especially under stress. Reduced activity of respiratory chain 
complex I and increased oxidative stress has been found in the affected brain regions 
of PD patients such as the substantia nigra as well as in PD-cell and animal models 
(Hoepken et al. 2008; Gautier et al. 2008). Furthermore, the serine-threonine kinase 
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PINK1 is located in the mitochondria; Mutations of this gene, e.g. the D309G point 
mutation, underlies the autosomal recessive PD variant PARK6 (Kessler et al. 2005; 
Valente et al. 2004). Accordingly, in PINK1 knockout mice a significantly reduced 
ATP production as well as reduced mitochondrial membrane potential was observed. 
Furthermore, loss of functional PINK1 conveyed increased sensitivity to oxidative 
and proteosomal stress, mediating fragmentation and aggregation of mitochondria 
(Gispert et al. 2009; Mai et al. 2010). In addition, reduction of PINK1 correlated 
with a downregulation of key autophagic genes, including Beclin1, LC3, and 
LAMP-2, giving raise to increased apoptosis in response to starvation in an amino 
acid-free medium (Parganlija et al. 2014).

Also models for frontotemporal dementia with Parkinsonism linked to chromo-
some 17 (FTDP-17) exhibit impaired mitochondrial fitness and reduced intra- and 
intermitochondrial dynamics as well as an increased sensitivity against oxidative 
stress and neurodegeneration (Schulz et al. 2012; Esteras et al. 2017). The disease 
hallmark protein TDP-43 aggregates in the inner mitochondrial membrane in motor 
neurons and cortical neurons from patients with frontotemporal dementia (FTD) or 
amyotrophic lateral sclerosis (ALS). These aggregates impair complex I and mito-
chondrial fitness, increase of ROS formation, mitochondrial fission and sensitivity 
against oxidative stress (Wang et al. 2016; Zhang et al. 2017).

5.6  Innate Immune Response

Peripheral macrophages remove different kinds of pathogens and debris by phago-
cytosis and are the main players in the nonspecific immune defense (innate immu-
nity) by producing and releasing pro- and anti-inflammatory cytokines. In the brain 
neuroinflammation is observed in many neurodegenerative diseases including AD, 
PD, FTD and HD (Heneka et al. 2014; Heppner et al. 2015). Increased release of 
pro-inflammatory cytokines, mainly by microglia the CNS-resident myeloid cells, 
contributes to the development and the progression of the neurodegenerative pathol-
ogy. One emerging function of mitochondria in the innate immune response is the 
regulation of one of the key pro-inflammatory cytokines: interleukin1β (IL1β). Its 
precursor is processed by a multi-protein complex, the so-called inflammasome 
where NLRP3 is the sensor component, leading to the mature cytokine (Walsh et al. 
2014). Work on myeloid cells (microglia and macrophages) shows that NLRP3 is 
often colocalizing with mitochondria and that mitochondrial fragmentation and 
increased ROS production activate the inflammasome (Zhou et  al. 2011; Saitoh 
et al. 2008; Ye et al. 2017; Lee et al. 2016; Lodder et al. 2015). Production of TNF- 
α, another important pro-inflammatory cytokine, is also increased by ROS via sta-
bilization of HIF-1alpha (Wang et al. 2010). This could be mediated by increased 
levels of succinate, one of the products of the TCA cycle (Tannahill et al. 2013). 
Therapeutically in correlation with the molecular data ROS blockage (Park et al. 
2015) or application of resveratrol (see Sect. 5.3) (Zhao et  al. 2017) resulted in 
improved wound healing.

Next to ROS also ROS-independent activation of the innate immunity occurs: 
mitochondrial debris (e.g. mitochondrial DNA, mitochondrial N-formyl peptides) 
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activates the immune response of myeloid cells (Zhang et al. 2010). Furthermore, 
following loss of mitochondrial membrane potential cardiolipin is transferred from 
the inner to the outer mitochondrial membrane, associates with NLRP3 and stimu-
lates thus IL1β production (Iyer et al. 2013). A new observation is that mitochondria 
can be transmitted via exosomes from myeloid cells to T cells, thus potentially alter-
ing the immune response within different cell populations (Hough et  al. 2018). 
Since mitochondria play such important and multiple roles in inflammation, their 
role and impact has to be considered not only as a bio-energetic organelles and in 
their biosynthetic functions, but also as immune cell signaling elements (Fig. 5.4)
(Weinberg et al. 2015).

5.7  Circadian Influences on Mitochondrial Function

Metabolic activities in organisms are modulated by seasonal and by diurnal cycles 
(see also Chap. 9). These cycles are adjusted to light/dark cycles in the environment. 
If external synchronizing oscillators are missing the cycles continue, but with 
changing duration. Shifts in circadian cycle phase are experienced as physiological 
stress, e.g. in jet lag. Total lack of circadian activity cycles impose a strong impact 
on physiological regulation, therefore also astronauts on a space station or on long 
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Fig. 5.4 Mitochondria in the innate immune response. Mitochondria contribute and modulate the 
cytokine production of macrophages and microglia in different ways. The NLRP3-inflammasome 
is a multiprotein complex that generates the mature forms of IL1ß and IL18 from their precursor 
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duration deep space flights should be subjected to oscillating stimulations keeping 
metabolic activities in a synchronized state. Torpor states would be an alternate 
regime to circumvent the need of circadian oscillations, but in case of arousal syn-
chronization of metabolic activities has to be achieved again.

The significance of circadian rhythmic becomes obvious when we imagine the 
number of genes exhibiting rhythmic expression, i.e. more than 300 genes in the 
suprachiasmatic nuclei (SCN) of mice (Panda et al. 2002) including genes that code 
for the mitochondrial electron transport chain. However, quantitative proteomics of 
mitochondria isolated from mice killed at different day time revealed extensive oscil-
lations related to the dark/light phase (Neufeld-Cohen et al. 2016). The control cas-
cades are under the influence of diurnal genetic, epigenetic, posttranscriptional and 
metabolic alterations on mitochondria and are difficult to assess because mitochon-
dria are involved in many physiological reactions, they are key players in a complex 
network. This means that almost any change in the expression of genes may affect 
mitochondria (Manella and Asher 2016; De Goede et al. 2018; Stehle et al. 2011). In 
addition, the readout—e.g. oxygen consumption, proteome, morphological altera-
tions—themselves is embedded in diurnal, seasonal or developmental changes of 
mitochondrial dynamics including fission and fusion, biogenesis and mitophagic 
degradation and locomotion from the perinuclear region towards cell periphery and 
reverse, and environmental factors i.e. availability of oxygen and substrates.

Because of the multiple factors controlling circadian mitochondrial activities, 
discussion should concentrate on downstream factors affecting mitochondria 
directly. Cycling of Drp1 seems to be such an immediately acting protein. Schmitt 
et al. (2018) demonstrated circadian ATP and Drp1 changes during 24 h after syn-
chronisation of nonproliferating cell cultures of human skin fibroblasts and fibro-
blasts from Drp1-deficient or clock-deficient mice. The results argue for circadian 
changes mediated by Drp1. Extension of this elegant study to other cell types and to 
aging would further improve our understanding. Cell type specific differences in the 
fission and fusion dynamics are shown by maintenance of long mitochondria in 
dividing HUVEC as compared to reports describing extended fission of mitochon-
dria prior to mitosis in fibroblasts (Bereiter-Hahn et al. 2008).

A further factor involved in systemic circadian rhythm control as well as with 
immediate influence on mitochondria is melatonin. Cyclic melatonin production in 
the pineal gland links light/dark cycles to endocrine signalling cascades of the organ-
ism. The nocturnal high levels of melatonin in serum result from pineal melatonin 
production and release. Although the pineal gland is not the only source of melatonin 
which can be synthesized from tryptophan within mitochondria of many organs, the 
pineal gland is the organ controlling circadian cycles in concert with clock genes and 
controlling the pacemakers in the SCN in the anterior hypothalamus. Melatonin is 
found in all organisms from bacteria and plants to protozoa and mammals. 
Corresponding to this ubiquitous distribution, a broad range of physiological activi-
ties has been ascribed to this small molecule, e.g. regulation of the sleep/wake cycle 
(Onder and Green 2018), of sexual reproduction cycles, retardation of aging 
(Paradies et al. 2017) and prevention and improvement of Type-2 diabetes mellitus 
(T2DM), some forms of cancer (Proietti et al. 2017) and neurodegenerative diseases 
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(Mayo et al. 2017; Tapias et al. 2009). All these effects have been well reviewed 
recently (De Goede et al. 2018; Stehle et al. 2011; Manella and Asher 2016; Mayo 
et al. 2017). Pineal melatonin synthesis becomes strongly reduced with age, impaired 
synthesis is observed in demented patients or those affected by Alzheimer’s disease, 
Smith-Magenis syndrome, autism spectrum disorder and sleep phase disorders 
(Stehle et al. 2011). The common denominator of all these diseases is mitochondrial 
dysfunction.

Uptake of melatonin into cells and mitochondria is mediated via several recep-
tors, including the widely distributed seven transmembrane G protein-coupled MT1 
and MT2 receptors in the plasma membrane (Yasuo et al. 2009; Yang et al. 2014). 
Furthermore, accumulation in phospholipid layers of different cellular membranes 
modulate their fluidity (Dies et al. 2015; Mayo et al. 2017) and allows for diffusive 
uptake into the cytoplasm in addition to receptor-mediated signalling. Finally, mela-
tonin might exert its action within the mitochondrial matrix, however, the way shut-
tling melatonin to the interior of mitochondria still requires clarification. Inhibition 
of Ca2+-dependent Drp1 translocation to the mitochondria by melatonin rescues 
these organelles from fission (Xu et al. 2016) and thus may improve their stability 
and function (see Sect. 5.3).

Melatonin acts as a potent scavenger of free radicals and antioxidant in mito-
chondria (Tan et al. 2007; Reiter et al. 2003). It stabilizes and improves ATP produc-
tion, and formation of components of the electron transport chain. The recreation 
potential of nocturnal sleep phases at least in part is explained by regeneration of the 
chondriome due to rising melatonin levels (see Chap. 9).

5.8  Summary

Stress is part of life of any organism: stresses may originate from biochemical pro-
cesses within the cells as well as from impacts exerted by the environment among 
which disturbance of diurnal and seasonal rhythms, radiation effects, mental and 
physiological disturbances and organ degeneration by reduced encroachment in con-
finement are those of particular significance in deep space exploration. The knowl-
edge of mutual stress responses, their mechanisms and countermeasures will be a 
prerequisite for successful manned space missions. Mitochondria as the key players 
in the complex network of cellular functions are thus preferentially suited for cellular 
stress management. Many neuronal diseases and pathologies of the immune system 
are consequences of stresses affecting mitochondrial function. On the other hand 
countermeasures exist against increased ROS levels, to get rid of dysfunctional mito-
chondria or mitochondrial components and to compensate for reduced functionality. 
These countermeasures are based on mitochondrial dynamics, increased production 
of ROS scavengers, reduction of metabolic activities (e.g. caloric restriction, torpor, 
preconditioning for ischemic situations), and elimination of dysfunctional mitochon-
dria and cells via autophagy and apoptosis, respectively. Depending on the type of 
extra- or intracellular stress initiation respectively enhancement of these countermea-
sures can contribute to healthy aging as well as long-distance space travel.
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6The Impact of Everyday Stressors 
on the Immune System and Health

Annina Seiler, Christopher P. Fagundes, 
and Lisa M. Christian

6.1  Stress, Immunity, and Health

The central nervous system (CNS), endocrine system, and immune system are com-
plex systems that interact with each other. Stressful life events and the negative 
emotions they generate can dysregulate the immune response by disturbing the sen-
sitive interplay among these systems (Glaser and Kiecolt-Glaser 2005). 
Psychoneuroimmunology (PNI) is a field of investigation concerned with the inter-
actions of psychological factors with the neuroendocrine and immune system and 
consequences for higher brain function and human behavior (Dantzer 2010).

A stressor can be defined as an event that exceeds an individual’s perceived abil-
ity to cope (Lazarus and Folkman 1984) and can result in an allostatic load and 
overload (see Chap. 4). Individual differences exist in the extent to which people 
mount a physiological stress response. Individual differences in stress physiology 
are, among other things, related to the brain, which plays a critical role in apprais-
ing stressors, as well as in modulating immune system reactivity to physical and 
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social threats (Slavich and Irwin 2014). Additionally, certain characteristics of a 
situation are associated with greater stress responses, including the intensity, sever-
ity, controllability, and predictability of the stressor. Physiological reactivity to 
stressors are commonly observed even after repeated exposure to the same stressor 
(Dhabhar 2014).

The autonomic nervous system (ANS) and the hypothalamic-pituitary-adrenal 
(HPA) axis are two major stress-signaling pathways that contribute to immune dys-
regulation (Glaser and Kiecolt-Glaser 2005). Experiencing a stressful situation, as 
perceived by the brain, activates the HPA axis and the sympathetic-adrenal medul-
lary axis (SAM), which provokes the release of hormones which modulate immune 
function including adrenocorticotropic hormone (ACTH), cortisol, growth hor-
mone, prolactin, epinephrine, and norepinephrine (Glaser and Kiecolt-Glaser 2005) 
(see Chap. 7).

Immunity is the natural or acquired resistance of an organism to bacterial or 
viral invaders, diseases, or infections, while having adequate tolerance to avoid 
allergy, and autoimmune diseases. Lymphocytes, including T and B cells are the 
main type of cells of the immune system. T cells orchestrate the immune response 
via the production of cytokines and stimulate B cells to produce antibodies and 
signal killer cells to destroy the antigen-displaying cell (Sompayrac 2016). Helper 
T cells (Th) can be separated into Th1 cells, which primarily produce IL-2, IFN-γ 
and TNF, and Th2 cells, which produce IL-4, IL-5, IL-6, IL-10, and IL-13. 
Typically, type 1 cytokines favor the development of a strong cellular immune 
response, whereas type 2 cytokines favor a strong humoral immune response 
(Spellberg and Edwards Jr. 2001). Chronic stress can suppress or dysregulate 
innate and adaptive immune responses by altering the type 1/type 2 cytokine bal-
ance, thereby inducing low- grade inflammation and suppressing the function of 
immuno-protective cells (Dhabhar 2014).

A primary focus of the field of psychoneuroimmunology has been to understand-
ing the link between stress and inflammatory responses. Although acute inflamma-
tion is an adaptive response to physical injury or infection, exaggerated and/or 
prolonged inflammatory responses are detrimental to health (Dhabhar 2014). 
Chronic inflammation secondary to long-term stress has been causally linked with 
risk for numerous diseases, including infectious illnesses, cardiovascular disease, 
diabetes, certain cancers, and autoimmune disease, as well as general frailty and 
mortality (Glaser and Kiecolt-Glaser 2005; Dhabhar 2014; Padro and Sanders 2014; 
Webster Marketon and Glaser 2008). One potential explanation for the mechanism 
linking chronic stress and inflammation in the onset of a wide range of diseases is 
that prolonged stressors result in glucocorticoid receptor resistance, which, in turn, 
causes dysregulated HPA axis function and interferes with the appropriate regula-
tion of inflammation (Cohen et al. 2012).

Animal models have provided compelling evidence that biobehavioral stress 
mechanisms and their molecular and cellular pathways can cause illness behavior 
and illness itself. These experimental studies have conclusively demonstrated that 
exposure to restraint stress triggers exaggerated inflammatory responses (Korte et al. 
1992; Ahlers et al. 1980; Bartolomucci et al. 2003). In addition, pharmacological 
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experiments have amply demonstrated that mice injected with proinflammatory 
cytokines, including IL-1β or TNF, have decreased motor activity, social withdrawal, 
reduced food and water intake, increased slow-wave sleep, altered cognition, and 
increased pain sensitivity (Bluthe et  al. 2000; Dantzer 2009). These experiments 
highlight how conditions of chronic inflammation can induce sickness and depres-
sive-like behaviors in response to chronic stress (Dantzer et al. 2008).

6.2  Stress and Wound Healing

Wound healing is a vitally important process during recovery from either injury or 
surgery. Poor healing is associated with increased risks for wound infections and 
other complications, patient discomfort, prolonged hospital stays, and delays in 
one’s return to normal activities (Tevis and Kennedy 2013). Converging evidence 
from observational, experimental, and interventional studies implies that stress and 
other behavioral factors can impede wound healing processes and compromise 
immunity via multiple physiological pathways (Kiecolt-Glaser et al. 1998; Gouin 
et al. 2008; Ebrecht et al. 2004; Pinto et al. 2016; Walburn et al. 2009).

Wound healing progresses through several sequential and overlapping phases, 
including inflammation, proliferation, and regeneration. Cellular immunity plays an 
important role in the regulation of wound healing through the production of proin-
flammatory cytokines and chemokines (e.g., platelet derived growth factor [PDG]; 
transforming growth factor [TGF]; vascular endothelial growth factor [VEGF]; 
TNF; IFN-γ; IL-1β; IL-8), which mediate many of the complex interactions involved 
in wound healing. These factors act as chemo-attractants for the migration of phago-
cytes and other cells to the wound site, starting the proliferative phase which 
involves the recruitment and replication of cells necessary for tissue regeneration 
and capillary regrowth (Gethin 2012). Inflammation is a prerequisite to healing. 
Proinflammatory cytokines help to protect against infection and prepare injured tis-
sue for repair by enhancing the recruitment and activation of phagocytes. 
Unfortunately, stress disrupts the production of proinflammatory cytokines that are 
essential for wound healing and, when dysregulated, impose a considerable delay in 
wound repair (Gouin and Kiecolt-Glaser 2011).

The clinical relevance of the relationship between stress and impaired wound 
healing has been demonstrated in several studies. In one experiment, individuals 
with a “slow healing” speed had higher stress and higher cortisol levels at awaken-
ing, implicating a key role of elevated cortisol levels in the process of cutaneous 
wound healing (Ebrecht et al. 2004). A meta-analysis (Walburn et al. 2009) corrobo-
rated these findings, synthesizing 17 articles that documented how stress is signifi-
cantly associated with impaired healing and dysregulation of biomarkers crucial to 
wound healing. In addition to this meta-analysis, a statistically significant and mod-
erately strong inverse correlation of r = −0.42 (95% CI = −0.51 to −0.32; p < 0.01) 
was calculated between the level of stress and speed of wound healing. These results 
confirm earlier findings by Kiecolt-Glaser et al. (1995), who observed that women 
experiencing the long-term stress of caring for a relative with Alzheimer’s disease, 
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took 24% longer than controls to heal a small, standardized dermal wound. In addi-
tion, the peripheral blood leukocytes of caregivers produced less IL-1β in response 
to lipopolysaccharide (LPS) stimulation.

Surgical complications (e.g., postoperative pain; permanent disfigurement) pose 
significant challenges to surgical patients and may contribute to psychological dis-
tress, anxiety, and depression (Pinto et al. 2016). In an observational study involving 
patients undergoing coronary artery bypass graft (CABG) surgery, individuals with 
more depressive symptoms at discharge had more infections and poorer wound 
healing over the first six weeks following surgery than individuals who reported less 
distress (Doering et al. 2005). In addition, the pain associated with surgery can itself 
generate psychological distress, which has been shown to further influence wound 
healing. A prospective study involving 17 women who underwent elective gastric 
bypass surgery revealed that greater acute pain immediately after surgery and per-
sistent pain in the four weeks following surgery both were associated with slower 
healing (McGuire et al. 2006).

In summary, acute and chronic stressors can negatively impact the wound heal-
ing process, by interrupting the inflammatory cascade that is fundamental for wound 
repair. These findings highlight the importance of addressing patients’ psychologi-
cal needs in a timely manner, if possible both before and immediately after surgery, 
so as to prevent stress-related immune disruption.

6.3  Stress and Infectious Agents

Stress can also dysregulate humoral and cellular immune responses to pathogens, 
increasing risk for infectious illnesses including influenza and the common cold 
(Glaser and Kiecolt-Glaser 2005). The association between psychological stress 
and susceptibility to the common cold has long been recognized; stress suppresses 
the host resistance to infection and increases rates of infection (Cohen et al. 1991). 
Loneliness is another well-established risk factor for poor physical health. In a 
study of our own, we were able to demonstrate that loneliness predicts self-reported 
cold symptoms after a viral challenge, suggesting that cold symptoms are more 
severe among those who feel lonely (LeRoy et al. 2017).

Vaccination against influenza virus reduces both risk and severity of infection, 
thus decreasing risk for hospitalization and death. Vaccine effectiveness is of particu-
lar importance among high-risk groups, including pregnant women and older adults. 
However, the protective efficacy of antiviral vaccines depends upon their ability to 
induce both humoral and cell-mediated immune responses (Lambert et al. 2012).

A 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 individu-
als with similar effects among older and younger adults (Pedersen et  al. 2009). 
Furthermore, psychological distress and biobehavioral vulnerabilities, which arise 
from being older or sedentary, have independently been found to alter immune 
responses to influenza vaccination (Segerstrom et al. 2012). In addition, studies in 

A. Seiler et al.



75

adults and adolescence have confirmed that negative emotions, including anxiety 
and depression, can modulate the antibody and T-cell responses to antiviral vaccina-
tions, resulting in suppressed immune responses (O’Connor et al. 2014; Coughlin 
2012). Interestingly, a 4-week massage intervention in students embarking on aca-
demic examinations was associated with reduced distress and enhanced antibody 
responses after a hepatitis B vaccine (Loft et  al. 2012). Positive effects of other 
mind-body therapies, including Tai Chi, Qi Gong, meditation, and Yoga, on the 
immune system and virus-specific antibody responses to vaccines have also been 
documented in a meta-analysis of 34 studies (Morgan et al. 2014).

Herpes viruses, including herpes simplex virus (HSV) I and II, varicella-zoster 
virus (VZV), Epstein-Barr virus (EBV), and cytomegalovirus (CMV), assume a 
latent state after the initial infection (Grinde 2013). After primary infection, the 
herpes virus continues to reside in B lymphocytes and white blood cells for the life 
of the individual. Under normal health conditions, reactivation and replication of 
the EBV virus is prevented by the cellular immune system, largely orchestrated 
through specific-memory cytotoxic T cells and natural killer (NK); thus, individuals 
with herpesvirus infections generally remain asymptomatic (Glaser et  al. 1993). 
However, under stressful conditions, suppressive immune activity may be reduced, 
permitting reactivation of the virus.

The relationships between neuroendocrine activity, immune function, and latent 
HSV type 1 reactivation were initially documented in animal studies. Among mice 
infected with HSV type 1, those exposed to a stressor exhibited reactivation of the 
latent virus, whereas nonstressed mice did not (Padgett et al. 1998). Today, a body 
of literature in humans confirms that psychosocial stressors predict reactivation of 
latent viruses (see Chap. 19). For instance, higher self-reported health was associ-
ated with lower reactivation of latent herpesviruses and inflammation (Murdock 
et al. 2016). Meanwhile, increased antibody titers against EBV viral capsid antigen 
(VCA) have been observed in the context of depression (Bennett et al. 2012), per-
ceived stress (Brook et  al. 2017), childhood adversity (Fagundes et  al. 2013a), 
bereavement or divorce (Derry et  al. 2012), exam stress (Matalka et  al. 2000), 
attachment anxiety (Fagundes et al. 2014), and perceived discrimination (Christian 
et al. 2012). Together, these human and animal studies show that stress can modu-
late the steady-state expression of latent herpesviruses, downregulating specific 
T-cell responses to the virus to an extent that is sufficient to result in viral 
activation.

Human immunodeficiency virus (HIV) is similar to herpes viruses, in that the 
virus remains in a latent state in the body after primary infection. As individuals 
infected with HIV may have lowered levels of T cells, cells that are important to 
fight infections, much interest exists in whether chronic stress and depression—that 
also are known to suppress the human immune system—may affect HIV disease 
progression. Indeed, there is a substantial body of evidence pointing at a relation-
ship between chronic stress and the rate of HIV disease progression. In particular, 
stressful life events are considered to exert important impacts on certain biological 
markers of the disease: viral load and CD4 cell count (Kołodziej 2016). For instance, 
HIV-infected persons with posttraumatic stress disorders (PTSD) after Hurricane 
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Katrina were more likely than those without PTSD to have detectable plasma viral 
loads and CD4 cell counts <200 mm−3 at 12 and 14 months, as well as two years 
post disaster (Reilly et al. 2009).

Major depression is highly prevalent among HIV-positive patients. Depression is 
associated with, among other factors, increased inflammatory markers (e.g., CRP; 
IL-1β; IL-6, TNF) (Slavich and Irwin 2014), which may alter the function of lym-
phocytes and decrease NK activity, contributing to HIV disease progression and 
mortality in these patients (Arseniou et al. 2014). These findings are corroborated 
by a study that investigated norepinephrine, cortisol, depression, hopelessness, cop-
ing, and life event stress as predictors of HIV progression in a diverse subject sam-
ple every 6 months over a period of 4 years. The authors found that norepinephrine, 
depression, hopelessness, and avoidant coping significantly predicted a greater rate 
of decrease in CD4 and increase in viral load, demonstrating a robust effect of 
chronic stress on HIV disease progression (Ironson et al. 2015).

In summary, stress can not only increase susceptibility to illness after exposure 
to infectious agents but also can inhibit antibody and virus-specific T cell responses 
to vaccines, permit reactivation of latent herpesviruses, and influence the progres-
sion of HIV-related disease.

6.4  Stress and Cardiovascular Disease

Cardiovascular disease (CVD) is a major cause of morbidity and mortality. Chronic 
low-grade inflammation is implicated in the link between stress and CVD via con-
tributions to the early emergence, progression, and thrombotic complications of 
atherosclerosis (Liu et al. 2017). IL-6 and CRP, two important biomarkers of inflam-
mation, are thought to be indicative and potentially predictive of atherosclerosis 
(Nadrowski et al. 2016). Of clinical importance, the biological effects of stress do 
not exist in isolation, and are often aggravated by unhealthy behaviors including 
poor diet, inadequate physical activity, tobacco use, and poor adherence to medica-
tion (Lagraauw et al. 2015).

Epidemiological research over the last half-century has conclusively linked 
chronic stress and other psychosocial factors to the increased incidence of coronary 
artery disease (von Kanel 2012). For instance, individuals exposed to work-related 
stressors including shiftwork, workplace conflict, and positions typified by high 
demands combined with low control, exhibit risk for elevations in serum CRP and 
IL-6 (von Kanel et  al. 2008), as well as CVD (Kivimaki and Kawachi 2015). 
Furthermore, evidence suggests that childhood adversity, particularly severe physi-
cal and sexual abuse, confers risk for cardiovascular events, particularly among 
women (Garad et al. 2017). Similarly, among adults with greater childhood adver-
sity/trauma, elevated risk for depressive symptoms, higher serum CRP, reduced 
methylation of the IL-6 promoter, and higher serum IL-6 have been observed 
(Janusek et al. 2017). These results shed light on potential epigenetic mechanisms 
that could link childhood adversity to disproportionally elevated risks of inflamma-
tory disease in adulthood.
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6.5  Stress and Metabolic Disease

Type-2 diabetes mellitus (T2DM) is a chronic metabolic disorder that results from 
defects in insulin secretion and insulin action (Hackett and Steptoe 2017). Though 
limited, an emerging body of literature suggests that stress plays a role in the etiol-
ogy of T2DM, both as a predictor of new-onset T2DM and as a prognostic factor in 
individuals with existing T2DM (Hackett and Steptoe 2017). Stress-related biologi-
cal pathways, including chronic activation of the HPA axis, which can lead to dys-
regulated cortisol output and neuroendocrine dysfunction, have been conjectured to 
contribute to the pathogenesis of T2DM (Hackett and Steptoe 2017). For instance, 
insulin resistance frequently develops during acute or chronic stress (Tsuneki et al. 
2013). Moreover, obesity commonly co-occurs in patients with T2DM, and visceral 
adipose tissue (e.g., adipokines) is a major source of inflammation, including CRP, 
IL-1β and IL-6 (Donath and Shoelson 2011), supporting a link between T2DM and 
inflammation.

Results from meta-analyses suggest that depression further contributes to an 
increased risk of diabetes mellitus (Bădescu et al. 2016; Yu et al. 2015). Stress expo-
sure during childhood has also been found to constitute a risk factor for obesity and 
diabetes. Experiencing an adverse childhood experience increases a child’s risk of 
type 1 diabetes during childhood (Nygren et al. 2015). Likewise, a review of litera-
ture revealed a significant association between exposure to childhood adversity and 
an increased risk of T2DM in adulthood (Huffhines et al. 2016; Hughes et al. 2017), 
with the effects of neglect and sexual abuse most prominent (Huang et al. 2015). Of 
particular note, stress can perinatally impair metabolic health in later life. Fetal 
exposure to high concentrations of maternal glucocorticoids, as well as obesity, 
have been associated with low birth weight, which in turn is associated with 
increased risk for hypertension, diabetes, and cardiometabolic diseases during 
adulthood (Zöller et al. 2015; Capra et al. 2013). However, the mechanisms for this 
effect are not yet fully understood. One novel potential pathway linking maternal 
and child weight is the transmission of obesogenic microbes from mother to child 
(Galley et al. 2014).

6.6  Stress and Cancer

Research over the past 30 years in the field of psychoneuroimmunology has contrib-
uted to considerable understanding of the effect of stress on cancer biology, and has 
identified psychosocial factors including stress, depression, and the lack of social 
support as risk factors for tumor progression (Moreno-Smith et  al. 2010). Stress 
hormones (e.g., glucocorticoids, norepinephrine, epinephrine) have multiple effects 
on human tumor biology. Thus, via adrenergic- and glucocorticoid-mediated mech-
anisms, sympathetic nervous system (SNS)-activation may alter immune defenses 
mechanisms and anti-tumor immune capabilities with implications for tumor pro-
gression (Antoni et al. 2006; Lutgendorf and Andersen 2015; Armaiz- Pena et al. 
2013). For instance, exposure to chronic stress (Lamkin et al. 2012) as well as the 
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pharmacological stimulation of SNS pathways with a β-adrenergic agonist (e.g., 
isoproterenol) (Sloan et al. 2010) in tumor-bearing animals, significantly enhances 
tumor progression and metastasis, implying a fundamental role of stress hormones 
and β-adrenergic receptor signaling in both processes. Furthermore, both animal 
and human studies have consistently revealed that the negative effects of stress on 
tumor cell dissemination can be abrogated using a β2-adrenergic receptor antago-
nist (e.g., propranolol), supporting the use of β-blockers to modulate cancer metas-
tasis (Sloan et al. 2010; Shaashua et al. 2017).

Chronic stress can increase inflammation and alter protective immune responses, 
and thereby may increase susceptibility to certain types of cancer by suppressing type 
1 cytokines and protective T cells, and increasing regulatory/suppressor T-cell function 
(Dhabhar 2014). Correspondingly, increased catecholamine levels have been linked to 
T lymphocyte apoptosis (Radojevic et al. 2014), altered distribution of NK (see also 
Chap. 13) and granulocytes, and suppressed NK activity (Elenkov and Chrousos 2002), 
all important defense mechanisms against tumors and their metastasis (see also Chap. 
13). It has become clear that cancer-related systemic inflammation is associated with 
poor outcomes, independent of tumor stage (Dolan et al. 2017). Several inflammatory 
mediators including IL-6, IL-12, IFN-γ, and TNF are implicated in tumor growth and 
progression (Cash et al. 2015; Landskron et al. 2014).

The immune system plays a critical role in the occurrence and progression of 
immunogenic tumors, including skin cancer (Song et al. 2016). For instance, an 
increased immune response reflected by enhanced expression of intercellular adhe-
sion molecule (ICAM) 1 and infiltration of CD68+ cells (macrophages) surround-
ing, or within the tumor, have been observed during basal cell carcinoma (BCC) 
tumor regression following treatment (De Giorgi et al. 2009; Urosevic et al. 2003). 
Furthermore, immunosuppression, such as in solid-organ transplant recipients and 
patients with human immunodeficiency virus (HIV) or hematologic malignant 
neoplasms, has been clearly linked with increased incidence of non-melanoma 
skin cancer, including BCC, and squamous cell carcinoma (Song et  al. 2016; 
Jensen et al. 2009).

Importantly, chronic stress can alter the anti-tumor-specific immune response to 
immunogenic tumors. Our own data demonstrate that emotional maltreatment in 
childhood and occurrence of a major life event in adulthood, showed poorer immune 
responses to BCC as indexed by suppressed expression of messenger RNA (mRNA) 
immune markers (CD25, CD3ε, ICAM-1, and CD68) to BCC (Fagundes et  al. 
2012). Animal models support these findings; mice under restraint stress developed 
ultraviolet-light (Illi et al. 2012) -induced squamous cell carcinoma more rapidly 
and showed a poorer immune response [as assessed by messenger RNA (mRNA) in 
their tumors] relative to nonstressed control mice (Saul et al. 2005). Taken together, 
these preclinical and clinical studies provide evidence that behavioral stressors can 
influence the tumor microenvironment.

While much initial work focused on direct effects of catecholamines and other 
stress mediators on cancer progression, subsequent work identified that the tumor 
microenvironment is a critical regulator of cancer progression and metastasis 
(Landskron et al. 2014; Wang et al. 2017; Berghoff and Preusser 2015). The tumor 
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microenvironment has a pivotal role in regulating tumor cell growth, invasion, and 
metastasis, specifically through reciprocal cross-talk with infiltrating immune 
cells (lymphocytes, neutrophils, and macrophages), endothelial cells, mesenchy-
mal stromal cells (fibroblasts and myofibroblasts), and their secretory products, 
all of which can modulate gene expression and alter the behavior of tumor cells 
(Mostofa et al. 2017).

6.7  Contextual Factors and Immune-Dysregulation

6.7.1  Stressful Life Events

Many investigators have studied pathways between major life events and inflamma-
tion. Caring for a loved one with a chronic medical condition, such as a spouse with 
dementia, is commonly characterized by significant life changes and social isolation 
(Holmes and Rahe 1967). The chronic stress of caregiving has been linked with 
exacerbation of typical age-related increases in serum levels of IL-6 and CRP 
(Gouin et al. 2012), providing a plausible physiological pathway via which chronic 
stress may lead to poor health. Analogously, the loss of a spouse is considered one 
of the most stressful life events one may encounter (Holmes and Rahe 1967). 
Indeed, bereavement has been associated with increased inflammation (Buckley 
et al. 2012; Cohen et al. 2015) as well as elevated rates of chronic inflammatory 
conditions, including type 2 diabetes, cardiovascular disease, and cancer within the 
first three years following the death (Stahl et al. 2016).

Particularly strong evidence indicates that trauma exposure during adulthood 
increases risks for psychiatric morbidity and poor health outcomes, and there is 
emerging evidence that inflammation contributes to this link (Flory and Yehuda 
2015). Trauma exposure and posttraumatic stress disorder (PTSD, see Chap. 7) 
have been linked to increased risks of both depression (Dunn et al. 2017) and car-
diovascular disorders (Edmondson and von Kanel 2017). The prevalence of trauma- 
related inflammation was addressed in a review paper, providing evidence for 
elevated systemic inflammation in individuals with PTSD, with this effect espe-
cially strong among those with comorbid PTSD and depression (Baker et al. 2012). 
In another study involving survivors of the World Trade Center attacks on September 
11, 2001, altered salivary cortisol responses to trauma activation (induced by trauma 
recollections through a standardized interview) were observed, with stronger effects 
documented in those with comorbid PTSD and depression (Dekel et al. 2017).

6.7.2  Adverse Childhood Experiences

Early adversity confers risk for physical and mental illness (e.g., depression, cardio-
vascular disease, type 2 diabetes, cancer) in adulthood (Ziol-Guest et  al. 2012; 
Ehrlich et al. 2016) with more robust effects amongst those experiencing multiple 
adversities (Hughes et  al. 2017). Inflammatory pathways are implicated in these 
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links; meta-analyses of 25 studies concluded that early life adversity contributes to 
significantly elevated peripheral CRP, IL-6, and TNF in adulthood (Baumeister 
et al. 2016). Most interestingly, different types of trauma exposure impacted inflam-
matory markers differentially: physical and sexual abuse were associated with sig-
nificantly increased TNF and IL-6, but not CRP (Baumeister et al. 2016). Similar 
results were reported by Lin et al. (2016), who found that adults who had experi-
enced childhood adversity had elevated levels of CRP and were almost three times 
as likely to have experienced trauma as an adult, relative to those without adverse 
childhood experiences.

Health behaviors (e.g., smoking and obesity) appear to partially mediate this 
relationship. For instance, in one study it was shown that early adversity predicted 
increased smoking and BMI through ongoing chronic stress in young adulthood 
(Raposa et al. 2014). In the same study, higher BMI predicted higher levels of solu-
ble TNF receptor type II (sTNF-RII) and CRP, suggesting that early adversity con-
tributes to inflammation, in part through ongoing stress and maladaptive health 
behaviors. In accordance with this, several previous studies provide evidence that 
specific early adversity, including low socioeconomic status in childhood (Brummett 
et  al. 2013; Hagger-Johnson et  al. 2012) and childhood abuse (Matthews et  al. 
2014), affects CRP through unhealthy behaviors and increased BMI.

Evidence also supports a role for heightened emotional and physiological reac-
tivity to stress, which in turn drives the expression of an increasingly proinflamma-
tory phenotype (Slavich and Irwin 2014). In accordance with this assumption, 
Shapero et al. (2014) reported that individuals with more severe childhood emo-
tional abuse experienced greater increases in depressive symptoms when confronted 
with a stressor, implying the importance of emotional abuse as an indicator of reac-
tivity to stressful life events. In addition, individuals who have experienced child-
hood adversities may have fewer social and psychological resources available to 
them for coping with stress (Fagundes et al. 2013b).

Taken together, intense and chronic stress experienced during one’s developmen-
tal years appears to have long-lasting neurobiological effects and increases one’s 
risk of later morbidity (e.g., anxiety, depression, and physical disorders) and mortal-
ity (Raposa et  al. 2014; Fagundes et  al. 2013b). Another important effect is that 
stress exposure during childhood might alter behavioral and physiological responses 
to acute and chronic stress in adulthood, which may determine one’s later risk of 
disease.

6.7.3  Pregnancy

The prenatal period is a critical time for neurodevelopment and, as such, represents 
a period of vulnerability during which a wide range of exposures has been found to 
exert long-term effects on brain development and behaviors (Christian 2012). 
Maternal psychosocial stress during pregnancy is associated with risks to maternal 
health and birth outcomes, as well as to various adverse health and behavioral out-
comes in the offspring (Christian 2015). During pregnancy, the immune system 
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undergoes substantial adaptations. Under normal circumstances, pregnancy is char-
acterized by elevations in circulating inflammatory mediators relative to nonpreg-
nancy (Christian and Porter 2014). However, excessive inflammation or deviations 
in inflammatory trajectories of change across pregnancy have been associated with 
gestational hypertension, miscarriages, preterm births, and adverse influences on 
fetal development (Christian 2012).

Stress, anxiety, and depression in pregnancy are considerable risk factors for 
adverse outcomes for both mothers and babies, and are associated with shorter ges-
tation and impaired fetal neurodevelopment and child outcomes (Christian 2012). 
Inflammation is a likely mechanism by which stress may promote these negative 
health outcomes (Christian et al. 2009).

Inflammatory responses to influenza virus vaccine have been shown to be mild, 
transient, and generally similar in pregnant and nonpregnant women (Christian 
et al. 2013a). Since it is considered safe and recommended for pregnant women, 
seasonal influenza vaccination provides a useful model with which to study indi-
vidual differences in inflammatory responses during pregnancy. In one influenza- 
virus vaccine study in pregnant women, Christian et al. (2013a) demonstrated that 
women in the highest percentile of depressive symptoms had markedly higher 
inflammatory responses, as indicated by elevated serum levels of macrophage 
migration inhibitory factor (MIF) one week post-vaccination, indicating that women 
with depressive symptoms may be more vulnerable to negative sequelae of infec-
tious illness during pregnancy. Similarly, in pregnant women, greater EBV reactiva-
tion has been reported in association with maternal depression, perceived distress, 
and perceived racial discrimination. Notably, this effect was significantly stronger 
among African American women who reported greater racial discrimination 
(Christian et al. 2012).

Other risk factors can mediate the association between chronic stress and inflam-
mation in pregnant women. Obesity, conceptualized as a physiological stress, has 
been linked to considerable increases in circulatory inflammatory markers, particu-
larly IL-6, throughout pregnancy and postpartum. Moreover, psychological stress 
and obesity may interact synergistically, resulting in more pronounced effects 
among women with both risk factors (Mitchell and Christian 2018). In addition, 
obesity has been observed to increase the risks of gestational hypertension and ges-
tational diabetes via inflammatory pathways. Most importantly, obesity-induced 
inflammation is transmitted to the child, and can potentially affect their immune 
function, metabolism, and cognitive development (Christian 2015). In addition, it is 
well established that poor sleep triggers inflammation. Accordingly, sleep-induced 
immune dysregulation has been found to be predictive of preterm birth. This effect, 
again, was especially pronounced in African American women (Blair et al. 2015). 
Indeed, the relationship between stress-induced inflammatory responses has been 
found to be more robust in racial minorities, placing these women at greater risk of 
delivering their infants preterm (Christian et al. 2013b).

Self-rated health is a reliable predictor of health outcomes including morbidity 
and mortality (Idler and Benyamini 1997; Nielsen et al. 2008). Indeed, poorer self- 
rated health has been shown to be associated with significantly higher serum IL-1β 
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and MIF in pregnant women during the second trimester, suggesting an influential 
role of inflammation on self-rated health prior to the emergence of objective and 
quantifiable signs of disease (Christian et al. 2013c).

These studies suggest that pregnant women with psychosocial risk factors may 
experience higher daily exposure to inflammatory mediators. It is critical to iden-
tify biological markers, symptoms, and diagnostic thresholds that warrant prenatal 
intervention, and to develop efficient and valid screening and intervention strate-
gies to prevent stress-related adverse health outcomes in mothers and their 
offspring.

6.7.4  Aging

Chronic stress has been shown to suppress and dysregulate immune function by 
affecting immunosenescence (Mathur et  al. 2016). The term immunosenescence 
refers to a loss of immune function that typically occurs in elderly individuals. 
Declining T-cell function is a very well-characterized feature of immunosenes-
cence, which contributes to chronic low-grade inflammation (Wu and Meydani 
2008). Typically, elderly individuals (aged 65 years and older) compared with other 
age groups have two- to fourfold elevations in circulating levels of proinflammatory 
cytokines, such as IL-6, TNF, CRP, and serum amyloid A (SAA) (Michaud et al. 
2013), which in turn suppresses the function of immune-protective cells and dis-
rupts the body’s ability to defend itself against bacteria, viruses, and parasites. As a 
result, age-associated deterioration in immune function contributes to many ill-
nesses and renders older individuals more vulnerable to further assaults on their 
immune system (e.g., stress, immunocompromising medications, infectious dis-
eases) (Burleson et al. 2002). Dysregulation of the inflammatory pathway may also 
affect the central nervous system and the pathophysiological mechanisms of neuro-
degenerative disorders including Alzheimer’s disease (McCaulley and Grush 2015).

Epel et  al. (2004) demonstrated that chronic stress in healthy premenopausal 
women was significantly associated with higher oxidative stress, lower telomerase 
activity, and shorter telomere length. Telomere length shortens with age (Rizvi et al. 
2014). Extensive research has revealed that progressive shortening of telomeres 
leads to senescence, apoptosis, and carcinogenesis, which has been associated with 
the increased incidence of various diseases and poor survival (Shammas 2011). 
Moreover, adverse life experiences and lifestyle factors appear to affect the rate of 
telomere shortening over one’s lifespan (Rizvi et al. 2014). In accordance with these 
findings, in one of their studies Kiecolt-Glaser et al. (2011) demonstrated that child-
hood adversities have considerable consequences for cell aging in later life, and that 
the presence of multiple childhood adversities is linked to shorter telomeres, which 
underlines how adverse childhood experiences can generate continued vulnerability 
through to older adulthood. These findings have implications for understanding, at 
a cellular level, how stress gets “under the skin” and may promote the precocious 
onset of age-related diseases.
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6.8  From Daily Life to Space Travel

Spaceflight conditions reflect an extreme and complex environmental challenge, 
with the potential for multiple aversive consequences for human health. Spaceflight, 
even when short in duration, can induce a wide range of adverse effects by reason 
of adaptations to the physical stressors of gravitational changes, radiation, malnutri-
tion, disrupted sleep, and psychological stress (Choukèr 2012). As such, space 
travel presents an exceptional and intense combination of physical and psychologi-
cal challenges that also provides a unique opportunity for investigators to examine 
the susceptibility of the human body to stress and explore interventions to promote 
psychological and physiological resilience.

In a study investigating spaceflight effects on the immune system in 30 cosmo-
nauts, striking alterations in immune responses during and after space flight were 
observed, including a reduced percentage of NK, as well as suppressed NK activity 
by up to 85% relative to pre-flight (Rykova et  al. 2008). Similar findings were 
reported in a study on long-duration spaceflight by 12 Russian cosmonauts, which 
included significantly suppressed T-cell immunity and exaggerated cytokine pro-
duction after landing relative to before launch (Morukov et al. 2011). Moreover, 
alterations in the endocannabinoid system (ECS), which is known to play an impor-
tant role in the regulation of various physiological functions, including stress regu-
lation, behavior, mood, memory, vegetative control, and immunity, were observed 
following time on board of the International Space Station (ISS), resulting in an 
increase in circulating endocannabinoids (Strewe et al. 2012).

Despite the many improvements that have been made to living conditions aboard 
the ISS and during space travel, the clinical health risk of time in space remains 
high, as demonstrated by a remarkably compromised immune system and disease- 
fighting capabilities following exploration missions, placing cosmonauts at a greater 
risk for disease development, including bacterial and viral infections. In light of 
these results, full characterization of the shifts in the innate and adaptive immune 
system after space travel (see Chaps. 11–15) is critical to understand the relation-
ship between microgravity and the stress effects of space flight in human space 
explorers (Morukov et al. 2011). In turn, studies of stressors encountered in space 
travel might also advance our understanding of stress in our daily lives.

6.9  Interventions

Given the clear negative impact of stress on immune function and health, interven-
tions addressing stress from a psychosocial, physical, nutritional/dietary, and phar-
macological perspective are of clinical importance. To appropriately manage stress 
in both healthy and ill individuals, comprehensive and multidisciplinary approaches 
that include psychopharmacological treatment, education, cognitive behavioral 
therapy, mindfulness-based approaches, and relaxation techniques should be pro-
vided at an early stage, particularly in physically ill patients.
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A variety of stress-reduction techniques have demonstrated beneficial effects for 
reducing stress and improving mental health and quality of life, including cognitive 
behavioral therapy (Antoni et al. 2009), mindfulness-based stress reduction inter-
ventions (Gallegos et  al. 2015), meditation (Rosenkranz et  al. 2016), and yoga 
(Kiecolt-Glaser et al. 2010). Moreover, psychological interventions including cog-
nitive behavioral stress management (Antoni et  al. 2009; Gallegos et  al. 2015), 
meditation (Rosenkranz et  al. 2016), and yoga (Kiecolt-Glaser et  al. 2010) have 
been demonstrated to improve immune function in diverse populations, including 
healthy individuals, women exposed to trauma, and cancer patients. These stress- 
reduction interventions seem to result in a healthy balance between sympathetic and 
parasympathetic arousal (Chaoul et al. 2014).

Exercise presents a promising intervention to counteract the deleterious effects 
of chronic stress (see also Chap. 32). A body of research has already examined the 
ability of physical/aerobic exercise to enhance immune responses when per-
formed regularly and in moderation (Simpson et al. 2015). Beneficial effects of 
exercise and lifestyle interventions on stress reduction, inflammation, and overall 
well-being have been found for healthy working adults group (Kettunen et  al. 
2015), elderly individuals (Emery et al. 2005), patients with T2DM (Chen et al. 
2015), and cancer patients (Zhu et al. 2016).

Undoubtedly, exercise is a powerful behavioral intervention with the potential to 
improve immune function and health outcomes in the healthy, the obese, and the 
elderly, as well as in patients specifically having CVD, diabetes, or cancer. 
Improvements in immunity, resulting from regular exercise of moderate intensity, 
may be due to reduced inflammation, maintained thymic mass, enhanced immuno- 
surveillance, reduced psychological distress, and improved overall well-being 
(Simpson et al. 2015).

In summary, a variety of interventions show promise for counteracting the nega-
tive effects of psychological stress. The particular intervention (i.e., stress manage-
ment, physical activity, meditation), which is most beneficial, likely depends upon 
the outcome of interest and the type of stressors experienced, as well as on the 
individual’s personality characteristics and preexisting primary illness and 
comorbidities.

6.10  Conclusions

The findings synthesized above highlight the complex interactions that underlie the 
relationships among stress, neuroendocrine activity, immunity, and health out-
comes. Chronic stress and its correlates affect a variety of clinically meaningful 
immune parameters, including wound healing, antibody responses to vaccines, sus-
ceptibility to infectious illnesses, the ability of the immune system to suppress latent 
viruses, and various inflammatory processes. These effects, in turn, can increase 
one’s risk a variety of physical and mental disorders, including cardiovascular dis-
ease, diabetes, certain cancers, and autoimmune disease, as well as general frailty 
and mortality. Together, these findings provide a robust pathway through which 

A. Seiler et al.



85

chronic stress and immune dysregulation may contribute to serious adverse health 
outcomes. Past research provides support for several promising avenues for inter-
ventions to prevent stress-induced immune dysfunction. However, further research 
is warranted to provide individualized intervention strategies.

Acknowledgement Funding sources: Annina Seiler has received funding from the Swiss 
National Science Foundation (SNSF) (P2FRP1-168479). Work on this chapter was also supported 
by grant R01 NR013661 awarded to Lisa M. Christian by the National Institutes of Health (NIH). 
The content of this chapter is solely the responsibility of the authors and does not necessarily rep-
resent the official views of the National Institutes of Health.

References

Ahlers I, Zahumenska L, Toropila M, Smajda B, Ahlersova E (1980) The effect of season on circa-
dian rhythm of serum and adrenal corticosterone in rats. Act Nerv Super 22:60–61

Antoni MH, Lutgendorf SK, Cole SW, Dhabhar FS, Sephton SE, McDonald PG, Stefanek M, 
Sood AK (2006) The influence of bio-behavioural factors on tumour biology: pathways and 
mechanisms. Nat Rev Cancer 6:240–248

Antoni MH, Lechner S, Diaz A, Vargas S, Holley H, Phillips K, McGregor B, Carver CS, Blomberg 
B (2009) Cognitive behavioral stress management effects on psychosocial and physiological 
adaptation in women undergoing treatment for breast cancer. Brain Behav Immun 23:580–591

Armaiz-Pena GN, Cole SW, Lutgendorf SK, Sood AK (2013) Neuroendocrine influences on can-
cer progression. Brain Behav Immun 30(Suppl):S19–S25

Arseniou S, Arvaniti A, Samakouri M (2014) HIV infection and depression. Psychiatry Clin 
Neurosci 68:96–109

Bădescu SV, Tătaru C, Kobylinska L, Georgescu EL, Zahiu DM, Zăgrean AM, Zăgrean L (2016) 
The association between diabetes mellitus and depression. J Med Life 9:120–125

Baker DG, Nievergelt CM, O’Connor DT (2012) Biomarkers of PTSD: neuropeptides and immune 
signaling. Neuropharmacology 62:663–673

Bartolomucci A, Palanza P, Parmigiani S, Pederzani T, Merlot E, Neveu PJ, Dantzer R (2003) 
Chronic psychosocial stress down-regulates central cytokines mRNA.  Brain Res Bull 
62:173–178

Baumeister D, Akhtar R, Ciufolini S, Pariante CM, Mondelli V (2016) Childhood trauma and 
adulthood inflammation: a meta-analysis of peripheral C-reactive protein, interleukin-6 and 
tumour necrosis factor-[alpha]. Mol Psychiatry 21:642–649

Bennett JM, Glaser R, Malarkey WB, Beversdorf DQ, Peng J, Kiecolt-Glaser JK (2012) 
Inflammation and reactivation of latent herpesviruses in older adults. Brain Behav Immun 
26:739–746

Berghoff AS, Preusser M (2015) The inflammatory microenvironment in brain metastases: poten-
tial treatment target? Chin Clin Oncol 4:21

Blair LM, Porter K, Leblebicioglu B, Christian LM (2015) Poor sleep quality and associ-
ated inflammation predict preterm birth: heightened risk among African Americans. Sleep 
38:1259–1267

Bluthe RM, Laye S, Michaud B, Combe C, Dantzer R, Parnet P (2000) Role of interleukin-1beta 
and tumour necrosis factor-alpha in lipopolysaccharide-induced sickness behaviour: a study 
with interleukin-1 type I receptor-deficient mice. Eur J Neurosci 12:4447–4456

Brook MJ, Christian LM, Hade EM, Ruffin M (2017) The effect of perceived stress on Epstein- 
Barr virus antibody titers in Appalachian women. Neuroimmunomodulation 24(2):67–73

Brummett BH, Babyak MA, Singh A, Jiang R, Williams RB, Harris KM, Siegler IC (2013) 
Socioeconomic indices as independent correlates of C-reactive protein in the National 
Longitudinal Study of Adolescent Health. Psychosom Med 75:882–893

6 The Impact of Everyday Stressors on the Immune System and Health



86

Buckley T, Morel-Kopp MC, Ward C, Bartrop R, McKinley S, Mihailidou AS, Spinaze M, Chen 
W, Tofler G (2012) Inflammatory and thrombotic changes in early bereavement: a prospective 
evaluation. Eur J Prev Cardiol 19:1145–1152

Burleson MH, Poehlmann KM, Hawkley LC, Ernst JM, Berntson GG, Malarkey WB, Kiecolt- 
Glaser JK, Glaser R, Cacioppo JT (2002) Stress-related immune changes in middle-aged and 
older women: 1-year consistency of individual differences. Health Psychol 21:321–331

Capra L, Tezza G, Mazzei F, Boner AL (2013) The origins of health and disease: the influence of 
maternal diseases and lifestyle during gestation. Ital J Pediatr 39:7

Cash E, Sephton SE, Chagpar AB, Spiegel D, Rebholz WN, Zimmaro LA, Tillie JM, Dhabhar 
FS (2015) Circadian disruption and biomarkers of tumor progression in breast cancer patients 
awaiting surgery. Brain Behav Immun 48:102–114

Chaoul A, Milbury K, Sood AK, Prinsloo S, Cohen L (2014) Mind-body practices in cancer care. 
Curr Oncol Rep 16:417

Chen L, Pei JH, Kuang J, Chen HM, Chen Z, Li ZW, Yang HZ (2015) Effect of lifestyle interven-
tion in patients with type 2 diabetes: a meta-analysis. Metab Clin Exp 64:338–347

Choukèr AE (2012) Stress challenges and immunity in space. Springer, Berlin
Christian LM (2012) Psychoneuroimmunology in pregnancy: immune pathways linking stress 

with maternal health, adverse birth outcomes, and fetal development. Neurosci Biobehav Rev 
36:350–361

Christian LM (2015) Stress and immune function during pregnancy: an emerging focus in mind- 
body medicine. Curr Dir Psychol Sci 24:3–9

Christian LM, Porter K (2014) Longitudinal changes in serum proinflammatory markers across 
pregnancy and postpartum: effects of maternal body mass index. Cytokine 70:134–140

Christian LM, Franco A, Glaser R, Iams JD (2009) Depressive symptoms are associated with 
elevated serum proinflammatory cytokines among pregnant women. Brain Behav Immun 
23:750–754

Christian LM, Iams JD, Porter K, Glaser R (2012) Epstein-Barr virus reactivation during 
pregnancy and postpartum: effects of race and racial discrimination. Brain Behav Immun 
26:1280–1287

Christian LM, Porter K, Karlsson E, Schultz-Cherry S, Iams JD (2013a) Serum proinflammatory 
cytokine responses to influenza virus vaccine among women during pregnancy versus non- 
pregnancy. Am J Reprod Immunol (New York, NY 1989) 70:45–53

Christian LM, Glaser R, Porter K, Iams JD (2013b) Stress-induced inflammatory responses in 
women: effects of race and pregnancy. Psychosom Med 75:658–669

Christian LM, Iams J, Porter K, Leblebicioglu B (2013c) Self-rated health among pregnant women: 
associations with objective health indicators, psychological functioning, and serum inflamma-
tory markers. Ann Behav Med 46:295–309

Cohen S, Tyrrell DA, Smith AP (1991) Psychological stress and susceptibility to the common cold. 
N Engl J Med 325:606–612

Cohen S, Janicki-Deverts D, Doyle WJ, Miller GE, Frank E, Rabin BS, Turner RB (2012) Chronic 
stress, glucocorticoid receptor resistance, inflammation, and disease risk. Proc Natl Acad Sci 
U S A 109:5995–5999

Cohen M, Granger S, Fuller-Thomson E (2015) The association between bereavement and bio-
markers of inflammation. Behav Med (Washington, DC) 41:49–59

Coughlin SS (2012) Anxiety and depression: linkages with viral diseases. Public Health Rev 34:92
Dantzer R (2009) Cytokine, sickness behavior, and depression. Immunol Allergy Clin N Am 

29:247–264
Dantzer R (2010) Psychoneuroendocrinology of stress. In: George FK, Richards FT (eds) 

Encyclopedia of behavioral neuroscience. Academic, Oxford, pp 126–131
Dantzer R, O’Connor JC, Freund GG, Johnson RW, Kelley KW (2008) From inflammation to sick-

ness and depression: when the immune system subjugates the brain. Nat Rev Neurosci 9:46–56
De Giorgi V, Salvini C, Chiarugi A, Paglierani M, Maio V, Nicoletti P, Santucci M, Carli P, 

Massi D (2009) In vivo characterization of the inflammatory infiltrate and apoptotic status in 
imiquimod- treated basal cell carcinoma. Int J Dermatol 48:312–321

A. Seiler et al.



87

Dekel S, Ein-Dor T, Rosen JB, Bonanno GA (2017) Differences in cortisol response to trauma acti-
vation in individuals with and without comorbid PTSD and depression. Front Psychol 8:797

Derry HM, Glaser R, Kiecolt-Glaser JK (2012) Marital status is related to Epstein-Barr virus 
latency in individuals undergoing cancer diagnostic procedures. Brain Behav Immun 
26(Supplement 1):S30–SS1

Dhabhar FS (2014) Effects of stress on immune function: the good, the bad, and the beautiful. 
Immunol Res 58:193–210

Doering LV, Moser DK, Lemankiewicz W, Luper C, Khan S (2005) Depression, healing, and 
recovery from coronary artery bypass surgery. Am J Crit Care 14:316–324

Dolan RD, McSorley ST, Horgan PG, Laird B, McMillan DC (2017) The role of the systemic 
inflammatory response in predicting outcomes in patients with advanced inoperable cancer: 
systematic review and meta-analysis. Crit Rev Oncol Hematol 116:134–146

Donath MY, Shoelson SE (2011) Type 2 diabetes as an inflammatory disease. Nat Rev Immunol 
11:98–107

Dunn EC, Nishimi K, Powers A, Bradley B (2017) Is developmental timing of trauma expo-
sure associated with depressive and post-traumatic stress disorder symptoms in adulthood? J 
Psychiatr Res 84:119–127

Ebrecht M, Hextall J, Kirtley LG, Taylor A, Dyson M, Weinman J (2004) Perceived stress and cor-
tisol levels predict speed of wound healing in healthy male adults. Psychoneuroendocrinology 
29:798–809

Edmondson D, von Kanel R (2017) Post-traumatic stress disorder and cardiovascular disease. 
Lancet Psychiatry 4:320–329

Ehrlich KB, Miller GE, Chen E (2016) Childhood adversity and adult physical health. 
Developmental psychopathology. John Wiley & Sons, Inc., Hoboken, NJ

Elenkov IJ, Chrousos GP (2002) Stress hormones, proinflammatory and antiinflammatory cyto-
kines, and autoimmunity. Ann N Y Acad Sci 966:290–303

Emery CF, Kiecolt-Glaser JK, Glaser R, Malarkey WB, Frid DJ (2005) Exercise accelerates 
wound healing among healthy older adults: a preliminary investigation. J Gerontol A Biol Sci 
Med Sci 60:1432–1436

Epel ES, Blackburn EH, Lin J, Dhabhar FS, Adler NE, Morrow JD, Cawthon RM (2004) Accelerated 
telomere shortening in response to life stress. Proc Natl Acad Sci U S A 101:17312–17315

Fagundes CP, Glaser R, Johnson SL, Andridge RR, Yang EV, Di Gregorio MP, Chen M, Lambert 
DR, Jewell SD, Bechtel MA, Hearne DW, Herron JB, Kiecolt-Glaser JK (2012) Basal cell 
carcinoma: stressful life events and the tumor environment. Arch Gen Psychiatry 69:618–626

Fagundes CP, Glaser R, Malarkey WB, Kiecolt-Glaser JK (2013a) Childhood adversity and her-
pesvirus latency in breast cancer survivors. Health Psychol 32:337–344

Fagundes CP, Glaser R, Kiecolt-Glaser JK (2013b) Stressful early life experiences and immune 
dysregulation across the lifespan. Brain Behav Immun 27:8–12

Fagundes CP, Jaremka LM, Glaser R, Alfano CM, Povoski SP, Lipari AM, Agnese DM, Yee LD, 
Carson WE 3rd, Farrar WB, Malarkey WB, Chen M, Kiecolt-Glaser JK (2014) Attachment 
anxiety is related to Epstein-Barr virus latency. Brain Behav Immun 41:232–238

Flory JD, Yehuda R (2015) Comorbidity between post-traumatic stress disorder and major depres-
sive disorder: alternative explanations and treatment considerations. Dialogues Clin Neurosci 
17:141–150

Gallegos AM, Lytle MC, Moynihan JA, Talbot NL (2015) Mindfulness-based stress reduction to 
enhance psychological functioning and improve inflammatory biomarkers in trauma-exposed 
women: a pilot study. Psychol Trauma 7:525–532

Galley JD, Bailey M, Kamp Dush C, Schoppe-Sullivan S, Christian LM (2014) Maternal obesity is 
associated with alterations in the gut microbiome in toddlers. PLoS One 9:e113026

Garad Y, Maximova K, MacKinnon N, McGrath JJ, Kozyrskyj AL, Colman I (2017) Sex-specific 
differences in the association between childhood adversity and cardiovascular disease in adult-
hood: evidence from a national cohort study. Can J Cardiol 33:1013–1019

Gethin G (2012) Understanding the inflammatory process in wound healing. Br J Community Nurs 
Suppl:S17–S18, S20, S2

6 The Impact of Everyday Stressors on the Immune System and Health



88

Glaser R, Kiecolt-Glaser JK (2005) Stress-induced immune dysfunction: implications for health. 
Nat Rev Immunol 5:243–251

Glaser R, Pearson GR, Bonneau RH, Esterling BA, Atkinson C, Kiecolt-Glaser JK (1993) Stress 
and the memory T-cell response to the Epstein-Barr virus in healthy medical students. Health 
Psychol 12:435–442

Gouin J-P, Kiecolt-Glaser JK (2011) The impact of psychological stress on wound healing: meth-
ods and mechanisms. Immunol Allergy Clin N Am 31:81–93

Gouin JP, Hantsoo L, Kiecolt-Glaser JK (2008) Immune dysregulation and chronic stress among 
older adults: a review. Neuroimmunomodulation 15:251–259

Gouin JP, Glaser R, Malarkey WB, Beversdorf D, Kiecolt-Glaser J (2012) Chronic stress, daily 
stressors, and circulating inflammatory markers. Health Psychol 31:264–268

Grinde B (2013) Herpesviruses: latency and reactivation – viral strategies and host response. J Oral 
Microbiol 5. https://doi.org/10.3402/jom.v5i0.22766

Hackett RA, Steptoe A (2017) Type 2 diabetes mellitus and psychological stress [mdash] a modifi-
able risk factor. Nat Rev Endocrinol 13:547–560

Hagger-Johnson G, Mottus R, Craig LC, Starr JM, Deary IJ (2012) Pathways from childhood 
intelligence and socioeconomic status to late-life cardiovascular disease risk. Health Psychol 
31:403–412

Holmes TH, Rahe RH (1967) The social readjustment rating scale. J Psychosom Res 11:213–218
Huang H, Yan P, Shan Z, Chen S, Li M, Luo C, Gao H, Hao L, Liu L (2015) Adverse childhood 

experiences and risk of type 2 diabetes: a systematic review and meta-analysis. Metab Clin 
Exp 64:1408–1418

Huffhines L, Noser A, Patton SR (2016) The link between adverse childhood experiences and 
diabetes. Curr Diab Rep 16:54

Hughes K, Bellis MA, Hardcastle KA, Sethi D, Butchart A, Mikton C, Jones L, Dunne MP (2017) 
The effect of multiple adverse childhood experiences on health: a systematic review and meta- 
analysis. Lancet Public Health 2:e356–ee66

Idler EL, Benyamini Y (1997) Self-rated health and mortality: a review of twenty-seven commu-
nity studies. J Health Soc Behav 38:21–37

Illi J, Miaskowski C, Cooper B, Levine JD, Dunn L, West C, Dodd M, Dhruva A, Paul SM, Baggott 
C, Cataldo J, Langford D, Schmidt B, Aouizerat BE (2012) Association between pro- and anti- 
inflammatory cytokine genes and a symptom cluster of pain, fatigue, sleep disturbance, and 
depression. Cytokine 58:437–447

Ironson G, O'Cleirigh C, Kumar M, Kaplan L, Balbin E, Kelsch CB, Fletcher MA, Schneiderman 
N (2015) Psychosocial and neurohormonal predictors of HIV disease progression (CD4 cells 
and viral load): a 4 year prospective study. AIDS Behav 19:1388–1397

Janusek LW, Tell D, Gaylord-Harden N, Mathews HL (2017) Relationship of childhood adver-
sity and neighborhood violence to a proinflammatory phenotype in emerging adult African 
American men: an epigenetic link. Brain Behav Immun 60:126–135

Jensen AO, Thomsen HF, Engebjerg MC, Olesen AB, Friis S, Karagas MR, Sorensen HT (2009) 
Use of oral glucocorticoids and risk of skin cancer and non-Hodgkin’s lymphoma: a population- 
based case-control study. Br J Cancer 100:200–205

von Kanel R (2012) Psychosocial stress and cardiovascular risk : current opinion. Swiss Med Wkly 
142:w13502

von Kanel R, Bellingrath S, Kudielka BM (2008) Association between burnout and circulating 
levels of pro- and anti-inflammatory cytokines in schoolteachers. J Psychosom Res 65:51–59

Kettunen O, Vuorimaa T, Vasankari T (2015) A 12-month exercise intervention decreased stress 
symptoms and increased mental resources among working adults – results perceived after a 
12-month follow-up. Int J Occup Med Environ Health 28:157–168

Kiecolt-Glaser JK, Marucha PT, Malarkey WB, Mercado AM, Glaser R (1995) Slowing of wound 
healing by psychological stress. Lancet 346:1194–1196

Kiecolt-Glaser JK, Page GG, Marucha PT, MacCallum RC, Glaser R (1998) Psychological 
influences on surgical recovery. Perspectives from psychoneuroimmunology. Am Psychol 
53:1209–1218

A. Seiler et al.

https://doi.org/10.3402/jom.v5i0.22766


89

Kiecolt-Glaser JK, Christian L, Preston H, Houts CR, Malarkey WB, Emery CF, Glaser R (2010) 
Stress, inflammation, and yoga practice. Psychosom Med 72:113–121

Kiecolt-Glaser JK, Gouin JP, Weng NP, Malarkey WB, Beversdorf DQ, Glaser R (2011) Childhood 
adversity heightens the impact of later-life caregiving stress on telomere length and inflamma-
tion. Psychosom Med 73:16–22

Kivimaki M, Kawachi I (2015) Work stress as a risk factor for cardiovascular disease. Curr Cardiol 
Rep 17:630

Kołodziej J (2016) Effects of stress on HIV infection progression. HIV AIDS Rev 15:13–16
Korte SM, Bouws GA, Bohus B (1992) Adrenal hormones in rats before and after stress- experience: 

effects of ipsapirone. Physiol Behav 51:1129–1133
Lagraauw HM, Kuiper J, Bot I (2015) Acute and chronic psychological stress as risk factors for 

cardiovascular disease: insights gained from epidemiological, clinical and experimental stud-
ies. Brain Behav Immun 50:18–30

Lambert ND, Ovsyannikova IG, Pankratz VS, Jacobson RM, Poland GA (2012) Understanding 
the immune response to seasonal influenza vaccination in older adults: a systems biology 
approach. Expert Rev Vaccines 11:985–994

Lamkin DM, Sloan EK, Patel AJ, Chiang BS, Pimentel MA, Ma JC, Arevalo JM, Morizono K, 
Cole SW (2012) Chronic stress enhances progression of acute lymphoblastic leukemia via 
beta-adrenergic signaling. Brain Behav Immun 26:635–641

Landskron G, De la Fuente M, Thuwajit P, Thuwajit C, Hermoso MA (2014) Chronic inflamma-
tion and cytokines in the tumor microenvironment. J Immunol Res 2014:149185

Lazarus RS, Folkman S (1984) Stress, appraisal, and coping. Springer, New York, NY
LeRoy AS, Murdock KW, Jaremka LM, Loya A, Fagundes CP (2017) Loneliness predicts self- 

reported cold symptoms after a viral challenge. Health Psychol 36:512–520
Lin JE, Neylan TC, Epel E, O'Donovan A (2016) Associations of childhood adversity and adult-

hood trauma with C-reactive protein: a cross-sectional population-based study. Brain Behav 
Immun 53:105–112

Liu Y-Z, Wang Y-X, Jiang C-L (2017) Inflammation: the common pathway of stress-related dis-
eases. Front Hum Neurosci 11:316

Loft P, Petrie KJ, Booth RJ, Thomas MG, Robinson E, Vedhara K (2012) Effects of massage on 
antibody responses after hepatitis B vaccination. Psychosom Med 74:982–987

Lutgendorf SK, Andersen BL (2015) Biobehavioral approaches to cancer progression and sur-
vival: mechanisms and interventions. Am Psychol 70:186–197

Matalka KZ, Sidki A, Abdul-Malik SM, Thewaini AJ (2000) Academic stress – influence on epstein- 
barr virus and cytomegalovirus reactivation, cortisol, and prolactin. Lab Med 31:163–168

Mathur MB, Epel E, Kind S, Desai M, Parks CG, Sandler DP, Khazeni N (2016) Perceived stress 
and telomere length: a systematic review, meta-analysis, and methodologic considerations for 
advancing the field. Brain Behav Immun 54:158–169

Matthews KA, Chang YF, Thurston RC, Bromberger JT (2014) Child abuse is related to inflamma-
tion in mid-life women: role of obesity. Brain Behav Immun 36:29–34

McCaulley ME, Grush KA (2015) Alzheimer’s disease: exploring the role of inflammation and 
implications for treatment. Int J Alzheimers Dis 2015:515248

McGuire L, Heffner K, Glaser R, Needleman B, Malarkey W, Dickinson S, Lemeshow S, Cook 
C, Muscarella P, Melvin WS, Ellison EC, Kiecolt-Glaser JK (2006) Pain and wound healing in 
surgical patients. Ann Behav Med 31:165–172

Michaud M, Balardy L, Moulis G, Gaudin C, Peyrot C, Vellas B, Cesari M, Nourhashemi F 
(2013) Proinflammatory cytokines, aging, and age-related diseases. J Am Med Dir Assoc 
14:877–882

Mitchell AM, Christian LM (2018) Examination of the role of obesity in the association between 
childhood trauma and inflammation during pregnancy. Health Psychol 37(2):114–124

Moreno-Smith M, Lutgendorf SK, Sood AK (2010) Impact of stress on cancer metastasis. Fut 
Oncol (London) 6:1863–1881

Morgan N, Irwin MR, Chung M, Wang C (2014) The effects of mind-body therapies on the 
immune system: meta-analysis. PLoS One 9:e100903

6 The Impact of Everyday Stressors on the Immune System and Health



90

Morukov B, Rykova M, Antropova E, Berendeeva T, Ponomaryov S, Larina I (2011) T-cell immu-
nity and cytokine production in cosmonauts after long-duration space flights. Acta Astronaut 
68:739–746

Mostofa AG, Punganuru SR, Madala HR, Al-Obaide M, Srivenugopal KS (2017) The process and 
regulatory components of inflammation in brain oncogenesis. Biomol Ther 7:pii:E34

Murdock KW, Fagundes CP, Peek MK, Vohra V, Stowe RP (2016) The effect of self-reported 
health on latent herpesvirus reactivation and inflammation in an ethnically diverse sample. 
Psychoneuroendocrinology 72:113–118

Nadrowski P, Chudek J, Skrzypek M, Puzianowska-Kuznicka M, Mossakowska M, Wiecek A, 
Zdrojewski T, Grodzicki T, Kozakiewicz K (2016) Associations between cardiovascular dis-
ease risk factors and IL-6 and hsCRP levels in the elderly. Exp Gerontol 85:112–117

Nielsen AB, Siersma V, Hiort LC, Drivsholm T, Kreiner S, Hollnagel H (2008) Self-rated general 
health among 40-year-old Danes and its association with all-cause mortality at 10-, 20-, and 29 
years’ follow-up. Scand J Public Health 36:3–11

Nygren M, Carstensen J, Koch F, Ludvigsson J, Frostell A (2015) Experience of a serious life event 
increases the risk for childhood type 1 diabetes: the ABIS population-based prospective cohort 
study. Diabetologia 58:1188–1197

O’Connor TG, Moynihan JA, Wyman PA, Carnahan J, Lofthus G, Quataert SA, Bowman M, 
Caserta MT (2014) Depressive symptoms and immune response to meningococcal conjugate 
vaccine in early adolescence. Dev Psychopathol 26:1567–1576

Padgett DA, Sheridan JF, Dorne J, Berntson GG, Candelora J, Glaser R (1998) Social stress and 
the reactivation of latent herpes simplex virus type 1. Proc Natl Acad Sci U S A 95:7231–7235

Padro CJ, Sanders VM (2014) Neuroendocrine regulation of inflammation. Semin Immunol 
26:357–368

Pedersen AF, Zachariae R, Bovbjerg DH (2009) Psychological stress and antibody response to 
influenza vaccination: a meta-analysis. Brain Behav Immun 23:427–433

Pinto A, Faiz O, Davis R, Almoudaris A, Vincent C (2016) Surgical complications and their impact 
on patients’ psychosocial well-being: a systematic review and meta-analysis. BMJ Open 
6:e007224

Radojevic K, Rakin A, Pilipovic I, Kosec D, Djikic J, Bufan B, Vujnovic I, Leposavic G (2014) 
Effects of catecholamines on thymocyte apoptosis and proliferation depend on thymocyte 
microenvironment. J Neuroimmunol 272:16–28

Raposa EB, Bower JE, Hammen CL, Najman JM, Brennan PA (2014) A developmental path-
way from early life stress to inflammation: the role of negative health behaviors. Psychol Sci 
25:1268–1274

Reilly KH, Clark RA, Schmidt N, Benight CC, Kissinger P (2009) The effect of post- traumatic 
stress disorder on HIV disease progression following hurricane Katrina. AIDS Care 
21:1298–1305

Rizvi S, Raza ST, Mahdi F (2014) Telomere length variations in aging and age-related diseases. 
Curr Aging Sci 7:161–167

Rosenkranz MA, Lutz A, Perlman DM, Bachhuber DR, Schuyler BS, MacCoon DG, Davidson RJ 
(2016) Reduced stress and inflammatory responsiveness in experienced meditators compared 
to a matched healthy control group. Psychoneuroendocrinology 68:117–125

Rykova MP, Antropova EN, Larina IM, Morukov BV (2008) Humoral and cellular immunity in 
cosmonauts after the ISS missions. Acta Astronaut 63:697–705

Saul AN, Oberyszyn TM, Daugherty C, Kusewitt D, Jones S, Jewell S, Malarkey WB, Lehman A, 
Lemeshow S, Dhabhar FS (2005) Chronic stress and susceptibility to skin cancer. J Natl Cancer 
Inst 97:1760–1767

Segerstrom SC, Hardy JK, Evans DR, Greenberg RN (2012) Vulnerability, distress, and immune 
response to vaccination in older adults. Brain Behav Immun 26:747–753

Shaashua L, Shabat-Simon M, Haldar R, Matzner P, Zmora O, Shabtai M, Sharon E, Allweis T, 
Barshack I, Hayman L, Arevalo JMG, Ma J, Horowitz M, Cole SW, Ben-Eliyahu S (2017) 
Perioperative COX-2 and β-adrenergic blockade improves metastatic biomarkers in breast can-
cer patients in a phase-II randomized trial. Clin Cancer Res 23(16):4651–4661

A. Seiler et al.



91

Shammas MA (2011) Telomeres, lifestyle, cancer, and aging. Curr Opin Clin Nutr Metab Care 
14:28–34

Shapero BG, Black SK, Liu RT, Klugman J, Bender RE, Abramson LY, Alloy LB (2014) Stressful 
life events and depression symptoms: the effect of childhood emotional abuse on stress reactiv-
ity. J Clin Psychol 70:209–223

Simpson RJ, Kunz H, Agha N, Graff R (2015) Exercise and the regulation of immune functions. 
Prog Mol Biol Transl Sci 135:355–380

Slavich GM, Irwin MR (2014) From stress to inflammation and major depressive disorder: a social 
signal transduction theory of depression. Psychol Bull 140:774–815

Sloan EK, Priceman SJ, Cox BF, Yu S, Pimentel MA, Tangkanangnukul V, Arevalo JM, Morizono 
K, Karanikolas BD, Wu L, Sood AK, Cole SW (2010) The sympathetic nervous system induces 
a metastatic switch in primary breast cancer. Cancer Res 70:7042–7052

Sompayrac L (2016) How the immune system works, 5th edn. Singapore, Wiley Blackwell
Song SS, Goldenberg A, Ortiz A, Eimpunth S, Oganesyan G, Jiang SI (2016) Nonmelanoma skin 

cancer with aggressive subclinical extension in immunosuppressed patients. JAMA Dermatol 
152:683–690

Spellberg B, Edwards JE Jr (2001) Type 1/type 2 immunity in infectious diseases. Clin Infect Dis 
32:76–102

Stahl ST, Arnold AM, Chen JY, Anderson S, Schulz R (2016) Mortality after bereavement: the role 
of cardiovascular disease and depression. Psychosom Med 78:697–703

Strewe C, Feuerecker M, Nichiporuk I, Kaufmann I, Hauer D, Morukov B, Schelling G, Choukèr 
A (2012) Effects of parabolic flight and spaceflight on the endocannabinoid system in humans. 
Rev Neurosci 23:673

Tevis SE, Kennedy GD (2013) Postoperative complications and implications on patient-centered 
outcomes. J Surg Res 181:106–113

Tsuneki H, Tokai E, Sugawara C, Wada T, Sakurai T, Sasaoka T (2013) Hypothalamic orexin 
prevents hepatic insulin resistance induced by social defeat stress in mice. Neuropeptides 
47:213–219

Urosevic M, Maier T, Benninghoff B, Slade H, Burg G, Dummer R (2003) Mechanisms underlying 
imiquimod-induced regression of basal cell carcinoma in vivo. Arch Dermatol 139:1325–1332

Walburn J, Vedhara K, Hankins M, Rixon L, Weinman J (2009) Psychological stress and wound 
healing in humans: a systematic review and meta-analysis. J Psychosom Res 67:253–271

Wang M, Zhao J, Zhang L, Wei F, Lian Y, Wu Y, Gong Z, Zhang S, Zhou J, Cao K, Li X, Xiong 
W, Li G, Zeng Z, Guo C (2017) Role of tumor microenvironment in tumorigenesis. J Cancer 
8:761–773

Webster Marketon JI, Glaser R (2008) Stress hormones and immune function. Cell Immunol 
252:16–26

Wu D, Meydani SN (2008) Age-associated changes in immune and inflammatory responses: 
impact of vitamin E intervention. J Leukoc Biol 84:900–914

Yu M, Zhang X, Lu F, Fang L (2015) Depression and risk for diabetes: a meta-analysis. Can J 
Diabetes 39:266–272

Zhu G, Zhang X, Wang Y, Xiong H, Zhao Y, Sun F (2016) Effects of exercise intervention in 
breast cancer survivors: a meta-analysis of 33 randomized controlled trails. OncoTargets Ther 
9:2153–2168

Ziol-Guest KM, Duncan GJ, Kalil A, Boyce WT (2012) Early childhood poverty, immune- 
mediated disease processes, and adult productivity. Proc Natl Acad Sci U S A 109(Suppl 
2):17289–17293

Zöller B, Sundquist J, Sundquist K, Crump C (2015) Perinatal risk factors for premature ischaemic 
heart disease in a Swedish national cohort. BMJ Open 5(6):e007308

6 The Impact of Everyday Stressors on the Immune System and Health



92

Open Access  This chapter is licensed under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons license and 
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's Creative 
Commons license, unless indicated otherwise in a credit line to the material. If material is not 
included in the chapter's Creative Commons license and your intended use is not permitted by 
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder.

A. Seiler et al.

http://creativecommons.org/licenses/by/4.0/


Part III

Stress and Immune Allostasis in Space,  
from Brain to Immune Responses



95© Springer Nature Switzerland AG 2020
A. Choukér (ed.), Stress Challenges and Immunity in Space, 
https://doi.org/10.1007/978-3-030-16996-1_7

R. V. Fornari 
Centro de Matemática, Computação e Cognição, Universidade Federal do ABC,  
São Bernardo do Campo, Brazil 

A. Aerni 
Division of Cognitive Neuroscience, Department of Psychology, University of Basel,  
Basel, Switzerland 

D. J.-F. de Quervain 
Division of Cognitive Neuroscience, Department of Psychology, University of Basel,  
Basel, Switzerland 

Transfaculty Research Platform, University of Basel, Basel, Switzerland 

University Psychiatric Clinics, University of Basel, Basel, Switzerland 

B. Roozendaal (*) 
Department of Cognitive Neuroscience, Radboud University Medical Center,  
Nijmegen, The Netherlands 

Donders Institute for Brain, Cognition and Behaviour, Radboud University, Nijmegen,  
The Netherlands
e-mail: Benno.Roozendaal@radboudumc.nl

7Neurobiological Mechanisms of Stress 
and Glucocorticoid Effects on Learning 
and Memory: Implications for Stress 
Disorders on Earth and in Space
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7.1  Introduction

Space flight conditions affect human health due to complex environmental chal-
lenges (“stressors”). As discussed elsewhere in this book, adequate function of 
human organisms in space is challenged by biological (e.g. sleep deprivation, pain, 
see Chap. 9), physical (e.g. microgravity, variable oxygenation status, radiation, 
Chaps. 16, 17, 20), and psychological (e.g. confinement, work load, Chaps. 22 and  
31) stress factors. It has been long recognized that stress leads to an activation of the 
sympathetic nervous system and hypothalamus–pituitary adrenal (HPA) axis, cul-
minating in the release of catecholamines and glucocorticoids (i.e., cortisol) from 
the adrenal medulla and cortex, respectively (De Boer et  al. 1990; McCarty and 
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Gold 1981; Roozendaal et al. 1996a). These stress hormones, in concert with numer-
ous other stress mediators, neurotransmitters, and neuropeptides, are known to 
influence the organism’s ability to cope with stress, influencing target systems in the 
periphery (see also Chaps. 6, 8 and 9). However, they also induce a myriad of effects 
on the brain. Accordingly, high stress exposure is known to affect emotional regula-
tion, cognitive function, and mood. Glucocorticoid hormones play a crucial role in 
regulating stress effects on aversive memory and mood. Although such stress and 
glucocorticoid effects on memory are typically considered to be adaptive responses, 
they are also critically involved in influencing the development and symptomatol-
ogy of stress-related (anxiety) disorders (Aerni et al. 2004; Schelling et al. 2004b; 
Soravia et al. 2006; de Quervain et al. 2017).

A few studies investigated the occurrence of psychological problems during 
space flight conditions. Noted problems included anxiety, boredom, crew interac-
tions, problems associated with isolation and confinement, and others (Cooper Jr. 
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). It is obvious that an altered emotional, cognitive, or mood 
status during highly demanding tasks, especially during prolonged periods, could 
add to the subjective feeling of perceived stress and further impact human health via 
neuroendocrine and nerval-immune modulatory effects as well as might induce 
long-lasting impairment of psychological well-being. Several studies have also 
investigated human cognitive performance in space flight or analog environment 
(reviewed in Strangman et  al. 2014). Although the available evidence fails to 
strongly support or refute the existence of specific cognitive deficits in low Earth 
orbit during long-duration space flight, the studies consistently suggest that novel, 
and thus potentially stressful or arousing, environments (space flight or other) 
induce variable alterations in cognitive performance across individuals, consistent 
with known astronaut experiences. This highlights the need to better examine the 
impact of interindividual variability, and understand its underlying factors, when 
predicting in-flight cognitive functioning. Particularly, investigations into individual 
variability in stress experience and responsiveness, such as cortisol secretion, and 
in-flight cognitive performance or during simulation studies on Earth and how such 
changes predict or relate to psychological and other health problems should be 
implemented.

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 cognitive performance and why these stress hormones might specifi-
cally modulate memory processes of emotionally arousing experiences or during 
emotionally arousing situations. Furthermore, because emotional memory plays a 
crucial role in the pathogenesis and symptomatology of anxiety 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 cognitive performance and emotional memory might have clinical impli-
cations on Earth and in space.
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7.2  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 to enhance the con-
solidation of memory of new information, but to impair the retrieval of previously 
stored information (de Quervain et  al. 1998, 2017; Roozendaal and McGaugh 
1996, 2011). Conditions with chronically elevated glucocorticoid levels are usu-
ally associated with impaired cognitive performance and these deficits are thought 
to result from a cumulative and long-lasting burden on prefrontal and hippocam-
pal function and morphology (McEwen 1998; Roozendaal et al. 2009). Memory 
deficits observed under such chronic conditions can, however, also result, at least 
in part, from acute and reversible actions of elevated glucocorticoid levels on 
memory retrieval processes (Coluccia et al. 2008). Some of the effects of gluco-
corticoids 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; Derecki et al. 2010). 
These findings indicate that an integrated prospective is necessary to fully under-
stand 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.

7.2.1  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 (pleasant or unpleasant) 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 critically involved in regulating memory consolidation of emotionally 
arousing experiences (de Quervain et  al. 2017; Het et  al. 2005; McGaugh and 
Roozendaal 2002; Schwabe et al. 2012). Acute systemic administration of glucocor-
ticoids enhances long-term memory consolidation when given either before 
(Abercrombie et al. 2003; Buchanan and Lovallo 2001) or immediately after a train-
ing experience (Cordero et  al. 2002; Roozendaal and McGaugh 1996; Wilhelm 
et al. 2011). 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 
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(Liu et al. 1999; Roozendaal et al. 1996b). Such glucocorticoid effects on memory 
consolidation follow an inverted U-shaped dose–response relationship: Moderate 
doses enhance memory, whereas higher doses are typically less effective or may 
even impair memory consolidation (Roozendaal et al. 1999b).

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

Findings from animal and human studies suggest that glucocorticoids enhance 
memory consolidation of emotionally arousing experiences but do not affect mem-
ory consolidation of emotionally neutral information. We investigated the impor-
tance of emotional arousal in mediating glucocorticoid effects on memory 
consolidation in rats trained on an object recognition task, a task based on the innate 
preference of rodents to explore a novel object (Okuda et al. 2004). Although no 
rewarding or aversive stimulation is used during object recognition training, placing 
an animal into the training context induces modest novelty-induced stress or arousal 
(De Boer et al. 1990). However, extensive habituation of rats to the training context 
prior to the training reduces the arousal level induced by object recognition training. 
We found that corticosterone, the main glucocorticoid in rodents, administered sys-
temically immediately after training enhanced 24-h retention performance of rats 
that were not previously habituated to the experimental context (i.e., that were emo-
tionally aroused). In contrast, posttraining corticosterone did not affect 24-h reten-
tion 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. 7.1).
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Fig. 7.1 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 nonaroused 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., Proc. Natl. Acad. Sci. U.S.A., 
Okuda et al. (2004)
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A link between the level of emotional arousal at encoding and the efficacy of 
glucocorticoids in influencing memory consolidation has also been demonstrated in 
humans. Cortisol administered shortly before or after learning selectively enhances 
long-term memory of emotionally arousing, but not of emotionally neutral, material 
(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 emotionally neutral 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 endogenous emotional arousal 
is essential for enabling glucocorticoid effects on memory consolidation.

7.2.1.2  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. It is well 
established that emotional experiences that induce the release of adrenal stress hor-
mones 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 hypotha-
lamic and brainstem control centers as well as in the processing of emotionally 
arousing information, including emotional influences on attention, perception, 
learning, and memory (LeDoux 2003; Phelps and LeDoux 2005). Extensive evi-
dence indicates that the enhancing effects of stress hormone administration on the 
consolidation of memory of emotionally arousing experiences involve the amyg-
dala. Experimentally induced damage to the amygdala, particularly basolateral 
amygdala (BLA), blocks the memory-modulatory effects of glucocorticoids 
(Roozendaal and McGaugh 1996). Moreover, and in support of this view, a gluco-
corticoid receptor agonist administered directly into the BLA enhances memory 
consolidation, whereas that of a glucocorticoid receptor antagonist impairs memory 
consolidation (Roozendaal and McGaugh 1997b).

Further findings indicate that glucocorticoids require training-associated norad-
renergic activation within the BLA to influence memory of emotionally arousing 
training. In vivo microdialysis, a technique that is used to measure neurotransmit-
ter levels in the brain, indicated that aversive stimulation of electrical footshock 
induces the release of norepinephrine in the amygdala of rats (McIntyre et  al. 
2002). Glucocorticoid administration rapidly augments such training-induced nor-
epinephrine levels within the amygdala (McReynolds et al. 2010). On the other 
hand, blockade of norepinephrine signaling in the BLA with a β-adrenoceptor 
antagonist prevented the memory-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 
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consolidation require noradrenergic activation within the BLA, they only modulate 
memory under emotionally arousing conditions that induce the release of norepi-
nephrine (Roozendaal et al. 2006b).

Human studies have also provided evidence that stress and glucocorticoid effects 
on memory enhancement for emotionally arousing experiences require amygdala 
and noradrenergic activity (Adolphs et al. 1997; Cahill et al. 1995, 1996; Canli et al. 
2000; Hamann et al. 1999). An interaction between glucocorticoids and noradrener-
gic activity within the amygdala in emotionally influenced memory has also been 
investigated in studies using functional MRI. Van Stegeren et al. (2007) reported 
that the relationship between amygdala activity during encoding and subsequent 
long-term memory was greatest for the most emotionally arousing stimuli and for 
participants with higher endogenous levels of cortisol. Importantly, β-adrenoceptor 
antagonists blocked both the increase in amygdala activity and the enhanced reten-
tion induced by emotional stimuli. Kukolja et  al. (2008) furthermore showed 
increased amygdala activity in response to negatively arousing images after com-
bined administration of reboxetine, a norepinephrine-reuptake inhibitor, and corti-
sol, but not with either drug alone.

Several experimental findings further suggested that glucocorticoid effects on 
increasing noradrenergic signaling might have an onset that is too fast to be mediated 
via transcriptional regulation in the nucleus and involve a rapid, nongenomic mode 
of action (Dallman 2005; de Kloet 2000; Popoli et al. 2012). Nongenomic glucocor-
ticoid actions likely involve the activation of a membrane- associated variant(s) of the 
steroid receptor (Dallman 2005; Johnson et al. 2005; Riedemann et al. 2010). Recent 
findings indicate that such rapid actions of glucocorticoid hormones on memory con-
solidation involve the endocannabinoid system. The endocannabinoid system is a 
fast lipid system in the brain and recently emerged as an important stress-response 
system (Atsak et al. 2012b; Campolongo et al. 2009; Evanson et al. 2010; Hill and 
McEwen 2009; Hill and Tasker 2012; Morena et al. 2016). Hill et al. (2010) showed 
that a single glucocorticoid administration rapidly (within 10 min) elevated levels of 
the endocannabinoid anandamide in the brain. Endocannabinoid signaling appears to 
be essentially involved in mediating glucocorticoid effects on memory consolidation 
as the cannabinoid type 1 (CB1) receptor antagonist AM-251 administered into the 
BLA blocked the ability of posttraining systemic corticosterone to facilitate memory 
consolidation (Campolongo et al. 2009). As shown in Fig. 7.2a, emotionally arousing 
training also rapidly increases anandamide levels in the BLA (Morena et al. 2014). 
To investigate whether glucocorticoid- endocannabinoid interactions on memory 
consolidation are dependent upon an adrenal steroid receptor on the cell surface, we 
performed an additional experiment. As shown in Fig. 7.2b, c, AM-251 infused into 
the BLA blocked the memory- enhancing effects induced by concurrent administra-
tion of either a specific glucocorticoid receptor agonist or the membrane-imperme-
able ligand cort:BSA (Atsak et  al. 2015). In contrast, a glucocorticoid receptor 
antagonist infused into the BLA did not alter the memory-enhancing effects of a CB1 
receptor agonist (Fig. 7.2d). Therefore, these findings indicate that glucocorticoid 
effects on downstream endocannabinoid transmission are required, presumably 
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Fig. 7.2 Glucocorticoids interact with the endocannabinoid system of the BLA in enhancing 
memory consolidation of inhibitory avoidance training. (a) Training rats on an inhibitory avoid-
ance task with a high footshock (High FS; 0.45  mA, 1  s), but not low footshock (Low FS; 
0.35 mA, 1 s), intensity increased anandamide levels in the amygdala 10, 30, and 60 min after the 
training. ∗P < 0.05, ∗∗P < 0.01 vs. the no footshock (No FS) group. Results represent mean ± SEM. 
(b) Forty-eight-hour retention latencies (in s, mean ± SEM) of rats given immediate posttraining 
intra-BLA infusions of the glucocorticoid receptor agonist RU 28362 (1, 3 or 10 ng in 0.2 μl) 
alone or together with the CB1 receptor antagonist AM-251 (0.14 ng). ∗∗P < 0.01 vs. vehicle; 
♦♦P < 0.01 vs. RU 28362 alone. (c) Forty-eight-hour retention latencies of rats given immediate 
posttraining intra-BLA infusions of the membrane-impermeable glucocorticoid cort:BSA (1, 3 or 
10 ng in 0.2 μl) alone or together with AM-251 (0.14 ng). ∗P < 0.05; ∗∗P < 0.01 vs. vehicle; 
♦P < 0.05 vs. cort:BSA alone. (d) Forty- eight- hour retention latencies of rats given immediate 
posttraining intra-BLA infusions of the cannabinoid agonist WIN55,212-2 (10, 30 or 100 ng in 
0.2 μl) alone or together with the glucocorticoid antagonist RU 38486 (1  ng). ∗∗P  <  0.01 vs. 
vehicle. Adapted from Morena et  al., Proc. Natl. Acad. Sci. U.S.A., 2014 and Atsak et  al., 
Neuropsychopharmacology (2015)
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involving the activation of a glucocorticoid receptor on the cell surface. Subsequent 
experiments indicated that such glucocorticoid interactions with the endocannabi-
noid system also mediate the rapid effects of glucocorticoids onto the noradrenergic 
system (Atsak et al. 2015).

As illustrated in Fig. 7.3, these findings thus suggest that glucocorticoids might 
bind to a glucocorticoid receptor on the cell surface and rapidly induce the release 
of endocannabinoids. The released endocannabinoids might then bind to CB1 
receptors on GABAergic interneurons and inhibit the release of GABA that can then 
result in an increased noradrenergic transmission in BLA neurons.

Fig. 7.3 A model illustrating the role of the endocannabinoid system in integrating the effects of 
glucocorticoids and norepinephrine within the BLA on memory consolidation. Glucocorticoids, 
released during emotionally arousing situations, bind to a membrane-bound glucocorticoid 
receptor (GR), and activate the intracellular cAMP/protein kinase A (PKA) signaling cascade. This 
triggers the release of endocannabinoids, particularly anandamide (AEA). Anandamide then acti-
vates CB1 receptors on GABAergic interneurons and thereby inhibit GABA release. This subse-
quently disinhibits norepinephrine (NE) release, and increases the excitability of pyramidal 
neurons within the BLA. This overall increases the sensitivity of BLA neurons to the effects of 
norepinephrine and results in an increased activation of the cAMP/PKA pathway and phosphoryla-
tion of cAMP response element-binding (pCREB) protein. These stress hormone effects in the 
BLA are required for the optimal enhancement of memory for emotionally arousing experiences 
by influencing information storage processes in other brain regions. Adapted from Atsak et al., 
Neuropsychopharmacology (2015)
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7.2.1.3  Interaction of the Amygdala with Other Brain Regions
Although the BLA might be a critical site involved in encoding, storage, and expres-
sion of fear-based memories (LeDoux 2003), an involvement of the BLA in modu-
lating long-term memory formation has been obtained in experiments using many 
different kinds of training tasks. As these different 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 undoubt-
edly involves influences on processing, occurring in these brain regions (McGaugh 
and Roozendaal 2002; Roozendaal and McGaugh 2011). For example, glucocorti-
coids administered into the rat hippocampus influence memory of inhibitory avoid-
ance or water-maze spatial training (Roozendaal and McGaugh 1997a; Roozendaal 
et  al. 1999a), which is consistent with a role of the hippocampus in processing 
spatial/contextual information (Maren and Fanselow 1997; Lisman et  al. 2017; 
Morris et al. 1982; Sacchetti et al. 1999). Importantly, damage to the BLA or the 
administration of a β-adrenoceptor antagonist into the BLA blocks 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 
required for enabling memory modulation of spatial/contextual information induced 
by manipulation of glucocorticoid receptor activity in the hippocampus. Other stud-
ies indicated similar interactions of the BLA with a wide variety of other brain 
regions, including the striatum, medial prefrontal cortex, anterior cingulate cortex, 
and insular cortex, in regulating stress hormone effects on synaptic plasticity and 
memory consolidation underlying different kinds of emotionally arousing experi-
ences (Packard et al. 1994; McIntyre et al. 2005; Malin and McGaugh 2006; Chavez 
et al. 2013; Bass et al. 2014; Bermudez-Rattoni 2014; Lovitz and Thompson 2015; 
Atucha et al. 2017).

Guided by animal research, human neuroimaging studies also provide evidence 
indicating that amygdala activation influences memory processing in other brain 
regions. For example, activity of the amygdala and hippocampal/parahippocampal 
regions are correlated during emotional experiences (Cahill et al. 1996; Hamann 
et al. 1999; Fastenrath et al. 2014) and such activation is correlated with subsequent 
retention (Dolcos et al. 2004). Functional connectivity network modeling in humans 
has further demonstrated that emotionally arousing tasks that activate the amygdala 
also lead to a consistent and robust coactivation of a specific set of other brain 
regions, such as the dorsal anterior cingulate cortex, medial prefrontal cortex, ante-
rior insula, caudate nucleus, hypothalamus as well as brainstem and midbrain 
regions (Hermans et al. 2011). Interestingly, functional connectivity, in particular 
within the cingulo-opercular “salience” network (Menon 2011; Hermans et  al. 
2014) is regulated by stress hormones (Hermans et al. 2011). Thus, a critical ques-
tion is whether salience network activity is involved in the formation of an intero-
ceptive representation of the physiological state evoked by prior salient events, and 
contributes to long-term memory (Damasio and Carvalho 2013).
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7.2.2  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 pro-
cesses (de Quervain et al. 1998), we reported that 30 min after exposure to foot-
shock stress, rats displayed impaired retention of spatial memory of a water-maze 
task they had acquired 24 h earlier. The water-maze task is a commonly used learn-
ing task in which rats make use of spatial cues in their environment to learn navi-
gating to an invisible escape platform in a tank filled with water. Interestingly, 
memory performance was not impaired when rats were tested either 2 min or 4 h 
after the stress exposure. These time-dependent effects on retrieval processes cor-
responded to the circulating glucocorticoid levels at the time of testing, which 
suggested that the retrieval impairment was directly related to increased adreno-
cortical function. In a next step, we have translated these findings 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 indicated 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. 
2004b; Sajadi et al. 2007; Wolf 2008; Wolf et al. 2001). Moreover, increased corti-
sol 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). Although the vast majority of studies have investigated the effects of 
stress and glucocorticoids on the retrieval of hippocampus-dependent forms of 
memory, other studies have shown that stress exposure or glucocorticoid adminis-
tration also impairs the retrieval of cortex-dependent recognition memory 
(Barsegyan et al. 2015) and striatal- dependent stimulus-response associations, i.e., 
habit-like memory (Guenzel et al. 2013; Atsak et al. 2016).

Glucocorticoid effects on memory retrieval are highly comparable to those seen 
in studies investigating memory consolidation in that the effects depend on emo-
tional arousal. Specifically, it has been shown in studies in humans that emotionally 
arousing information is especially sensitive to the retrieval-impairing effects of glu-
cocorticoids (Buchanan et al. 2006; Buss et al. 2004; de Quervain et al. 2000, 2007a; 
Het et al. 2005; Kuhlmann et al. 2005a, b; Kuhlmann and Wolf 2006b; Schwabe 
et al. 2009; Smeets et al. 2008, 2009). Studies of rats investigating the neural mech-
anisms underlying this selectivity have indicated that glucocorticoid effects on 
memory retrieval also depend critically on noradrenergic activity within the brain 
(Roozendaal et al. 2004a, b). In line with this idea, and illustrated in Fig. 7.4, the 
β-blocker propranolol administered to healthy humans abolished the impairing 
effect of cortisone administration on the retrieval of emotionally arousing material 
(de Quervain et al. 2007a). Another study indicated that propranolol also blocks the 
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impairing effect of stress induction on memory retrieval (Schwabe et al. 2009). The 
temporary impairment of glucocorticoids after stress induction or pharmacological 
administration on memory retrieval is fast and does not seem to depend on gene 
transcription (Sajadi et  al. 2007). Recent findings indicate that endocannabinoid 
signaling is also involved in mediating glucocorticoid-induced impairment of mem-
ory retrieval (Atsak et al. 2012a; Morena et al. 2015).
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Fig. 7.4 Glucocorticoid effects on memory retrieval depend on emotional arousal. (a) Cortisone 
administered 1 h before recall testing impaired retrieval of high-arousal words, but not of low- 
arousal words. (b) Concurrent administration of the β-blocker propranolol prevented the impairing 
effect of cortisone on retrieving high-arousal words. Data are presented as mean  ±  SEM. 
∗∗∗P < 0.0001 compared with the corresponding cortisone condition. Adapted from de Quervain 
et al., Am. J. Psychiatry (2007)
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7.2.3  Glucocorticoid Effects on Working Memory

Stress exposure is also known to impair working memory (Arnsten and Goldman- 
Rakic 1998; Schoofs et al. 2008). Working memory is a dynamic process whereby 
information is updated continuously, 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). Although basal 
levels of endogenous glucocorticoids are required to maintain prefrontal cortical 
function (Mizoguchi et al. 2004), stress doses of glucocorticoids impair working 
memory in rats (Roozendaal et al. 2004c). Stress or stress-level cortisol treatment is 
also known to impair working memory performance 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, gluco-
corticoid effects on working memory impairment also depend on interactions with 
arousal-associated noradrenergic mechanisms (Roozendaal et al. 2004c; Barsegyan 
et al. 2010). In humans, negative effects of stress induction on working memory 
(Elzinga and Roelofs 2005; Luethi et  al. 2008; Oei et  al. 2006; Taverniers et  al. 
2010; Qin et  al. 2012; Schoofs et  al. 2008, 2009) and prefrontal cortex activity 
(Ossewaarde et al. 2011; Qin et al. 2009) are usually observed within the time win-
dow in which both glucocorticoid and noradrenergic activity are elevated.

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

From the findings reviewed above we have learned that glucocorticoids enhance 
the consolidation, but impair the retrieval, of memory of emotionally arousing 
experiences. Glucocorticoids also impair working memory (Fig. 7.5). 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 in a biological sense as being maladaptive. In fact, these 
effects may actually aid to an accurate storage of emotionally arousing information 
by blocking, for example, retroactive interference (Roozendaal 2002). However, 
whereas the enhanced memory for emotionally arousing events in most cases has a 
clear adaptive value, in certain circumstances extremely aversive experiences can 
also lead to highly emotional, traumatic or fearful memories, which contribute to 
the development and symptoms of psychological problems and anxiety disorders. 
Therefore, understanding the basic modulatory actions of glucocorticoids on dif-
ferent 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 anxi-
ety disorders, Earth-bound research on the role of glucocorticoids is likely to have 
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important implications for other psychiatric disorders, such as depression or 
schizophrenia, as well (Belanoff et al. 2001; Newcomer et al. 1998; Rubinow et al. 
1984; Starkman et al. 1981).

7.3.1  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 
Oehlberg 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. 2006, 2005). These 
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 β-blocker, which is known to impair the consolidation of 
memory of emotionally arousing experiences, might be preventive with regard to 
the development of subsequent PTSD (Pitman et al. 2002). These findings under-
score the important pathogenic role of aversive memory formation in the develop-
ment 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 memo-
ries of an aversive event is a primarily adaptive mechanism and even intrusive 
thoughts (intrusive memory retrieval) and related symptoms are normal reactions 
in the initial period after an aversive experience. In individuals who do not develop 

Fig. 7.5 Effects of stress and glucocorticoids on memory functions. Whereas glucocorticoids 
enhance memory consolidation, they impair memory retrieval and working memory. All of these 
hormone effects depend on emotional arousal-induced activation of noradrenergic transmission. 
NE norepinephrine. Reprinted from de Quervain et  al., Front. Neuroendocrinol. (2009), with 
permission
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an anxiety disorder, which fortunately is mostly the case, intrusive memory 
retrieval declines with the passing of time, although a strong aversive memory can 
still be recalled voluntarily 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 aversive cue (e.g. trauma cue), or even spontaneously, leading 
to uncontrollable aversive memory retrieval and related clinical symptoms (reexpe-
riencing in PTSD).

PTSD is a chronic response to a traumatic event and characterized by the follow-
ing features: Reexperiencing of the traumatic event, avoidance of stimuli associated 
with the trauma, and hyperarousal. Reexperiencing symptoms include intrusive 
daytime recollections, traumatic nightmares, and flashbacks in which components 
of the event are relived (American Psychiatric Association 1994; Yehuda 2002b). 
These reexperiencing symptoms result from excessive retrieval of traumatic memo-
ries which often retain their vividness and power to evoke distress for decades or 
even a lifetime. Importantly, traumatic reexperiencing phenomena are again con-
solidated (reconsolidated) 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, reexperiencing and 
reconsolidation of traumatic memories is a process that keeps these memories vivid 
and thereby the disorder alive (see Sect. 7.3.3).

7.3.2  Glucocorticoids and PTSD

7.3.2.1  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 study on traumatic memories in critically ill 
patients. These patients often report traumatic memories from intensive care treat-
ment 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 trau-
matic memories from the intensive care unit correlated positively with the 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 pro-
posed 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 to implement. Moreover, there is evidence suggesting 
that reduced cortisol excretion in response to a traumatic event is actually associ-
ated with an increased risk of developing subsequent PTSD (Delahanty et al. 2000; 
McFarlane et  al. 1997; Yehuda et  al. 1998). These findings suggest that high 
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glucocorticoid levels after an aversive event might be preventive with regard to the 
development of PTSD.  This idea is strongly supported by studies showing that 
prolonged (several days) administration of stress doses of cortisol during intensive 
care treatment 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 
consolidation of traumatic experiences, which is likely to be enhanced by gluco-
corticoids, cortisol levels later on may play a crucial role in controlling the amount 
of retrieved traumatic memories. Specifically, by the known reducing effects of 
glucocorticoids on memory retrieval, high levels of these hormones may partly 
interrupt the vicious cycle of retrieving, reexperiencing, and reconsolidating aver-
sive 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. 2006) 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 
glucocorticoid 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). Two 
recent systematic reviews indicate that prolonged administration of glucocorti-
coids after a traumatic event is the most effective pharmacological intervention that 
is currently available for the prevention of PTSD (Amos et  al. 2014; Sijbrandij 
et al. 2015). One review included seven randomized controlled trials of different 
pharmacological treatments (four with cortisol, three with the β-blocker proprano-
lol, one with the selective serotonin-reuptake inhibitor escitalopram and one with 
the benzodiazepine temazepam) and reported that cortisol only showed efficacy in 
preventing PTSD development in adults (Amos et  al. 2014). The other review 
included five placebo-controlled studies with cortisol and showed a large effect of 
cortisol in reducing the risk of PTSD (Sijbrandij et al. 2015).

7.3.2.2  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 see: Pitman 
and Orr 1990; Young and Breslau 2004). A meta-analysis has shown that low corti-
sol 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 emo-
tional 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 
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1 month using a double-blind, placebo-controlled, crossover design. The adminis-
tration of this low dose of cortisol for 1 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 ques-
tions). The results of this study indicated that low-dose cortisol treatment had ben-
eficial effects with regard to reexperiencing symptoms and nightmares and we 
found evidence for cortisol effects that outlasted the treatment period (Aerni et al. 
2004). However, a study, which used a similar design but in a larger group of patients 
receiving various psychotropic medications (including serotonin- or norepinephrine- 
reuptake inhibitors), did not find beneficial effects of cortisol (10 mg or 30 mg per 
day) treatment on PTSD symptoms (Ludascher et al. 2015). A recent randomized, 
double-blind, placebo-controlled trial in 24 veterans with PTSD showed that corti-
sol (30 mg) combined with exposure treatment improved treatment retention and 
outcome (Yehuda et al. 2015).

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

The findings of our clinical study suggest that glucocorticoid administration has 
acute beneficial effects on clinical symptoms by reducing the retrieval of traumatic 
memory (Aerni et al. 2004). Additionally, we found 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 triggered by a trauma cue, leads to reexperiencing of the traumatic 
event (Michael and Ehlers 2007). The (re)consolidation of such aversive experi-
ences further cements the aversive memory trace and thereby contributes to the 
persistence of the disorder (Fig.  7.6a). By inhibiting memory retrieval, cortisol 
may partly interrupt the vicious cycle of spontaneous retrieving, reexperiencing 
and reconsolidating traumatic memories in PTSD and, thereby, promote forgetting, 
a spontaneous process that occurs when memory is not reactivated (Fig.  7.6b). 

Fig. 7.6 Model on the role of glucocorticoids in the reduction of aversive (traumatic) memory. (a) 
Excessive retrieval of aversive memories causes reexperiencing 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), reexperiencing (2), and reconsolidating (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 nonaversive 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., Front. Neuroendocrinol. (2009), with permission
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Furthermore, cortisol may facilitate the extinction of aversive memories, as evi-
denced by animal studies showing that glucocorticoid 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 nonaversive 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 corrective experi-
ences. This is supported by animal studies showing that post-retrieval administra-
tion 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). However, 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 
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, per-
haps under certain conditions, glucocorticoids may also inhibit memory reconsoli-
dation processes.

7.4  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. 7.5). These stress 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 hippocampus 
and neocortical structures. 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, a reduc-
tion of memory retrieval may aid to 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 
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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, reexperiencing and (re)consolidating aver-
sive 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 
glucocorticoid actions on different memory processes as well as the role of (epi)
genetic differences across individuals (de Quervain et al. 2007b; Vukojevic et al. 
2014). Such research might further promote the understanding of why some indi-
viduals become vulnerable to the development of psychological (mood) problems 
and anxiety disorders, whereas others are resilient or even gain strength from stress-
ful experiences. This knowledge might be also of considerable importance when 
selecting crew members for a long-duration mission for space exploration. Moreover, 
because cognitive 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, vari-
able oxygenation status, radiation and confinement, research has been initiated to 
investigate these specific cognitive functions in space flight conditions together with 
the psycho-neuroendocrine and immune status.
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8The Autonomic Nervous System

Eleonora Tobaldini, Giorgio Colombo, Alberto Porta, 
and Nicola Montano

8.1  Introduction

The autonomic nervous system (ANS) is the branch of the nervous system that con-
trols the visceral functions in order to maintain the “homeostasis/homeodynamic” 
state of the body, being an interface between body, central nervous system (CNS), 
and external stimuli (Malliani 2000). ANS can be divided into two subsystems, the 
sympathetic (SNS) and the parasympathetic (PNS) branches. ANS plays a key role 
in the regulation of several body functions like control of cardiovascular function, 
gastrointestinal, 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/stressors to make the body adaptable to the environment (Fig. 8.1). Despite 
the widely used definition of “autonomic,” a lot of evidences strongly support the 
hypothesis of very complex and integrated control mechanisms operating at differ-
ent 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 
several pathological conditions (e.g., cardiovascular diseases such as hypertension, 
heart failure, and myocardial infarction) are characterized by an impaired auto-
nomic control, consisting of a chronic sympathetic overactivity, due to both afferent 
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and efferent pathways activation, characterized by altered responses to stressors 
stimuli (Lombardi 1986; Guzzetti et al. 1986; Pagani and Lucini 2001).

Therefore assessment of ANS regulation is fundamental in order to identify the 
pathological basis of such diseases (cardiovascular and noncardiovascular, see also 
Chaps. 6 and 7) 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, and inflam-
mation (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 the assessment of ANS is in physiologi-
cal and pathological situations, as modifications of the control mechanisms regulate 
autonomic functions under various stress challenges.

8.2  Methodologies

Since many years, several invasive and noninvasive different techniques have been 
developed for the analysis of the 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 techniques, and (c) indirect mea-
sures of sympathetic and parasympathetic modulations derived from the analysis of 
heart rate variability analysis (HRV).

Oxidative stress ANS

Circadian rhythms

Sleep

CNS/Stress

Cardiovascular system

Immune system

Fig. 8.1 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 
by increasing oxidative stress and modifying immune responses. As this relationship is bidirec-
tional, primary changes in oxidative stress and immune responses also may affect ANS and, mov-
ing upstream, stress responses and sleep
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8.2.1  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 
factors 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 nor-
adrenaline release could allow the assessment of organ-specific sympathetic ner-
vous system activity, as the cardiac catecholamines spill over (Esler 1993).

Sympathetic activity could also be directly recorded in humans, using the micro-
neurography techniques (Valbo et al. 1979). The direct recording of sympathetic 
nerve activity directed to skeletal muscles (MSNA) and skin (SSNA) has provided 
important information regarding cardiovascular control reflexes in several physio-
logical and pathological conditions (exercise, response to orthostatic stress, cardio-
vascular and metabolic diseases such as hypertension, heart failure, obstructive 
sleep apnea) (Narkiewicz and Somers 2003; Wallin and Charkoudian 2007; Kato 
et al. 2009). Although these techniques are more reliable than the catecholamine 
measurements in assessing the sympathetic function, the limitation that they are 
minimally 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-
siveness and the lack of information on parasympathetic nervous system, lead to the 
development of noninvasive techniques capable of providing information on the 
sympathovagal balance and on the rhythmical oscillations on the heart period and 
arterial pressure variability in the time and frequency domain.

8.2.2  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 oscil-
lations around the main values, it was possible to identify these rhythmical compo-
nents in order to 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 compu-
tational analysis of the variability of heart rate (heart rate variability, HRV) as mod-
ulations. Kleiger found further evidence of a strong clinical relevance of HRV in 
cardiac patients in a pioneering study, where HRV was found to be an independent 
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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 (Riva-Rocci) interval time series (tachograms) and the systolic 
and diastolic arterial pressure time series (systograms and diastograms), can be con-
sidered as the sum of different rhythmical oscillations, characterized by specific 
frequency and amplitude. It has been clearly shown that the assessment of these 
rhythmical components 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 
understand the physiological interaction between sympathetic and parasympathetic 
efferent pathways, the sympatho-sympathetic excitatory reflexes (Malliani and 
Montano 2002), and the alteration of the sympathovagal balance in pathological 
conditions that form basis for cardiovascular diseases.

8.2.3  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 spectral com-
ponents: 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), synchronous 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 represent the relative 
value of each power component in proportion to the total power minus the VLF 
component (see Chap. 23 for more technical details and explanations).

8.2.4  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 subsys-
tems that act at several timescales leads to the growing interest in providing nonlin-
ear analyses and complexity measures of cardiovascular ANS control in physiological 
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and pathological states (Goldberger and West 1987; Goldberger et al. 1988; Kaplan 
et al. 1991; Porta et al. 2007a, b, c, d; 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 compo-
nents: (1) different 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.

8.2.4.1  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 nonstationary 
time series and it usually estimates a short-term fractal scaling exponent a1 and a 
long-term scaling exponent a2, to identify the fluctuations on multilength times-
cales. a1 and a2 describe, respectively, the short- and the long-term fractal-like scal-
ing properties of the heart period fluctuations. Technically, the time series is divided 
into windows of the same size and the variability 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 under pathological conditions, this index is reduced, 
suggesting a loss of fractal-like heart period dynamics (Mäkikallio et  al. 2002; 
Huikuri et al. 2009; Voss et al. 1995, 2009). This technique has been applied for the 
identification of high-risk cardiac patients: It has been shown by Mäkikallio et al. 
(Mäkikallio et al. 1997; Huikuri et al. 2000) that a reduction of a1 is a powerful 
predictor of mortality and that this reduction is associated with vulnerability to ven-
tricular arrhythmias.

8.2.4.2  Symbolic Analysis
In the last few years, a new method called symbolic analysis (SA) has been imple-
mented by several authors (Porta et al. 2001, 2007a, b, c, d; Voss et al. 2009) as a 
nonlinear tool capable of providing information on autonomic cardiovascular con-
trol. 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 differ-
ent mathematical methods (Voss et al. 1995; Wessel et al. 1998, 2000; Porta et al. 
2007a, b, c, d).
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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 0 V family (patterns with no varia-
tions), 1 V family (patterns with one variation), 2LV family (patterns with two like 
variations), and 2UV family (patterns with two unlike variations) (Porta et al. 2007a, 
b, c, d). 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 family of 0 V 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 nonlin-
ear 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 coactivation of the two branches.

It has been shown that SA is capable of tracking the progressive changes of sym-
pathetic modulation occurring during graded head-up tilt test better than more clas-
sic spectral analysis (Porta et  al. 2007a, b, c, d). 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.

Interestingly, the application of SA for the evaluation of cardiac autonomic 
dynamics in different physiological situations such as sleep revealed interesting 
results. In several papers, SA was more reliable than classical linear spectral analy-
sis in detecting changes of cardiac autonomic control during the different sleep 
stages (NREM vs. REM sleep). This was confirmed both in experimental settings, 
such as sleep deprivation (Tobaldini et  al. 2017) and clinical settings, such as 
patients with cardiovascular and neurological disorders (Tobaldini et  al. 2013, 
2015). We can speculate that this phenomenon is related to the presence of nonlin-
ear dynamics during sleep and, possibly, to the coactivation of the sympathetic and 
vagal branches during specific sleep periods. Keeping in mind these results, we can 
hypothesize the use of SA as a fundamental tool for the investigation of cardiac 
autonomic control during wake–sleep cycles in space medicine.

8.2.4.3  Entropy Measures and Cardiac Autonomic Control
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 
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pathological processes are associated with a decrease in complexity of autonomic 
cardiovascular control.

Different tools have been validated to quantify the complexity of cardiac auto-
nomic control in health and diseases, such as Sample Entropy, Approximate Entropy, 
Multiscale Entropy, Shannon Entropy, Conditional Entropy, and Corrected 
Conditional Entropy. Although a detailed description of these techniques is beyond 
the scope of this chapter, we will briefly summarize the main application of com-
plexity measures on autonomic analysis.

 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). Higher the ApE, higher the complexity of the 
time series, lower the ApE, lower 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). Recently, the application of nonlinear tools such as 
ApE in chronic patients revealed that nonlinear tools are important predictor of 
events. For instance, in congestive heart failure patients, a decreased ApE was an 
independent predictor of total mortality and sudden cardiac death during atrial 
fibrillation (Cygankiewicz et al. 2015). Interestingly, the prognostic role of these 
nonlinear methods has been demonstrated also in neurological conditions such as 
acute ischemic stroke (Graff et al. 2013).

 Shannon Entropy (ShE), Conditional Entropy (CE), and Corrected 
Conditional Entropy (CCE)
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 distribution carries the maximum amount of information). On the con-
trary, ShE is small if there is a subset of patterns that is more likely, while others 
are missing or infrequent (as it happens in a Gaussian distribution) (Porta et al. 
2007a, b, c, d).

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 
predicting 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 maxi-
mum 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.
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8.3  Mirroring the Interaction of Stress and the Autonomic 
Nervous System Through Cardiovascular  
Read-Out Parameters

8.3.1  Autonomic Oscillators

The pivotal role of the ANS in regulating instantaneous cardiovascular responses to 
everyday stressors justifies the major interest of investigating variations of cardio-
vascular autonomic regulatory mechanisms on Earth and in space. Neural control of 
cardiac function and circulation is mainly regulated by the interaction between sym-
pathetic and parasympathetic efferent pathways. Usually, physiological regulation 
of cardiovascular control and responses to external stimuli is based on the concept 
of sympathovagal balance. The system is based on a reciprocal response of the two 
pathways with an activation of the sympathetic drive accompanied by an inhibition 
of the vagal outflow and vice versa (Malliani 2000). This balance allows the auto-
nomic cardiovascular system to maintain a homeostatic condition in response to 
internal and external stimuli (exercise, response to orthostatic challenge, stressors, 
etc.) and oscillates from a states of quiet, when negative feedback reflexes are pre-
dominant, to states of excitation (for physical or mental stress) characterized by 
central excitatory mechanisms reinforced by peripheral positive 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), and also pathophysiological situations, such as 
the period immediately preceding ventricular major arrhythmias (Guzzetti et  al. 
2005), are characterized by a coactivation 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 (exem-
plified by the “fight or flight” concept), chronic sympathetic activation as occurring 
during stressful conditions (physical and or psychological) may result in profound 
alterations of neural visceral regulatory functions, leading from functional distur-
bances up to the development of cardiovascular and noncardiovascular diseases. 
Short- and long-term spaceflight may challenge cardiovascular autonomic control 
and, finally, cardiovascular health. Thus, it has become fundamental to obtain rele-
vant information about the mechanisms regulating cardiac autonomic control in 
space medicine, in order to evaluate the possible implications for cardiovascular 
health and to tailor ad hoc countermeasures after space flights.

8.3.2  Circadian Oscillators

Finally, all organisms have behavioral and biochemical oscillations over a 24  h 
period and in mammals the daily rhythm is regulated by two main clocks, a central 
one and a peripheral one (see also Chap. 9). It has been hypothesized that a loss of 
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synchronization between the central and peripheral clocks may underlie the onset 
and the progression of cardiovascular disease (Takeda and Maemura 2015). This 
central clock, maintained at the molecular levels by clock genes, is responsible for 
the circadian variations that characterize cardiovascular and autonomic functions. 
In fact, a decrease of heart rate and arterial blood pressure characterizes night and 
sleep phases compared to wakefulness. These changes reflect the variations of ANS 
in regulating heart rate and blood pressure during sleep–wake cycle. Several studies 
showed that ANS oscillates between wake and sleep and it varies across sleep 
stages. Briefly, during NREM sleep, a vagal predominance is observed, while dur-
ing REM sleep there is a shift of the sympathovagal balance towards a clear sympa-
thetic predominance (Trinder et al. 2001). The evaluation of circadian rhythmicity 
of ANS and also taking into account the differences between wakefulness and sleep 
stages in the space environment remain to be elucidated.

8.3.3  Cardiovascular Autonomic Control During Immobilization 
Stress (Head-Down Bed Rest)

It is well known that Head-Down Bed Rest (HDBR) is a stressful condition consist-
ing of maintaining subjects strictly in bed, with −6° of head down. HDBR is capa-
ble of inducing orthostatic intolerance (OI). HDBR has been widely used in 
experimental physiology as a simulation of microgravity environment characteristic 
of space flights on various organ-systems (see also Chap. 36). Experimental animal 
and human models of physical inactivity, either mild or extreme, showed that sed-
entary lifestyle that characterized bed rest protocols or spaceflight, alters the bal-
ance between sympathetic and vagal control of cardiovascular functions (Hughson 
and shoemaker 2014). 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 variability, baroreflex responses, plasma and 
urinary catecholamines levels mimicking short- and long-term space flights.

The major clinical interest in studying HDBR-related changes in autonomic con-
trol is the possibility to mimic the weightlessness and microgravity that are known 
to cause OI and the so-called deconditioning phenomenon, experienced by astro-
nauts after landing, characterized by the reduced orthostatic tolerance, pre-syncope, 
and syncope. It is worth noting that the physiopathological mechanisms of OI after 
HDBR still need to be elucidated.

Several studies investigated the autonomic cardiovascular responses of cardio-
vascular parameters, HRV indices, and baroreflex sensitivity during short-term and 
long-term HDBR and the recovery period. The main effects of short-term HDBR 
exposure are an increase of HR and a reduction 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; 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 
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modulation more evident in the late phase of the test (Traon et al. 1998). Interestingly, 
it has been shown that during a 24-h HDBR the heart period variability indices and 
the baroreflex sensitivity expressed a relevant circadian variation, characterized by 
an increase of total power and high-frequency component during the evening 
(Hartikainen et al. 1993).

Interestingly, authors that studied ventricular heterogeneity using the analysis of 
T-wave alternans, an index of temporal and spatial repolarization heterogeneity, 
showed that subjects with lower orthostatic tolerance after 5 days of HDBR had higher 
T-wave alternans during recovery after orthostatic testing (Martín-Yebra et al. 2015).

Animal studies also reported that in an animal model, sympathetic vasoconstric-
tor responsiveness and NO-mediated inhibition of sympathetic vasoconstriction 
were not altered during physical inactivity induced by hindlimb unweighting, thus 
suggesting that short-term physical inactivity does not impair vascular sympathetic 
control in muscle vascular bed (Just et al. 2015).

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 
HRV 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).

As stated above, the physiopathological mechanisms underlying the OI after 
HDBR is still unclear. A recent paper by Liu et al. (2015a, b) aimed to determine 
whether the OI after a 60-day HDBR is related to the autonomic adaptation. 
Interestingly, authors showed that none of the circulatory patterns (i.e. HR, SBP, 
HRV parameters) was significantly different between fainters and nonfainters dur-
ing the entire experimental protocol, thus suggesting that the OI after HDBR does 
not exhibit specific hemodynamic and autonomic characteristics.

As to the issue of the mechanisms responsible for OI after HDBR, the role of 
other autonomic reflexes has been proposed. The vestibulosympathetic reflex is 
important for the postural regulation of blood pressure and it has been hypothesized 
that HDBR could reduce MSNA through otholit stimulation. In an elegant experi-
mental protocol, healthy subjects underwent head-down rotation with otolith stimu-
lation, before HDBR, after 24-hours HDBR and after prolonged HDBR (36 days). 
Results showed that prolonged, but not acute, HDBR is able to attenuate the ves-
tibulosympathetic reflex. This result seems to highlights the role of this mechanism 
in OI (Dyckman et al. 2012).

In addition to the standard frequency domain approach to HRV, 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).
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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 
microcirculation level, could be responsible for the deconditioning effect experi-
enced after weightlessness predisposing subjects to postural hypotension and 
reduced ability to react to orthostatic stimuli (Kamiya et al. 2003; Coupé et al. 
2009).

8.3.4  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 g, with 1 g equal to 9.81 m/s2. A standard parabolic flight 
can be divided into five different phases: 1 g (before and after each parabola), hyper-
gravity during the ascending leg of the parabola, microgravity at the apex of parab-
ola, and hypergravity during the descending leg of parabola.

Several studies have investigated the hemodynamic and cardiovascular effects 
of parabolic flights. These experiments aimed to simulate hypergravity and 
microgravity characteristics of space missions. During microgravity, there is a 
redistribution of blood toward the upper body that is capable of stimulating baro-
receptors (Lipnicki 2009) and left atrial diameter well as intrathoracic blood 
volume and systemic blood pressure (Iwase et  al. 1999). However, in supine 
position, microgravity induced a decrease of mean arterial pressure and an 
increase of left atrial diameter, while during 1 g conditions left atrial diameter 
increased (Pump et al. 1999).

As to autonomic control, results seem to be more complex. Experiments that 
evaluated direct sympathetic activity using MSNA recordings revealed that during 
parabolic flights, in seated position, MSNA was increased under hypergravity 
before microgravity entry and then suppressed at the onset of microgravity; this 
phenomenon has been attributed to the loading of the cardiopulmonary volume 
receptors (Iwase et al. 1998, 1999).

As to cardiovascular autonomic modulation, several studies reported no signifi-
cant differences in terms of spectral parameters in supine position between the dif-
ferent flight phases; however, in standing position, a predominant vagal modulation 
was observed in microgravity compared to hypergravity (Seps et al. 2002; Beckers 
et al. 2003).

The model of parabolic flight has been used to investigate the effects of partial 
gravity levels (zero, lunar and Martian gravity) on cardiovascular and autonomic 
control, having in mind the future missions on Mars. It has been recently shown 
that heart rate and blood pressure increase as gravity increases; on the contrary, 
the variability of cardiovascular modulation, together with vagal control, decreases 
as gravity increases. These results suggest a correlation between gravity level and 
cardiovascular autonomic modulation during parabolic flights (Widjaja et al. 2015).
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The hemodynamic and cardiovascular responses in the gravitational changes dur-
ing parabolic flights may be responsible for the syndromes of orthostatic intolerance 
that mimic the symptoms after space flight, even after short parabolic flights (Schlegel 
et al. 2001).

8.3.5  Cardiovascular Autonomic Control During Space Flights

Several studies described that autonomic control of cardiovascular functions is 
impaired during space flights, representing a challenge for the astronauts and for 
space missions. The combination of microgravity and cosmic rays exposure repre-
sents a great health challenge for cardiovascular medicine during deep-space mis-
sions. In fact, all these factors do have important effects on cardiovascular 
physiology, either during spaceflights and post-flights periods. The synergistic neg-
ative consequences of weightlessness and space radiations result in an impaired 
autonomic control of heart and vasculature functions and, thus, on cardiovascular 
system (Hughson and Helm 2018).

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 heart rate both in supine 
and standing position; diastolic pressure and premature ventricular contractions all 
were significantly reduced in flight (Fritsch-Yelle et al. 1996) while overall vari-
ability, LF/HF and respiratory sinus arrhythmia amplitude and phase were similar to 
preflight values (Migeotte et al. 2003).

A more recent study on the topic showed that early stages of space flight are 
characterized by an augmented baroreflex sensitivity with enhanced vagal modula-
tion and an higher blood pressure, compared to pre-flight condition. On the con-
trary, in late stages, baroreflex sensitivity, vagal modulation measured by HRV and 
blood pressure were similar to preflight values in supine position. This study also 
demonstrated that the effects of microgravity on baroreflex sensitivity are damp-
ened by mild physical exercise, possibly because of central reset of baroreflex dur-
ing physical exercise (Di Rienzo et al. 2008).

Compared to Earth, systolic arterial pressure and heart rate tended to be higher 
in space with an impairment of vagal baroreflex control, suggesting the idea that 
microgravity exposure induces a prevalence of sympathetic and a decrease of para-
sympathetic cardiovascular control (Eckberg et al. 2010). It is possible that the cen-
tral volume redistribution during the initial phase of space flight is responsible for 
augmented blood pressure and for the autonomic changes observed. Body fluid loss 
and the consequent reset of cardiac baroreflex could explain why in mission’s late 
stages blood pressure and autonomic balance were similar to preflight values (Di 
Rienzo et al. 2008).
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The analysis of HRV during long-term exposure to microgravity revealed an 
alteration of the rhythmic oscillatory components 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).

A recent study by Eckberg et al. showed an augmented sympathetic activity dur-
ing space flight at early and late stages. This sympathetic hyperactivity was charac-
terized by higher frequency of MSNA bursts. This hyperactivity was associated 
with higher vagal control and lower blood pressure during the first day of flight; in 
two weeks, vagal activity was reduced and blood pressure raised in comparison to 
preflight values. MSNA activity remained higher even after landing day, suggesting 
that the autonomic changes considered can be at least in part due to mechanisms of 
autonomic neuroplasticity (Eckberg et al. 2016).

In the last few years, an increasing interest has also been focused on the auto-
nomic changes in space flights during sleep. The daily mean systolic blood pressure 
and heart rate during space flight were similar to the preflight values, but during 
sleep, while no differences from pre-flights values have been observed in heart rate, 
an increase to over preflight values of systolic arterial pressure was described 
(Shiraishi et al. 2004). Comparing the different sleep stages, a more pronounced 
decrease of heart rate was observed during NREM than for REM sleep (Gundel 
et al. 1999), thus suggesting a possible increase of parasympathetic dominance of 
cardiac rhythms in space.

While in flight heart rate during sleep is similar to preflight heart rate values, this 
is not true for in-flight ANS dynamics. HRV and especially its vagal component is 
reduced during sleep in long duration space flights; there is a positive correlation 
between the duration of the exposure to microgravity and these modifications. This 
findings could be easily explained considering two factors: the reduction in total 
power of HRV could be due to a lower basal stimulation of the autonomic nervous 
system, whether a higher respiratory rate, as it happens during microgravity expo-
sure, could led to a reduced vagal tone (Xu et al. 2013).

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 
HRV 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 auto-
nomic 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, heart rate and systolic 
arterial pressure were lower in nonfinisher than finishers (Sigaudo-Roussel et  al. 
2002). These subjects also exhibited lower vascular resistance and smaller response 
to phenylephrine before and after flights and low norepinephrine release during 
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orthostatic challenge after landing. Similarly, the MSNA response to orthostatic 
challenge was preserved in the finishers (without orthostatic intolerance) but it was 
reduced in those who experienced orthostatic intolerance, supporting 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).

As we stated above, inter-individual differences can influence microgravity 
related autonomic changes. A recent study compared ANS and responses to micro-
gravity in ten Chinese and European astronauts. Results revealed that European 
cosmonauts had a higher pre-flight vagal modulation and a higher HR in the first 
day of the space mission compared to Chinese astronauts. After landing back on 
Earth, European cosmonauts experienced orthostatic intolerance and tachycardia, 
whereas Chinese astronauts did not. This interesting finding can be explained 
by several factors: a shorter mean duration of Chinese space missions, possible 
differences in nutrition, a different physical preparation to space missions in the 
two groups and finally to differences in the ANS per se mainly related to genetic 
differences (Liu et al. 2015a, b).

Exposure to microgravity can lead to profound changing in cardiovascular func-
tion and in autonomic cardiovascular control; every component of cardiovascular 
system can be influenced by this challenge. A part from the already mentioned mod-
ification in cardiovascular autonomic control, it has been described that exposure to 
microgravity can bring to reduced cardiac mass, worsening of vascular function 
with stiffer arteries and endothelial dysfunction. All these modifications force the 
cardiovascular system to work in sub-optimal conditions, leading to reduced cardio-
vascular performance and maybe to accelerated cardiovascular senescence.

Human cardiovascular system usually works in a 1-g environment, protected 
from radiation coming from the outer space by the magnetosphere and the atmo-
sphere. Spaceflight missions are characterized by profoundly different condition if 
compared to living on Earth surface: not only as far as microgravity is concerned, 
but also regarding to radiation exposure. High-energy radiation is a spaceflight- 
related risk factor for cardiovascular disease synergistic to microgravity: even low 
doses of radiation elevate the cardiovascular mortality-associated risk. It has been 
demonstrated that accelerated atherogenesis and endothelial dysfunction related to 
radiation exposure could lead to increased cardiovascular mortality. Appropriate 
shielding is necessary to guarantee a safer environment during spaceflights (Hughson 
and Helm 2018).

8.4  Stress, Autonomic Nervous Systems  
and Immune Regulation

Nervous and immune system have unique and similar characteristics: they respond 
to a huge number of different stimuli and they are able to memorize information in 
complex network of cells and intercellular signaling. It has been postulated that 

E. Tobaldini et al.



137

these two complex systems can talk to each other. In fact, the detection of pathogen 
fragments, cytokines or other immune molecules by sensory neurons generates 
immunoregulatory responses through efferent autonomic neuron signaling. A new 
concept, the inflammatory reflex, is the mainstem of the whole system. In brief, 
immune stimulation of vagal afferent components by immune-molecules stimulates 
a reflex response in vagal efferent component that activate anti-inflammatory and 
immune-regulating responses. In particular, the activation of the vagus lead to aug-
mented levels of acetylcholine in the spleen that suppress the release of TNF from 
splenic macrophages, thus suppressing serum TNF level. This is only one part of the 
system and many other components of the ANS have an important role in immune- 
regulation and consequences on health (see also Chap. 6). For example, it seems 
that β2-adrenergic receptor stimulation elicits an increased production of anti- 
inflammatory molecules, including IL-10 and TGF-β, whether α-adrenergic signal-
ing on monocytes and macrophages can result in increased production of TNF or 
other proinflammatory cytokines (Pavlov et al. 2018).

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. Mounting evi-
dence suggests that an imbalance of the ANS and its respective hormones (e.g., 
catecholamines) is affecting immune responses. For instance, with some evidence 
that the sympathetic increasing and the vagus decreasing 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 down regulation (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 host’s immune responses by neurohumoral, 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 homeostatic immune mechanisms, thereby modulat-
ing key function of innate and adaptive immune responses in space (please see 
Fig. 8.1 and Chaps. 11–16 of this volume).

8.5  Summary

ANS plays a crucial role as an interface between visceral function 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 char-
acteristics, 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 
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(cardiovascular, gastrointestinal 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 modu-
lated, 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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9Circadian Rhythm and Stress

Mathias Steinach and Hanns-Christian Gunga

9.1  Circadian Rhythm

9.1.1  Definition and Regulation

When the Nobel Prize in Physiology/Medicine was awareded in 2017 to Jeffrey 
C. Hall, Michael Rosbash, and Michael W. Young, the new era of chronobiology 
and medicine has deserved the world’s attention, as every living organism on Earth 
seems to be controlled. Their laureat discoveries of molecular mechanisms con-
trolling the circadian rhythm describe and decipher the rhythmicity of physiologi-
cal variables which is an ubiquitous phenomenon in living systems (Aschoff and 
Wever 1962a). Even organisms with temporal removal of the external day–night 
cycle (such as polar animals) or those living in complete darkness (deep-sea-ani-
mals, animals living in caves or subterranean habitats) often retain some form of 
circadian cycle thus suggesting an evolutionary advantage of rhythmic physiology 
(Beale et al. 2016). Several different rhythms appear to exist, from long-wavelength 
rhythms like the monthly menstrual cycle to circadian rhythms of many param-
eters. Several early works of research have described diurnal changes and rhyth-
micities 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 activ-
ity. Also it was shown that isolation from external time cues (zeitgeber) like most 
notably 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. 
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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 supra-
chiasmatic 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 tran-
scription/translation feedback loop of clock-related genes (e.g., Per1–2, Cry1–2) 
influenced 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 similarly regulated by hormones and cytokines (Levi et  al. 2008) (Fig.  9.1). 
Mendelian genes and their respective proteins have been identified for advancing 
sleep (PER2) and shortening sleep duration (DEC2) (He et al. 2009). A model of 
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. 9.2), the retinohypothalamic tract (RHT), and via an indirect pathway 
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 tryp-
tophan metabolite, is secreted by the pineal gland which has afferent and efferent 
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).

Previous theories have endorsed a “master–slave model” in a strict hierarchy, 
where the SCN acts as pacemaker that drives peripheral clock rhythms, which in 
turn are less or not at all affected by external stimuli. Newer research, however, 
provides a different understanding, which has been coined an “orchestra model.” In 
this model the SCN acts as the conductor and the peripheral clocks as the various 
musicians. All peripheral clocks together generate rhythms in physiology. In this 
sense, not only is the time of eating a potent zeitgeber with regard to social interac-
tion, but there is also growing evidence that the resulting circulating metabolites 
such as amino acids, carbohydrates, insulin, or nicotinamide adenine dinucleotide 
(NAD) influence circadian rhythms in both peripheral and central regions (Delezie 
et al. 2012).

The SCN clock induces other oscillators in other CNS regions and peripheral 
tissues to produce circadian rhythms, as rest–activity cycle, periodic daily varia-
tions in metabolism and rhythmic secretion of hormones (Dibner et  al. 2010). 
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Glucocorticoids, secreted by the adrenocortical steroidogenic cells constitute an 
important pillar of the stress responsive neuroendocrine system and exhibit a clear 
circadian rhythm with a daily peak around the time of the sleep–wake transition and 
minimal levels in the evening and early part of the night and the circadian fluctua-
tion of circulating glucocorticoid levels has been recognized as a synchronizer of 

Fig. 9.1 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 TGF and EGF. Molecular clocks in all peripheral cells are 
controlled by these influences involving transcription/translation feedback loops, in which the 
BMAL1:CLOCK protein dimer plays a central role. The molecular clocks in turn influence cel-
lular functions and eventually affect circadian physiology (after Filipski et al. 2009, Labrecque 
and Cermakian 2015 and Son et al. 2018). BMAL1 brain and muscle Aryl hydrocarbon receptor 
nuclear translocator (ARNT)-like, CLOCK circadian locomotor output cycles kaput, GC gluco-
corticoids, 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
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the circadian system between various tissues and physiological functions such as 
stress response, metabolism, and energy expenditure (Oster et al. 2017).

The circadian interconnection between various tissues can also be shown through 
the use of “circadian metabolomics,” which allow the simultaneous measurement 
of multiple cellular events ranging from gene expression to metabolite creation, 
which have consistently revealed 24-h rhythms in almost every tissue and metabolic 
pathway (Dyar and Eckel-Mahan 2017).

This “orchestra model” allows external stimuli to fine-tune peripheral rhythms 
directly, but still relies on entrainment with the SCN (Pilorz et al. 2018). Furthermore, 
it shows the high interconnection between various physiological functions both cen-
tral and peripheral, e.g., central and peripheral circadian clocks, metabolism, car-
diovascular system, vegetative state, psycosocial behavior, immune function, and 

Fig. 9.2 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)
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functions on a celluar level. Inspite of these new theories, there is still need of 
further research to clarify the mechanisms of clock-systems and the relationship of 
central and peripheral oscillators under different conditions.

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 
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). 
With regard to sleep regulation, it was furthermore suggested that circadian rhythm 
and immune function, which both rely on a cellular molecular-clock-system, may 
be codependent on each other, in the sense that circadian rhythm not only influ-
cences immune function (see that subsection below) but also that immune function 
(or lack thereof) may influence circadian rhythm and provide additional information 
for the need to sleep (Kurien et al. 2013).

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 fol-
lowed by a decline of body core temperature further supports the suggested relation-
ship between the sleep–wake cycle and thermoregulation (see also Chap. 26).

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 and circulating glucocorticoids with their 
influence on alertness and vigilance (see Chaps. 4, 7, and 8)—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 illus-
trate these relationships and different forms of circadian misalignment in stressfull 
conditions more closely.

9.2  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, dia-
betes, 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 
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in the sleep–wake cycle, as it appears in patients with delayed sleep phase disor-
der (DSPD) or advanced sleep phase disorder (ASPD) (Sack et al. 2007). In addi-
tion, disruptions in sleep can be more subtle yet may have great impact as has the 
use of artificial illumination until late in the night (i.e., the use and exposure to 
electrical light, TVs, laptops, mobile devices etc.) for billions of people, leading to 
delayed bedtimes, later wake-up times, shorter sleep durations, higher incidence of 
awakenings and increased daytime sleepiness and also disturbing wildlife animals 
(Aulsebrook et al. 2018). It should be noted in this context that over one-third of 
adults in the United States of America regularly receive insufficient amounts of 
sleep (Liu et al. 2016). Circadian disruption can lead to deregulated cell division 
and eventually to cancer. Jet lag, shift work, and other manifestations of life in mod-
ern societies are are associated with higher incidences of malignancies, which are 
the leading cause of mortality worldwide (Shostak 2017), see Sect. 9.4.4.

9.2.1  Delayed Sleep Phase Disorder

Delayed sleep phase disorder (DPSD) patients have trouble falling asleep and 
complain about sleepiness in the morning. They will seek advice to readjust their 
rhythm because of social and occupational 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 epide-
miologic data are limited, one study suggests a prevalence of 0.17% in the general 
population (Schrader et al. 1993), others report higher prevalence in young adults 
and adolescents (7–14%) (Regestein and Monk 1995). More recent reviews indicate 
DSPD to be the most common among the circadian rhythm sleep disorders (Nesbitt 
and Dijk 2014). 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 exacerbate the con-
dition, 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 sup-
press melatonin secretion and reset phase effects on the human circadian system 
(Lewy et al. 1987). While high-intensity bright light (3000–10,000 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 Jr 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 
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and could therefore be regarded as a stressor to circadian rhythm if exposed to at an 
undesired time. The chronic sleep deprivation and circadian disruption of DSPD are 
associated with molecular dysregulation such as a loss of circadian rhythmicity of 
the transcripts of clock genes (Nesbitt and Dijk 2014).

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 circa-
dian clock (Kamei et al. 2000), but due to the limited number of clinical studies a 
standardized approach has not yet been developed. Phase estimation through mea-
surement of dim light melatonin onset (DLMO) is important to pursue to guide 
accurate therapy (Nesbitt and Dijk 2014); so it was shown that timely advancements 
of DLMO for about 1–2  h provided information of successful intervention with 
DSPD-patients (Saxvig et al. 2014).

9.2.2  Advanced Sleep Phase Disorder

Patients with advanced sleep phase disorder (ASPD) 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 (Jones 
et al. 1999) as it seems to be associated with aging (Paine et al. 2014); a prevalence 
of 1% has been estimated 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). It was more 
recently summarized, that light source as low as 265 lux might be sufficient treat-
ment, especially with regard to patient compliance, although higher intensity light 
sources at about 4000 lux would be preferable as they lead to a significantly delayed 
circadian phase of 141  min post-treatment (Auger et  al. 2015). Little data exist 
about the effectiveness of melatonin as a treatment of ASPD and it is unclear if pos-
sible sedative effects of melatonin might interfere with daytime function (Reid and 
Zee 2009) and still in more recent reviews, early-morning administration of melato-
nin is considered only as option to treat ASPD (Auger et al. 2015).

9.2.3  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, it is also known as non-24-h sleep–wake 
disorder (N24SWD). As the circadian rhythm continues to drift the patients will 
be synchronized with external zeitgeber until the misalignment ensues again—the 
symptoms of insomnia and daytime sleepiness are thus cyclical. If these patients try 
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to adhere to the conventional sleep–wake times, they often complain about insom-
nia, early morning awakening, and daytime sleepiness (ICSD-2 2005). FRD is com-
monly 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 or psychiatric patients (Wulff et al. 2012). Genetic factors 
may also play a role. One study showed a significant association between the PER3 
polymorphism rs228697 and FRD in sighted individuals (Hida et al. 2014).

FRD patients show positive results to nonphotic entrainment such as social and 
work schedules; also some blind individuals seem to respond to bright light ther-
apy 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, administered 1 h 
before bedtime, seems to be effective in treating FRD in blind individuals (Sack 
et  al. 2000), especially when FRD-patients are relatively in phase with external 
rhythms (Salva et al. 2017).

9.2.4  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). More 
recent summaries report that between 15% and 30% of adult workers are engaged in 
some type of shift work in western countries (Boivin and Boudreau 2014). 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 nonrefreshing sleep 
and daytime sleepiness that even can persist on the days off after the night shift 
(Knauth 1981). According to a Canadian survey, 34% of shift workers report difficul-
ties in sleep onset and maintenance compared to 25% of the daytime workers (Hurst 
2008). Working night shifts, whether on a fixed or rotating schedule, is associated 
with the most sleep disruption compared to daytime and evening shift-work (Pilcher 
and Coplen 2000). A reason for this is a rapid adaptation of the circadian system to 
the night-shift activity, as it was found in oil-rig- workers (Gibbs et  al. 2002) and 
during simulated night-shifts (Roach et al. 2005). It was shown that melatonin and 
cortisol adapted more quickly and that clock-gene-expression of PER1 and PER2 
reached adjustement after about eight days (James et al. 2007).
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During and after shift work, fatigue may ensue and lead to diminished cognitive 
performance and reduced psychomotor vigilance (Zhou et al. 2012). Thus, it is not 
surprising that during night shifts, the risk of accidents is significantly greater than 
during daytime, as a study found an 2.77-fold increase (Swanson et al. 2011).

Shift work may pose a problem for the individuals’ activities even though the 
shift work period has passed. The return to a normal sleep–wake pattern is depen-
dent 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 
percentage 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 been shown that people working in night shifts exhibit a significantly higher 
risk of developing cancer (Viswanathan and Schernhammer 2008). Also, disrup-
tions of menstrual cycle and dysmenorrhea have been reported (Labyak et  al. 
2002), as have been pregnancy problems (Zhu et al. 2004). Furthermore, shift work 
can also lead to cardiovascular diseases (Thosar et al. 2018). The impact of shift 
work on the vegetative state and cardiac autonomic control can be evaluated via 
heart rate variability (HRV) (Skornyakov et al. 2018) as HRV is being widely used 
as a novel tool to reflect vegetative state as well as physiological and psychologi-
cal resilience and adaptability in various settings (Rundfeldt et al. 2018) (see also 
Chaps. 8 and 23).

With regard to metabolic changes, higher plasma concentrations of LDL 
(>3.3 mmol/L), triglycerides (>1.7 mmol/L) and a lower HDL plasma concentra-
tion (<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 μIU/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 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). All in all, 
there is a higher relative risk of 1.84 (95% CI = 1.45–2.34) for the metabolic syn-
drome associated with shift work compared to day workers with a positive dose- 
response relationship (Wang et al. 2014).

As mentioned, the possibility of leisure and physical activity of shift work-
ers 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 dayworkers; therefore, shift workers have problems maintaining their physical 
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fitness compared to day time workers. Shift-working women can be considered to 
be at higher risk in this regard because of still existing double pressure of work and 
domestic responsibilities (Portela et al. 2004). These circumstances of less recre-
ational activities and regular exercise adds up to the already mentioned changes of 
increased plasma lipids and decreased glucose intolerance.

It also has been shown that physical activity increases duration and quality 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 
example, 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 opti-
mal sleep environment (quiet and dark) as well as administration of melatonin 
and bright light therapy in order to realign the circadian rhythm (Morgenthaler 
et al. 2007) which has to be shown successful to match sleep propensity with the 
desired sleep time (Sharkey et al. 2001). In bright light therapy, various intensi-
ties, ranging from 1200 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. Other countermeasures have been reported to improve alertness during 
the night shift such as 300 mg caffeine plus a 1–2 h nap planned 3–4 h before 
night shifts (Schweitzer et al. 2006). Treatment should also encompass the social 
environment of the individual and therapy plans need to be individualized (Reid 
and Zee 2009). A recent review indicated the meaningfulness to consider indi-
vidual chronotype with regard to shift work (Hittle and Gillespie 2018). It should 
also be mentioned, that idividual personality traits (hardness or resistance against 
the impact of shift-work) also plays a role and can lead to greater adaptabil-
ity, less sleep problems and lower depression and anxiety among shift-workers 
(Natvik et al. 2011).
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9.2.5  Jet Lag 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. It should be 
differentiated from travel fatigue that does not depend on number of travelled time- 
zones and occures after north- or soundbound travel, although travel (Waterhouse 
et al. 2007). 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 diffi-
culty staying awake (Boulos et al. 1995). Travelling eastward appears more difficult 
because the intrinsic period of the circadian clock in humans is on average longer 
than 24 h (Czeisler et al. 1999). Other accompanying symptoms are general mal-
aise, 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.

Jet Lag Disorder is a clinical condition with the following criteria for its diagno-
sis: jet travel across at least two time zones, daytime sleepiness and/or distortion of 
the sleep cycle along with decreased total sleeptime, generalized fatigue and other 
symptoms of malaise within 2 days of travel onset, no other condition that could be 
attributed to the sleep disturbance (American Academy of Sleep Medicine 2014).

Several reports suggest that older individuals may be less prone to JLD and its symp-
toms (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 compared 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 exter-
nal setting. Therefore behavioral modifications like seeking social and occupational 
activity according to the present time zone, as well as likewise exposition and avoid-
ance 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 commonly 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 administration of melatonin (Boulos 
et al. 1995) at doses of 3–5 mg, taken approximately 2–3 h before bedtime, are con-
sidered to be effective (Waterhouse et al. 2007). If possible, travelers might consider 
to gradually 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. As a general rule, the natural circadian rhythm adjusts to the time 
of destination by approximately 1–2 h per day (Waterhouse et al. 2007). Calculators 
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exist on various websites in order to individually reduce jet lag symptoms, such as 
www.jetlagrooster.com, as well as applications for mobile devices, but none of these 
have been evaluated scientifically (Simmons et al. 2015).

9.3  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) that can have significant impact on physi-
cal health (An et al. 2018), physiological function (McMahon et al. 2018) and thus 
professional performance (Munafo et al. 2018). 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 
stressor of long-duration exploration missions, investigations on Earth are indis-
pensable. This ranges from extreme deltas of outer temperatures to variable pres-
surization of spacecrafts and habitats and degrees of confinement.

9.3.1  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 
summer 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 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. Also moderate changes in ambient tempera-
tures can lead to sleep-disturbance and less perceived sleep quality. An increase in 
ambient temperature from 26 to 30°C led to a longer duration of sleep onset latency, 
lower duration of SWS, and lower subjective sleep quality among young Chinese 
students (n = 18, 9 male, 9 female, 23.3 ± 1.8 years) (Lan et al. 2014). Research to 
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scrutinize differences in acclimatization has shown that tolerated heat load during 
the day leads to an elevation of SWS, while a nontolerated 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). Daytime exposure to heat-climate led to diachronic changes 
in sleep, with an increase in SWS which appeared proportional to the heat load in 
heat acclimatized European people living in dry tropical Africa (Montmayeur and 
Buguet 1992). Sleeping under warm and humid conditions, however, did not lead to 
the changes observed in a hot and dry climate. While sleep was also unstable, there 
was no increase in SWS and REM sleep compared to temperate conditions (Buguet 
et al. 2002).It is interesting to note, that local cooling of parts of the body (neck and 
back) was sufficient to alleviate the negative effects of a hot environment (ambient 
temperature 32°C) and thereby to significantly increase sleep efficiency compared 
to noncooled subjects (Lan et al. 2018).

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 sleep, as it 
increases restlessness and alters the REM phase. This is also substantiated by results 
found in nonacclimatized overwinterers in the Arctic, who slept in sleeping 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 movements. This 
in turn caused several sleep disruptions and awakenings. REM sleep phases were 
shorter than in euthermic environments, with the shortening being proportional 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 acclimatized 
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 unacclimatized 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 sum-
mer. These findings are being attributed to the changes in daylight variation; 
inter- individual variances can also be caused by different levels of physical activ-
ity 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).

More recently, efforts have been undertaken to consider all relevant variables 
that are determinant of adequate thermoregulation—such as air temperature, mean 
radiant temperature, humidity, surface area, clothing surface temperature, con-
vective heat transfer rate, and the subjects metabolic rate, sufficient for restor-
ative sleep (Joshi et al. 2016). According to these calculations, the air should not 
exceed sultriness limits, wind speeds should be closely limited, layering of air 
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temperatures between head and ankle should be less than 2 K and there should be 
a minimum difference between air and radiant temperature as well as the perceived 
temperatures in different parts of the room, which should not change by more 
than 0.8 K. Therefore, practical recommendations aim to maintain a microclimate 
temperature of about 28–30°C, to improve night-time ventilation and cooling also 
with regard to air quality (CO2- and humidity levels) and that this can be often 
achieved by airing of the room through windows pre and during sleep instead of 
air- conditioners in order to control the energy consumption of households (Lan 
et al. 2017). This approach will become ever more relevant in the light of increas-
ing ambient temperatures due to climate change with consequences for billions of 
people (Kim et al. 2014).

9.3.2  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). The severity 
of central sleep apnea can be reduced by descent, supplemental oxygen therapy, 
and the application of acetazolamide, while sleep quality could be improved by the 
use of benzodiazepine sedation (Burgess and Ainslie 2016). Insomnia and sleep 
interruptions seem to be proportional to the altitude with the sleep alteration usu-
ally appearing at altitudes above 2000 m and especially during the first 3 weeks of 
acclimatization (American Academy of Sleep Medicine AASM 2005), so even at 
moderately low altitudes, such as 2581 m a.s.l., central sleep apneas were frequent 
findings in healthy mountaineers (Ortiz-Naretto et al. 2018). 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, 
while subjects who develop symptoms of AMS show significantly lower sleep effi-
ciency, lower central apnea index, and longer latencies to sleep and rapid eye move-
ment during the nights after a rapid ascent to 3150 m a.s.l. (Tseng et  al. 2015). 
Also ethnic differences seem to be a factor as Tibetian natives exhibited a longer 
undisturbed sleep time at 5000 m simulated altitude than Han newcomers 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 
is slightly disturbed and shortened with a prolonged sleep latency and feelings of 
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fatigue and these effects remain unaltered until depths around 300 m where SWS 
decreases (Matsuoka et al. 1986). Total sleep time, slow wave sleep, and REM sleep 
may even increase (Heslegrave et  al. 1982). Below 400  m using heliox (mix of 
helium and oxygen) or trimix (mix of oxygen, nitrogen and helium), the sleep dis-
turbances aggravate further as SWS and REM continue to decrease and awaken-
ings 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.

9.3.3  Confinement

Preparation of space missions requires that crewmembers live close to each other 
for prolonged periods of time in space analogue environments on Earth (see also 
Chap. 36). Studies regarding 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 (ISS) could give rise to problems that emerge from cultural or lin-
guistic disparities, disharmonies in crew composition and cohesion, as well as 
aggravation of mood and thought disorders. The lack of privacy can play an impor-
tant role as a social stressor (please see definition 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 
and Manzey 2010). During overwinterings at the German Antarctic Station Georg-
von-Neumayer II and III, it was found that there were significant changes in sleep 
patterns in n = 54 investigated participants (37 male, 17 female), with dependen-
cies from overwintering time (decreasing sleep times and sleep efficiencies and 
increasing number of arousals per night) and local sunshine radiation (38 min lon-
ger times in bed and delayed sleep onset with 32 min and offset with 54 min during 
the darkness phase) while women exhibited a greater deterioration in sleep quality 
over time than men, possibly due to a greater gender- based susceptibility to the 
overwintering-stress than men (Steinach et al. 2016).

With regard to the circadian rhythm and sleep, it was found during an isolation 
study of 7 days that stress under the conditions 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 subjec-
tive 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.
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9.3.4  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 missing pro-
prioceptive feedback, as well as excitement, space motion sickness, and uncomfort-
able ambient temperatures can lead to a shorter and less qualitative sleep. Some 
astronauts also reported inefficient workload-arrangements as cause for their poorer 
sleep (Whitmire et  al. 2013). It has 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). In another study, astronauts exhibited in average 1 h less sleep-time 
during low-orbit space-flight on the ISS than pre-flight (5.4 ± 1.4 h vs. 6.4 ± 1.2 h, 
p < 0.01) and reported about 10% less in sleep-quality, respectively (60.2 ± 21.0 vs. 
66.8 ± 17.7, p < 0.01) (Flynn-Evans et al. 2016). 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. Over 70% of crew members used 
drugs for sleep aids while on space shuttle missions and on the ISS with multiple 
doses applied for 17% of the observed nights (Barger et al. 2014; Wotring 2015).

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). Nevertheless, even during 
analogue- studies like the “Mars-500”-isolation experiment, it was found that sleep 
quality and vigilance degraded over the course of a 520-day simulation (Basner 
et al. 2013). In addition, also in simulated microgravity on Earth during bed-rest 
studies, sleep achitecture was dirupted with increased apnea-hypopnea index and 
decreased breathing stability (Morrison et al. 2017).

The lack of natural zeitgeber and the other changes during a mission in space can 
lead to a misalignment of the internal circadian rhythm and the work–rest schedule 
directed by mission control. This misalignment, as in shift workers or as seen in 
studies on jet lag (see section above), can lead to sleep disturbances, wake time 
sleepiness and a decrease in well-being and operational performance (Dijk et al. 
2001). Increased sleepiness 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 work-
ing memory functions (Van Dongen et al. 2003). The impairments accumulate if 
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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 decrement 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).

Altered environmental zeitgeber in space will probably meet a challenged ther-
moregulation, as well. Therefore, in a recent study we investigated whether due to 
changes in the thermal environment, i.e. space, the role of the core body tempera-
ture might be changed. Under terrestrial thermoneutral and resting conditions, heat 
exchange between an organism and its environment occurs by way of conduction, 
convection, radiation, and evaporation. If the ambient temperature in a room, for 
example, is around 27°C the heat exchange happens mainly by radiation and convec-
tion (Clark and Edholm 1985). In space, it has been assumed that these mechanisms 
of heat exchange are challenged due to a lack of convective heat transfer, dimin-
ished production, and/or efficiency of evaporation (Fortney et al. 1998; Polyakov 
et  al. 2001). Several authors have touched on the issue of thermoregulation in 
weightlessness, either in sleep or even in circadian rhythm-related studies (Gundel 
et al. 1993, 1997; Crandall et al. 1994; Greenleaf 1997; Koscheyev et al. 2000; Dijk 
et al. 2001). Since vigorous exercise is a special kind of additional stress on the 
thermoregulatory system, because under such conditions >80% of energy expendi-
ture is converted to heat, we addressed this issue in two joint international research 
projects called Thermolab and Circadian Rhythms. These studies were conducted in 
close cooperation with the German Aerospace Agency (DLR), the European Space 
Agency (ESA), and the National Aeronautics and Space Administration (NASA). 
The overarching aim of the first study, Thermolab, was to first continuously monitor 
the changes of core body temperature (CBT) during exercise before, during, and 
after long-term stays on the ISS. It was found (Stahn et al. 2017) that the astronauts 
on the ISS increased gradually in about two-and-a-half months their resting body 
core temperature by about 1°C compared to body core temperatures determined 
under resting conditions on Earth. This increase in CBT was associated with aug-
mented concentrations of interleukin-1 receptor antagonist (IL 1ra), an important 
anti-inflammatory protein in human autoimmune and chronic inflammatory dis-
eases (Cartmell et al. 2001). In addition, the thermoregulatory system in humans 
seems even further challenged in space, because we observed that astronauts’ CBT 
rises higher and faster during vigorous short-term exercise in space than on ground, 
in some instances exceeding 40°C. Besides the fact that even minor increases in 
CBT can impair physical and cognitive performance, and that these findings have 
an impact on astronauts’ health and well-being during future long- term spaceflights, 
it remains unclear how these changes might affect the circadian undulations of core 
body temperatures of humans in space. Currently, the reasons for the increase in 
core body temperature and the increase in interleukin-1 receptor antagonist remain 
unclear as well. Potential candidates—among others—might by the daily physical 
stress by the vigorous exercise of the astronauts (2  h) to avoid muscular/car-
diovascular deconditioning during their stay in weightlessness (Choukèr 2012) 
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and/or the increased radiation exposure on the ISS which is a 100 times higher than 
on ground (Reitz et al. 2009). The second study on the ISS, Circadian Rhythms, will 
be presumably finished in 2019. A preliminary data trend analysis showed that (1) a 
similar increase of resting core body temperature of about 1°C in the first two-and-
a-half months could be observed in these new long-term astronauts on the ISS as 
seen in the Thermolab Study, and (2) some astronauts showed surprisingly well—
circadian preserved circadian rhythms in core body temperature over 36 h, although 
they were circulating around the Earth and were thereby exposed to 16 days/nights 
per day. Definitely, further analysis of the Circadian Rhythms data are necessary to 
draw final conclusions. In this regard, new methods to determine circadian charac-
teristics of astronauts, such as the BodyTime assay using circadian transcriptomics 
to determine the chronotype, may be beneficial to help maintain health and perfor-
mance in such challenging environments (Wittenbrink et al. 2018). It is reasonable 
to assume that these findings will provide further insights into the circadian rhythm 
regulations of astronauts during a long-term exposures in space.

After all, to ensure fully functional astronauts and their health, the aforemen-
tioned sleep disturbing factors need to be removed or at least relieved, like loud 
noises, uncomfortable quarters etc. Further approaches include adjustment of light-
ing conditions as countermeasure to disrupted circadian rhythm, such as the use of 
a solid-state lighting system on the ISS to improve sleep, circadian entrainment, and 
daytime alertness (Brainard et al. 2016). Also for the ground crew, adjustments might 
be necessary, for instance to adapt to the longer day on Mars (1 day 37 min). This 
can be achieved by the application of blue-enriched illumination (Barger et al. 2012).

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 countermea-
sures to meet the needs of the astronauts (Mallis and DeRoshia 2005). Currently, 
the ISS has improved the habitability in more comfortable ambient temperature 
and wind circulation, less disturbing noises, as well as more natural carbon dioxide 
levels in addition to more comfortable sleeping bags and private sleep quarters to 
minimize sleep interruptions (Wu et al. 2018).

9.4  The “Circadian Homeostasis”: Examples of Physiological 
Functions, Malfunctions and Countermeasures

Not only do stressful events influence the physiological human circadian rhythm 
(see Fig. 9.3) and as previously discussed but also do changes within the circadian 
cycle alter the ability to respond to stress and physical demands on human subjects 
in unvafourable circadiane time points of such rhythm.This can have strong impli-
cations on health, well-being and performance.

As has been mentioned, circadian disruption can have negative impact on vital 
physiological functions such as the cardiovascular system, vegetative regulation, 
metabolic functions and influence disease progression and outcome (Morris et al. 
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2016; Grimaldi et al. 2016; Leproult et al. 2014; Litinski et al. 2009). It has therefore 
been suggested, to transform the current knowledge, such as the influence of light 
on mood and alertness or the measurement of circadian biomarkers, into strategies 
and guidelines to apply appropriate lighting and to improve circadian- dependent 
health. Specific goals include the reduction of night time light exposure (intensity 
and wavelength), to target vulnearble populations (children, elderly, night-shift- 
workers, patient-populations), to implement circadian-appropriate lighting and to 
develop educational policies and public awareness (Mason et al. 2018). Especially 
the clinical setting has received special attention as patients are considered to be 
more susceptible to circadian stress and sleep disturbances than healthy persons. 
Simple methods can be applied in order to reduce the irregular sound and light 
exposure on ICU-patients, leading to less disturbed sleep and better outcome (Bion 
et al. 2018). More specifically, countermeasures should aim to more closely repro-
duce the natural day–night cycle with high illumination over the day (1000 lux on 
an overcast day and more than 100,000 lux on a bright sunshine day) and very low 
illumination during the night (as low as 0.0001 lux on a moonless night) through 
the use of large windows and adjusted artificial illumination. At night, light distur-
bances should be minimized, yet allow staff to perform their tasks. Eye masks might 
help to minimize the impact of disturbing light sources. Noises should be mini-
mized as well through training of staff and removal of unecessary sound- sources 
to less disturbing places. Even ear-plugs for patients should be considered as well 
as appropriate timing of various tasks on the patient e. g., examination, washing, 

Fig. 9.3 The circadian clock anticipates and adapts our physiology to the different phases of the 
day. Our biological clock helps to regulate sleep patterns, feeding behavior, hormone release, 
blood pressure, and body temperature (modified after 2017 Nobel Price for Physiology or 
Medicine, press release by Nobelförsamlingen, Nobel Assembly at Karolinska Institutet 2017)
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turning etc. Furthermore, timing of feeding the patient, mobilization, even through 
the use of different postures and the application of sedatives should be applied in 
accordance with the natural day–night cycle to keep zeitgebers at their expected 
times and thus avoid worsening of circadian disruption (McKenna et al. 2018).

Aside from adjusting zeitgebers, stressors and behavior in order to better follow 
the natural day–night cycle more closely, it has been shown that pharmacoligical 
interventions may help to alleviate circadian misalignment. Melatonin as a mediator 
of circadian alignment and sleep propensity, can be administered enterally. It has 
shown the potential to both improve the quality of sleep and performance the next 
day (Cheikh et al. 2018) as well as to treat jet-lag-symptoms (Tortorolo et al. 2015). 
Also, critically ill patients may benefit from its application to reduce sleep disrup-
tion and the occurance of delir (Bily et al. 2015), although more studies seem to be 
required in this field to provide conclusive recommendations (Lewis et al. 2018).

9.4.1  Physical Performance

As shown above, there is a circadian rhythm in functions that are of importance 
to athletes, such as alertness, reaction times, and strength. All in all, these abilities 
seem to peak during early evening, which not coincidentally, is when most world 
records in running and swimming are set (Atkinson and Reilly 1996); however, dif-
ferent individual chronotype may greatly influence individual physical performance 
(Winter et al. 2011). 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 
individuals (Pickett and Morris 1975), though unknown data about dietary intake 
and caffeine consumption may limit these findings; in addition, other factors such 
as motivation or the adrenaline release during physical performance can blunt the 
effects of sleep-deprivation (Blumert et al. 2007). Sleep deprivation has been shown 
to reduce the evaporative cooling function as well as dry heat loss in warm envi-
ronments (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 percep-
tion of effort (similar perception of lower running speed) accounts for the decrease 
in performance after sleep deprivation. Results like this might be linked to impaired 
energy metabolism following sleep deprivation. It was shown that preexercise mus-
cle glycogen stores were decreased after sleep deprivation, suggesting an alteration 
in substrate availability leading to impaired endurance performance (Skein et  al. 
2011). In addition, sleep deprivation or restriction can also impair maximal muscle 
strength in resistive exercise tests, although facilitated motiviation, such as exercis-
ing in groups may alleviate the impact (Knowles et al. 2018).
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Other studies showed less accuracy in tennis players who were sleep deprived 
(Reyner and Horne 2013). Not surprisingly, sleep-deprived athletes also tended to 
more likely attain injuries compared non-sleep-deprived ones (Luke et al. 2011). 
Although larger studies are still lacking, smaller investigations have shown that 
recovery is impaired by sleep deprivation in professional athletes (Skein et al. 2013; 
Chase et al. 2017).

Finally, it is important to note that competitive athletes are at higher risk to suffer 
from sleep problems, because of arousal and anxiety before or after competition. 
One study reported that over 60% of athletes had problems with insomnia the night 
before a competition (Juliff et al. 2015); in addition, athletes often face a combina-
tion of stressors such as training and competition schedules, travel-stress, academic 
and occupational demands, and overtraining, which can increase the risk of sleep 
disturbances (Watson 2017).

9.4.2  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). Healthy humans exhibited 
impaired vigilance after 27 and 37 h of sleep deprivation, respectively (McMahon 
et  al. 2018). Chronic sleep deprivation and REM-sleep restriction can result in 
disrupted hippocampal signaling pathways, impaired hippocampal synaptic plas-
ticity and less consolidation of hippocampal-dependent memories (Prince and 
Abel 2013). One night of sleep loss has been shown to negatively impact attention 
and working memory function through the impairment of coupling between the 
hippocampus and cortical regions (Krause et al. 2017). A possible way by which 
impaired sleep negatively influences hippocampal function might be through epi-
genetic modification. Sleep deprivation appears to produce changes in epigenetic 
markers and patterns of gene transcription with evidence of altered methylation 
profile in healthy human subjects (Nilsson et al. 2016). Another model approach 
is that of synaptic homeostasis where sleep serves to reduce the ongoing synaptic 
pontentiation during wakefulness, which would otherwise not be sustainable in 
terms of energy requirements and which then allows new information to be pro-
cessed (Tononi and Cirelli 2014).

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 three-
fold more pronounced when subjects are woken at the biological night than during 
daytime. 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 
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workers who need to be alert immediately after awakening. The results of the two 
previously mentioned relationships between circadian rhythm and physical and 
cognitive performance, respectively, suggest that night work in a misaligned indi-
vidual can lead to a reduced performance both mentally and physically. Finally, 
there is evidence that suggests that long-term sleep deprivation and restriction 
might increase the risk for neurodegenerative diseases like Alzheimer’s disease 
and dementia (Xie et al. 2013).

9.4.3  Immune Function and Fibrinolysis

Furthermore, studies have supported the reception that sleep loss makes humans 
more susceptible to infections.

The majority of immune cells express circadian clock genes and physiological 
functions based on a 24 h rhythm. This impacts cellular functions, such as synthe-
sis and release of cytokines and cytolytic factors, expression of recognition recep-
tors, phagocytosis, migration to inflamed tissue, cytolytic activity, and proliferative 
response to antigens. Therefore, alterations of circadian rhythms (e.g., environmen-
tal disruption similar to shift work) can lead to dysfunctional immune responses 
(Labrecque and Cermakian 2015).

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 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, mouse macro-
phages, 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 rhythm 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. Furthermore, not only do most immune cells, like T-cells, granulocytes, 
and macrophages, exhibit a daily variation in their function, but also many genes 
responsible for pathogen recognition and cytokine secretion exhibit circadian 
rhythms (Keller et al. 2009).

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 (LPS) administration increases 
sleep in humans (Bryant et al. 2004). In another study, inhibition of TNF by a sol-
uble TNF receptor improved fatigue in patients with rheumatoid arthritis (Pollard 
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et al. 2006). Also, neutralization of TNF reduced daytime sleepiness in patients with 
sleep apnea syndrome. It could be shown that TNF suppresses the expression of 
PAR bZip clock-controlled genes Dbp, Tef, and Hlf as well as the period genes Per 
1–3 in fibroblasts in the mice liver; TNF 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 circa-
dian cycle and immune function are further supported by another report in which a 
systemic immune response through the in vivo administration of LPS resulted in an 
upregulation of the core clock genes Per 2 and Bmal1 in equine blood cells, while 
a treatment utilizing nonsteroidal anti-inflammatory drugs (NSAID) not only inhib-
ited 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 sug-
gests 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). Furthermore, 
it was shown that pattern recognition receptors (PRR) of macrophages, which are 
activated by pathogen-associated molecular patterns (PAMPs), do follow a circa-
dian rhythm, such as the response to bacterial LPS (Gibbs et al. 2012). Likewise, 
NK exhibited highly disturbed rhythms of IFNγ, granzyme B, and perforin mRNAs 
an thus of their phsysiologcal function, under repeated jet-lag conditions (Logan 
et al. 2012).

These research culminated in the understanding, that the circadian clock of the 
immune system is a very critical element with regard to immune function. The cir-
cadian clockwork influences both innate and adaptive immunity, such as responses 
to pathogen exposure, immune cell movement, lymphocyte development and traf-
ficking, adaptive immune responses, and even the symbiosis between body cells and 
microbiota such as in the gut, where microbiotic products appear to influence circa-
dian immunity, thus providing a link between disturbed circadian rhythm, changed 
immune function, and microbiota. Interaction and disruption of the circadian 
rhythm and immune system may also give rise to diseases like psoriasis or irritable 
bowel disease that have been associated with shift work, or the circadian aspects of 
asthma with exacerbated symptoms in the early morning. The increased knowledge 
of circadian interactions of the immune system provides therapeutic opportunities 
(chronotherapy) to provide more effective chemotherapy, pain-relief at the time of 
greatest need, more effective vaccination results and even less rejection response 
with transplant patients (Scheiermann et al. 2018).

It was shown that there also exists a circadian rhythmicity in some components 
of the hemostatic system, tissue-type plasminogen activator (tPA) and its inhibi-
tor plasminogen activator inhibitor-1 (PAI-1) show a marked circadian variation 
in plasma (Andreotti and Kluft 1991). This variation seems to be even more pro-
nounced in combination with stress. It was shown that exhaustion and chronic expo-
sure 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 coronary infarc-
tion (Van Diest et al. 2002).
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The clinical importance of clock gene regulated immune challenges have become 
more and more also in the focus of clinicians. Critically ill patients are especially 
susceptible to circadian dysrhythmia due to mistiming or complete loss of sensory 
input disturbing circadian synchronization with the environment and pathology 
affecting the clock mechanism at a cellular level, which may relate to inflammatory 
responses, with septic patients to have abnormal patterns of melatonin secretion 
compared to nonseptic patients (Mundigler et al. 2002). Possible outcomes of circa-
dian disruption on the intensive care unit (ICU) are the interconnected phenomena 
of sleep disturbance (sleep fragmentation) and delirium affecting up to 80% of ICU 
patients and which is know to be associated with increased morbidity and mortality 
(Ely et al. 2004).

In this context, the terms “Chronopathology” and “Chronofitness” have been 
coined (McKenna et al. 2018), to emphasize the impact of circadian disruption as a 
distinct source of pathological processes of the immune system and other funtions 
and the need to address the internal synchronization of circadian clocks in various 
tissues and their synchronization with the environment, in order to provide a person-
alized treatment for critically ill patients as well as general approaches as counter-
measures to avoid circadian disruption in the clinical setting (see Sect. 9.4 above).

9.4.4  Cancer

With regard to the relationships discussed, diseases closely connected to the immu-
nological function such as cancer could also be affected by alterations of the cir-
cadian 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). Conventional knowledge attributed tumor suppressor properties to 
the circadian clock system. However, in turn, the clock can also promote tumori-
genesis (Shostak 2017). Nuclear receptors, such as thyroid hormone receptors, ste-
roid receptors, and retinoic acid receptor-related orphan receptors (ROR), regulate 
numerous physiological processes, such as metabolism, inflammation, and are also 
involved in the regulation of circadian rhythm (Weikum et al. 2018; Fan et al. 
2018), while in turn circadian misalignment may promote and influence the pro-
gression of various malignancies (Doan et al. 2017; Fan et al. 2018). In experi-
mental 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 disrup-
tions 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 downregulation 
of p53, thus causing genomic instability, increasing proliferation, and eventu-
ally the possible accumulation of mutations favoring carcinogenesis (Fu et  al. 
2002). Recently, cell cycle and apoptosis regulator 2 (CCAR2) was identified as 
an important mediator in DNA damage response and regulates transcription and 
by repressing BMAL1 and CLOCK expression, it was reported to modulate the 
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circadian rhythm (Magni et al. 2018). Notably, CCAR2 expression is deregulated 
in several tumors showing a link between carcinogenesis and disrupted circadian 
cycle. Because of this recent research and further studies that have demonstrated 
the links between circadian rhythm and cell cycle (and the diruption thereof) (Jiang 
et al. 2016; Huber et al. 2016; Gotoh et al. 2014) has lead to the conclusion that 
the circadian cycle is an important tumor suppressor and that disrupted circadian 
rhythms promote tumor development (Fu and Kettner 2013). Accordingly it could 
be shown that persons working in night shifts have a significantly greater risk of 
developing cancer like breast, colon, and prostate cancer and non-Hodgkin lym-
phoma (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).

Recent studies also showed dynamic circadian oscillations in oxidation- 
reduction (redox) status with a direct stabilizing feedback of redox cofactors (such 
as FAD) on the circadian clock protein cryptochrome (Pritchett and Reddy 2017), 
which in turn also influences immune functions through an interplay between circa-
dian fluctuations and redox status (Wende et al. 2016). 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 systemic 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.

9.5  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 
also lead to pathological changes in the metabolism of carbohydrates and lipids 
or have effects on vegetative regulation and immune function, thus increasing the 
susceptibility to diseases like the metabolic syndrome, cardiovascular disorders, or 
various types of cancer. “The 2017 Nobel Laureates have uncovered a mechanism 
controlling a truly fundamental process in physiology, how our cells and bodies 
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keep time. Such time-keeping is essential for our adaptation, and has important 
implications for human health; not just jetlag, but also the incidence of chronic 
syndromes, such as cancer, metabolic and sleep disorders, and several neurological 
conditions” (presentation speech by Professor Carlos Ibáñez on behalf of the Nobel 
Assembly at the Karolinska Institute, December 10, 2017). These discoveries and 
research fueled by these discoveries will help to understand the influence of extreme 
environments on circadian rhythms. Investigations in man living in extreme cli-
mates or being exposed to isolated and confined conditions will comprehend related 
changes observed in space crews. This knowledge will pave appropriate counter-
measures to alleviate the impact of these changes—especially during long-term 
space missions—on health and performance of astronauts.
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10.1  Introduction

The starting point of endocannabinoid research was in 1964 with the discovery of tet-
rahydrocannabinol, or THC, the main psychoactive chemical in cannabis by Raphael 
(Mechoulam and Gaoni (1965) in Israel. 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 are important in a vast 
number of central and peripheral functions which include movements, reproduction, 
emotions, memory, reward, pain, food intake, and nausea and vomiting (Pertwee and 
Ross 2002). A second type of cannabinoid receptors was discovered in 1993. In con-
trast to the CB1 system, CB2 receptors are found primarily in the periphery and show 
high concentrations in the immune system (especially in T- and B-cells) (Sido et al. 
2016), GI tract, liver, spleen, kidney, bones, heart (Weis et al. 2010), and peripheral 
nervous system (Vaughn et al. 2010). There is, however, more recent evidence that CB2 
receptors also play a role in the CNS which challenges this traditional view (Chen et al. 
2017). When following the well-known principle that receptors usually have endoge-
nous ligands that bind to it, Mechoulam’s group discovered the first endogenous can-
nabinoid, 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 com-
ponents of what is now called the endocannabinoid system (ECS).

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16996-1_10&domain=pdf
mailto:daniela.hauer@med.uni-muenchen.de
mailto:Gustav.schelling@med.uni-muenchen.de
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10.2  Cannabinoid Receptors and Ligands

10.2.1  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. 10.1). Furthermore, CB1 
receptors inhibit presynaptic N- and P/Q-type calcium channels and activate 
inwardly rectifying potassium channels. Other possible signaling mechanisms 
involve focal adhesion kinase, phosphatidylinositol-3-kinase, sphingomyelinase, or 
nitric oxide synthase (Mechoulam et al. 1997). Recent studies described at least one 
other endocannabinoid receptor system, the TRP channel which may have an impor-
tant function in pain perception under inflammatory conditions (Storozhuk and 
Zholos 2018).

10.2.2  Endogenous Cannabinoids (Endocannabinoids)

Endocannabinoids are lipid signaling molecules that behave differently than circu-
lating hormones. They are not stored but synthesized on demand from membrane 
phospholipids and released into intracellular space via specific membrane transport 
systems. From there, endocannabinoids in the brain activate presynaptic cannabi-
noid receptors leading to an inhibition of neurotransmitter release. Degradation and 
metabolism takes place after cellular reuptake and is performed by specific hydro-
lases: anandamide is degraded by fatty acid amide hydrolase (FAAH) and 2-AG 
mainly via monoacylglycerollipase (MAGL) (Fig. 10.2) (Herrera-Solis et al. 2010).

Fig. 10.1 Schematic 
drawing of a CB1-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
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Table 10.1 Names, abbreviations, and presumed biologic functions of several known 
endocannabinoids

Chemical name Abbreviation Biologic functions
2-Arachidonoyl 
glycerol

2-AG 1.  Seems to be the most important endocannabinoid 
(Tsuboi et al. 2018)

2. Heart, circulation system:
   •  May be related to the pathogenesis of Acute 

Coronary syndrome (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)

3. Behavior:
   •  Stress exposure evokes a significant increase in 

circulating concentration in women (Hill et al. 2009)
   •  Basal serum concentrations were significantly 

reduced in women with major depression (Hill 
et al. 2009)

4.  Induces full platelet activation and aggregation with a 
non-CB1/CB2 receptor-mediated mechanism 
(Baldassarri et al. 2008).

5. Central nervous system:
   •  Has neuroprotective properties and restores 

blood-brain barrier function after traumatic brain 
injury (Panikashvili et al. 2006; Piro et al. 2018)

   •  Is involved in reducing acute nausea in rodents 
(Sticht et al. 2016)

2-Arachidonyl 
glyceryl ether 
(noladin ether)

2-AG ether 1. Central nervous system:
   •  Neuroprotective by binding to and activation of 

PPARα (Sun et al. 2007)
   •  Increases the uptake of GABA (Venderova et al. 

2005)
2.  Induces vascular smooth muscle relaxation in rabbit 

pulmonary artery (Su and Vo 2007)
3.  Attenuates sensory neurotransmission in rat 

mesenteric arteries (Duncan et al. 2004)
4.  Increases the eating motivation (Jones and Kirkham 

2012)

(continued)

D. Hauer et al.
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Table 10.1 (continued)

Chemical name Abbreviation Biologic functions
Arachidonoyl 
ethanolamine 
(anandamide)

AEA (ANA) 1. Heart, circulation system:
   •  Hypotension (del Carmen García and Celuch 

2003)
   •  Has a dose-dependent coronary vasodilatator 

effect in isolated rat heart (Wagner et al. 2005)
   •  Causes a PPARγ-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 and is produced in infarct-
related coronary artery (Maeda et al. 2009)

   •  Generated by circulating monocytes and platelets 
during cardiogenic shock (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. 2009)

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 an influences 

sleeping periods (Murillo-Rodriguez et al. 1998)
   •  Influences working memory (Mallet and Beninger 

1996) and has impact on reward processes (Zona 
et al. 2017)

   •  Has a role in the neural generation of motivation 
and pleasure (Stephen et al. 2007)

(continued)

10 Endocannabinoids, “New-Old” Mediators of Stress Homeostasis



186

Table 10.1 (continued)

Chemical name Abbreviation Biologic functions
Docosatetraenoyl- 
ethanolamide

DEA 1.  Inhibits the norepinephrine-induced migration of 
colon carcinoma cells (Joseph et al. 2004)

2.  Shows an increase of plasma levels after a fasting 
period of 24 h in rodents (Olatinsu et al. 2017)

N-Arachidonoyl- 
dopamine

NADA 1.  Mediates vasorelaxation in different arteries (Grabiec 
and Dehghani 2017)

2.  induces both pro- and antinociceptive effects in the 
central and peripheral nervous system (Grabiec and 
Dehghani 2017)

3.  Is a potent inhibitor of early and late activation events 
in Ag-stimulated human peripheral T cells (Sancho 
et al. 2004)

4.  Exerts neuroprotective effects in states like ischemia 
(Grabiec and Dehghani 2017)

N-Arachidonyl 
glycine

NAGly 1. Vascular:
   •  Exerts vasodilatory activity via G protein-coupled 

receptor 18 activation (Al Suleimani and Al 
Mahruqi 2017)

2. Pain:
   •  Is a lipid mediator especially in pain modulation 

and anti-inflammation (Im 2009)
   •  Reduced the mechanical allodynia in rat model 

(Vuong et al. 2008)
O-Arachidonoyl- 
ethanolamide 
(virodhamine)

O-AEA 1.  Potently inhibits the large conductance Ca2+-activated 
K+-channel (Godlewski et al. 2009)

2.  In human bronchial epithelial cells induces an 
additional Ca2+ entry (Effimia Gkoumassi et al. 2009)

3.  Provides antagonistic effects against the depressive 
behaviors in mouse model (Hayase 2007, 2008)

4.  Induces several arteries (Kozlowska et al. 2008)
5. Has anorectic properties (Tsuboi et al. 2018)
6.  Acts as an agonist on monoamine oxidase-B (MAO-B) 

receptors and could therefore be important in the 
therapeutic approaches of neurological diseases 
(Pandey et al. 2009)

N-Oleoyl dopamine OLDA 1.  Is a potent inhibitor of early and late activation events 
in Ag-stimulated human peripheral T cells (Sancho 
et al. 2004)

2.  Decreases muscle rigidity induced by reserpine in rats 
(Konieczny et al. 2009)

3.  Increases locomotor activity in the rat (Przegalinski 
et al. 2006)

4.  Causes pain sensations via activation of TRPV1 (Bo 
Tan et al. 2006)

5.  Is involved in the modulations of the activity of 
dopaminergic neurons in the midbrain through 
interactions with TRPV1, cannabinoid receptors and 
dopamine uptake (Sergeeva et al. 2017)

6.  Induce excitation of histaminergic neurons (De Luca 
et al. 2018)

D. Hauer et al.
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Table 10.1 (continued)

Chemical name Abbreviation Biologic functions
Oleoyl 
ethanolamide

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

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

3.  Directly inhibits T-cell responses by reducing their 
production of TNF and IFN-γ (Chiurchiù et al. 2018)

Palmitoyl- 
ethanolamide

PEA 1.  Has anti-inflammatory and anti-nociceptive properties 
via direct inhibition of T-cell responses (Chiurchiù 
et al. 2018)

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

3.  Is higher in a highlander population exposed to lower 
oxygen and maybe associated with a higher 
hemoglobin (Alarcón-Yaquetto et al. 2017)

Stearoyl- 
ethanolamide

SEA 1.  Exerts anorexic effects in mice via downregulation of 
liver enzyme activation (Terrazzino et al. 2004)

2.  Has nitric oxide -regulated pro-apoptotic activity on 
C6 glioma cells in rat (Maccarrone et al. 2002)

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 conditions 
(e.g. posttraumatic stress disorder (PTSD); Hauer et al. 2013). Table 10.1 gives an 
overview on names, chemical structure, and biologic function of a number of known 
endocannabinoids.

10.2.3  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 endocannabi-
noids are not stored in vesicles or circulate in the blood stream like hormones but 
are synthesized on demand and immediately degraded. This makes endocannabi-
noid measurements in blood and tissues difficult to interpret. In particular, endocan-
nabinoid synthesis in known to be continued ex-vivo in stored blood samples 
(Fig. 10.3) which makes immediate sample centrifugation and freezing mandatory 
(Schmidt et al. 2006; Vogeser et al. 2006). The standardization of endocannabinoid 
extraction from blood samples and tissues is still in progress and not standardized 
throughout all research groups measuring enocannabinoids. Nevertheless, endocan-
nabinoid measurements can be performed successfully and if standardized 
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conditions are strictly kept throughout the whole process from collection and extrac-
tion until measurements, a “snap-shot” of this fast acting system can give important 
information about endocannabinoid signaling in well-defined situations.

We developed a method to measure endocannabinoids. This method is based on 
high performance liquid chromatography-tandem mass spectrometry (HPLC-MS/
MS) (Vogeser et al. 2006; Hauer et al. 2013). Our method is linear within a range of 
0.1–2 ng/ml for anandamide and 0.5–10 ng/ml for 2-AG. The inter-assay coefficient 
of variation is 34% for a mean anandamide concentration of 0.2 ng/ml. 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 (includ-
ing its deuterated analog) rapidly isomerizes to 1-AG (Vogeser and Schelling 2007). 
We and other groups therefore tend to quantify 2-AG as the sum of 1- and 2-esterns 
-of arachidonic acid in consent of the knowledge that both isomers can activate the 
CB1-receptors. (Vogeser and Schelling 2007).

Blood sampling at 8 a.m. (n = 6) 
Blood sampling at 2 p.m. (n = 6)

Immediate freezing 
of the sample
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Fig. 10.3 Effect of storage of blood samples on whole blood levels of the endocannabinoid anan-
damide. 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 anan-
damide 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)
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An alternative to spot-measurements of endocannabinoids in blood samples is 
the use of hair as a retrospective specimen for the long-term recording of endocan-
nabinoids as a possible indicator of stress-related pathology. This approach allows 
the simultaneous determination of glucocorticoids from identical hair samples 
which have extensively been studied (Steudte et al. 2013). An early pilot study of 
monthly hair analysis for endocannabinoids over a pregnancy cycle in a single indi-
vidual demonstrated changes in endocannabinoid signals in hair with negative cor-
relations between endocannabinoids and cortisol/cortisone concentrations over time 
(Krumbholz et al. 2013) (see also Chap. 29). When this analytic technique was used 
in a sample of rebel war survivors from Uganda, individuals with PTSD had signifi-
cantly lower hair concentrations of OEA when compared to rebel war survivors 
without current and lifetime PTSD. Furthermore, there was a strong negative cor-
relation between all measured endocannabinoids and PTSD symptom intensity 
(Wilker et al. 2016). This suggests that the measurement of endocannabinoids in 
hair may give additional information of the state of the endocannabinoid system in 
humans.

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

10.3.1  Immunologic Functions of the Endocannabinoid System

The effects of marijuana smoking or THC on immune cell function were investigated 
long before cannabinoid receptors and the endocannabinoids were discovered (Klein 
et al. 2003). The administration of THC to healthy volunteers resulted in a long-last-
ing suppression endocannabinoid signaling (Thieme et al. 2014). The cannabinoids 
exhibit complex regulatory effects on the immune system and are involved in immune 
regulation by the suppression of cell activation, inhibition of pro- inflammatory cyto-
kine production, nuclear-factor kappa B (NF-kB)-dependent apoptosis and modula-
tion of the functions of T helper subsets (Table 10.2) (Pandey et al. 2009).

The immune effects of cannabinoids and the endocannabinoid system provide 
promising therapeutic implications in a variety of neuroinflammatory, autoimmune, 
atherosclerotic metabolic and allergic conditions (Tanasescu and Constantinescu 
2010). The effects of exogenous cannabinoids and endocannabinoids on the immune 
system are incompletely understood however, and involve interactions with innate, 
humoral and cell-mediated immunity. The discussed pathways through which can-
nabinoids act are apoptosis, inhibition of proliferation, suppression of cytokine and 
chemokine production, 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 it they may represent a universally 
acting protective system against tissue damage of multiple and also nonprotein ori-
gin (Pacher and Mechoulam 2011).

Indeed there is evidence that the activation of CB2 receptors via 2-AG dampen the 
immune response and therefore the inflammatory process in mice (Dotsey et al. 2017). 
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In contrast, other studies have shown a positive correlation between 2-AG levels and 
proinflammatory cytokine-levels (interleukin-6) (Knight et al. 2015). Therefore, at 
present, a close association between the endocannabinoid system und the immune 
system can be assumed but the direction of the regulatory response is not always 
clear.

10.3.2  The Endocannabinoid System and Cardiovascular 
Functions

10.3.2.1  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 Ca2+-activated K+-channel and membrane hyperpolarization of vas-
cular smooth muscle has been proposed as one mechanism (Sunano et  al. 1999; 
Begg et al. 2003).

Table 10.2 Effects of endocannabinoids on immune cells

Immune cells Functions affected Receptor involved
T-lymphocytes Proliferation; cell death by apoptosis; Th1/Th2 

cytokine secretion, polarization; cell number
CB2

B-lymphocytes Inhibition of antibody formation; Ig 
production; Ig isotype switching; proliferation; 
cell number

CB1 and CB2

Haematopoietic cell 
line

Cell growth Non-CB1, CB2

Macrophages Decreased Inflammatory mediators; antigen 
presentation; migration; phagocytosis; 
increased adhesion

CB2

Mast cells Down modulate mast cell activation; decreased 
TNF-α; decreased mast cell-dependent 
angiogenesis

Non-CB1, CB2
CB1, CB2

Dendritic cells Growth and maturation; apoptosis; recruitment 
during innate immune response

CB1, CB2

Natural killer cells 
and neutrophils

Cytolytic activity; chemokines; cytokines Non-CBl, CB2

Cancer cells Cell cycle arrest; apoptosis; growth inhibitor CB1, CB2 receptor. 
TRPV1, lipid rafts

From: Pandey et al. Endocannabinoids and immune regulation. Pharmacol Res 2009; 60: 85–92, 
with permission
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Some known effects of different endocannabinoids on the vascular system are 
listed in the following:

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

• 2-AG leads to vascular hyporeactivity to noradrenalin in sepsis due to higher 
activation and expression of CB1-receptors; this effect can be inhibited by the 
CB1-receptor-antagonist AM 251 in vitro (Singh et al. 2018). Anandamide can 
cause vasorelaxation via “classical” CB1 receptors, via a putative 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).

• 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).

• 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 
(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. 2010).

In animals, intracisternal application of cannabinoids leads to sympatho- 
adrenergic activation with increased blood pressure and elevated norepinephrine 
concentrations (Niederhoffer and Szabo 1999; Pfitzer et al. 2005). Moreover, activa-
tion of CB1 in the brain modulates baroreflex regulation (Brozoski et al. 2005). In 
contrast, peripheral endocannabinoid application lowers blood pressure and 
decreases norepinephrine concentrations, presumably by inhibiting norepinephrine 
release from presynaptic neurons (Niederhoffer and Szabo 1999; Pfitzer et al. 2005). 
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Genetic deletion or pharmacological blockade of CB1 receptors has no effect on 
blood pressure in healthy and normotensive animals, but CB1 receptor blockade 
increases blood pressure in experimental hypotension, septic shock, and myocardial 
infarction (Wagner et al. 1997, 2001; Batkai et al. 2004).

10.3.2.2  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). The acute intravenous administration of THC to humans resulted in an 
increase in heart rate and blood pressure which was accompanied by an increase in 
serum cortisol levels (Thieme et  al. 2014). 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 endocannabi-
noid signaling is associated with disease progression and an increased risk for acute 
thrombotic events (Tanasescu and Constantinescu 2010). Recent data have shown 
that increased 2-AG levels after acute myocardial infarction could also worsen the 
cardiac function in mice (Schloss et al. 2019). The presence of CB1 and CB2 recep-
tors in healthy and failing human heart has 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 down-
regulated 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.

10.3.3  The Endocannabinoid System and Bone Metabolism

Bone metabolism can be regarded as a constant modeling/remodeling 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 synthesize 
anandamide and 2-AG and CB1 receptors have been shown to be present in sym-
phatic nerve endings close to osteoblasts. Noradrenergic signals from the central 
and peripheral nervous system regulate bone metabolism involving beta-2- 
adrenergic receptors and results in bone loss, an effect which has been demonstrated 
in stressed patients with depression (Bab and Yirmiya 2010) and put up as a hypoth-
esis 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 signaling and thus reduce the symphatically 
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driven downregulation of bone formation. A comparable effect of endocannbinoids 
has also been postulated in patients with the Complex Regional Pain Syndrome, a 
symphatically driven chronic pain disorder of the extremities associated with bone 
loss (Kaufmann et al. 2009). The activation of CB2 receptors expressed by osteo-
blasts and osteoclasts by stress-activated endocannbinoids could stimulate bone for-
mation 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). On the other hand there are recent data that CB1- and 
CB2- knock-out mice may prevent an age-related bone mass loss due to lower 
resorption rate (lower number of osteoclasts) (Sophocleous et al. 2017). 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 suggest that the endocannabinoid system maybe 
a promising target to address in order to prevent osteoporosis both on Earth and 
maybe even in space during long-term exposure to microgravity.

10.3.4  The ECS, 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 (see also 
Chap. 7). 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 endocannabinoid system has been shown to play an impor-
tant role in the 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 2009a). These effects of glucocorti-
coids are probably mediated by a nongenomic mechanism (Hill and McEwen 
2009b). 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 
suggests that stress-induced endocannabinoid signaling in the hypothalamus limits 
the responsiveness of the HPA—axis to stress.

In order to analyze the relationship between peripheral endocannabinoid signal-
ing and HPA—axis activity in humans exposed to acute stress more closely, we 
performed a series of parabolic flight experiments (Chouker et al. 2010). In partici-
pants with high self-reported stress levels during these experiments (induced by 
acute motion sickness), anandamide blood concentrations showed an early decrease 
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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 preceded alterations in 2-AG signaling in these 
experiments. These findings suggest a tonic regulation of HPA—axis responsive-
ness by anandamide where an early decrease in anandamide activity results in a 
sensitization 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. Also chronic stress can lead 
to disrupted stress responses: Individuals being isolated in an artificial environment 
during a 500 day study simulating trip to the Mars showed decreased 2-AG-levels 
as well as decreased cortisol levels at the end of the study (Yi et al. 2016).

The biologic bases for these different patterns of endocannabinoid and glucocor-
ticoid reactivity under stress are currently unknown but recent findings suggest that 
genetic factors involving glucocorticoid 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. 2009) or 
posttraumatic stress disorder (Hauer et al. 2010).

10.3.5  Endocannabinoids as Regulators of (Posttraumatic) Stress 
Response

The exquisite responsiveness of the endocannabinoid system in humans to acute 
stress has been demonstrated in several recent studies. Physical stress in trained and 
physically fit individuals induced by hard exercise during mountaineering or cycling 
resulted in elevated EC concentrations which returned to baseline after termination 
of the stressful activity (Feuerecker et al. 2012). Emotional Stress induced by the 
Trier Social Stress Test resulted in a significant increase in the endocannabinoids 
anandamide, palmitoylethanolamide (PEA) and oleoylethanolamide (OEA) plasma 
concentrations (Dlugos et  al. 2012). As stated above (Sect. 10.3.4.), exposure of 
healthy volunteers to kinetic stress gave rise to a significant increase in plasma 
endocannabinoid concentrations in stress-tolerant participants, whereas highly 
stressed individuals showed an absent endocannabinoid response and a massive 
activation of the hypothalamic-pituitary-adrenal (HPA) axis (Chouker et al. 2010). 
Increased blood concentrations of endocannabinoids were also seen in astronauts 
spending months on the International Space Station (ISS) (Strewe et al. 2012) or in 
Antarctic isolation at sea level (Strewe et al. 2018).

These findings suggest that an activated endocannabinoid system is required to 
maintain homeostasis during stress and enhance the recovery process after a high 
stress exposure. One could further assume that in chronically stressed individuals 
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with PTSD the endocannabinoid system is either chronically elevated with higher 
concentrations of circulating endocannabinoids or deficient in signaling with abnor-
mally low levels. Recent studies have in fact pointed to both possibilities. In a popu-
lation of refugees from the Middle East, Afghanistan, and Africa with multiple 
experiences of war and torture resulting in PTSD, plasma concentrations of the 
endocannabinoids anandamide, 2-AG, SEA, OEA, and PEA were significantly ele-
vated when compared to healthy nonstressed individuals or traumatized patients 
from the same regions who had not developed PTSD (Hauer et al. 2013). In con-
trast, in a different study population of individuals exposed to the events of 9/11 in 
New York, there was no difference in anandamide, PEA, and OEA concentrations 
between individuals with and without PTSD but 2-AG levels in PTSD patients were 
significantly lower (Hill et al. 2013). A third study evaluated patients from the same 
geographic area after physical assault or motor vehicle accidents. In this study, 
anandamide and OEA plasma concentrations were significantly lower in PTSD 
whereas 2-AG and PEA levels were not different when compared to controls. This 
study has also demonstrated greater CB1-receptor availability after administration 
of a CB1 selective radiotracer (Neumeister et al. 2013). This supports the notion, 
that abnormal CB1 receptor-mediated endocannabinoid signaling may be implicated 
in PTSD, at least in selected patients and an unclear direction of the effect. These 
conflicting findings could be due to differences in the patient populations under 
study. Refugees with PTSD after recent war and torture experiences may react more 
to the stress of blood sampling in a novel medical environment (Hauer et al. 2013) 
than individuals from western societies and this could result in higher endocannabi-
noid plasma levels. The sensitivity of plasma endocannabinoids to short-term 
increases in stress-levels limits the usefulness of blood endocannabinoids as bio-
markers for stress-associated disorders.

10.3.6  The Endocannabinoid System and Food Intake

Exogenous cannabis is known to increase appetite and is therefore used in the ther-
apy of weight loss and anorexia in patients suffering from human immunodeficiency 
virus (HIV) or cancer. But in what way are endocannabinoids involved in food 
intake, appetite, and obesity? There are hints that there is a dose-dependent decrease 
in 2-AG-levels following sugar consumption (Feuerecker et  al. 2012) as well as 
anandamide levels (Di Marzo et al. 2009). If these effects are due to increased insu-
lin levels is still discussed: In one study insulin-sensitive individuals with obesity 
showed lower 2-AG levels than insulin-resistant obese patients but as insulin resis-
tance was associated with significantly higher body mass index the potential rela-
tionship still remains unclear (Abdulnour et al. 2014).

Studies revealed that high endocannabinoid levels are associated with obesity 
and that obese individuals do not show a decline in anandamide levels after food 
intake (Monteleone et al. 2016) whereas individuals with a normal body weight 
showed a postprandial decrease in 2-AG-levels (Gatta-Cherifi et al. 2012). Several 
studies found a positive correlation between obesity and 2-AG levels as well as 
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anandamide levels. But there is also a difference in the motivation of eating 
regarding the circulating endocannabinoids: Hedonic eating is positively corre-
lated with higher endocannabinoid plasma levels. After a nonfavourite meal the 
2-AG declined whereas the 2-AG concentration increased after a favorite food 
(Monteleone et al. 2016).

There are also evidence from animal studies that there is a relationship between 
the endocannabinoid and the glucocorticoid system regarding obesity: Glucocorticoid 
treated mice showed not only increased body weight and obesity but also higher 
2-AG levels. Dyslipidemia was reversed in CB1-knock-out mice and in mice treated 
with AM251, a CB1 receptor antagonist (Bowles et al. 2015).

10.3.7  The Cannabinoid Effects 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 
modulate 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 posttraumatic 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 exper-
iments 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 deprivation in human volunteers resulted in a significant increase in 
cerebrospinal fluid concentrations of oleoylethanolamide, an endogenous lipid mes-
senger 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 twofold 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 deprivation 
(Jumpertz et al. 2010). But also 2-AG levels are increased in sleep deprived pro-
bands almost parallel to increased hedonic eating in the afternoon assuming 
endocannabinoid- related activation of reward circuit in the brain (Hanlon et  al. 
2016; Hillard 2018). The increase of 2-AG levels after sleep deprivation is shifted to 
later times as a result of a shifted circadian rhythm—the mechanism is not clear but 
some authors suggests a stress-related effect onto glucocorticoid receptor effects 
(Hillard 2018).

Additionally there are data suggesting a preventive role of the ECS during hiber-
nating marmots regarding bone-/energy metabolism and immune function (Mulawa 
et al. 2018).
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These observations suggest that the pharmacologic manipulation of endocan-
nabinoid signaling could represent a presumed countermeasure against negative 
biologic consequences of sleep depriviation during stressful conditions.

10.4  Summary

Recent experiments in animals and humans point to the fact that the 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 functions and is involved in 
the maintenance of immune- and cardiovascular functions, as well as in the pathol-
ogy of stress-associated motion sickness. The ECS in implicated in a complex inter-
action with other stress-response systems including the sympathoadrenergic and the 
HPA—axis. Hereby it affects innate and adaptive immune functions. Important 
roles of the ECS include the regulation of bone turnover with possible important 
consequences for the treatment of osteoporosis, one of the most prevalent disorders 
in post-menopausal women. Because as all systems described above (immune, 
bone, sleep, memory, etc.) are 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, preclinical studies in volunteers and clinical investigations in patients 
can be applied for space research and find their way back to Earth resulting in a bet-
ter understanding and new treatment options for common disorders in humans. 
Selected groups of patients may benefit from cannabis use as a drug (e.g. those with 
PTSD) but methodological difficulties limit the proof of causal relationships. Given 
the recent changes in medical and legal status in some countries, the number of can-
nabis user and addicts may grow and further longitudinal studies on adverse and 
occasionally positive effects of cannabis on memory function and other organ func-
tions are needed.
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11Immune System in Space: General 
Introduction and Observations 
on Stress-Sensitive Regulations

Brian Crucian and Alexander Choukér

11.1  General Principles of Immune Functioning

11.1.1  From Physical Barriers to Tailored Immune 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 recirculating 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 poten-
tially 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 have considered. Existing at the interface of the envi-
ronment 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 acidified 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 vul-
nerable 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 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16996-1_11&domain=pdf
mailto:brian.crucian-1@nasa.gov
mailto:alexander.chouker@med.uni-muenchen.de
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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 immune systems’ 
third-line response is based on the action of B- and T-lymphocytes, and is called the 
adaptive immunity (Choukèr et al. 2008) (Fig. 11.1, see also Chap. 12).

11.1.2  Innate and Adaptive Immunity

Human immunity, after skin and other physical barriers, is actually comprised of 
cells of two “distinct” yet interconnected systems, the innate and adaptive immune 
systems. Innate immunity, mediated by neutrophils, monocytes/macrophages, den-
dritic cells, and NK, is the primary line of cellular defense and consists of an imme-
diate (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 cellular defense. It consists of a delayed responses, as medi-
ated primarily by lymphocytes, it is antigen-specific and results in immunologic 
memory. Subsequent reexposures to the same pathogen result in significantly 
greater and more rapid antigen-specific responses due to the presence of circulating 
memory B and T cells. There are actually two general components to adaptive 

Red 
blood 
cells

White 
blood 
cells

Basophils

Mast cell

Granulocytes

Neutrophils

Dendritic cell

Monocytes

Eosinophils

Macrophages

Plasma cells

Lymphocytes

B cells T cells NK

CD8+
‘cytotoxic’

CD4+
‘helper’

Memory

Memory

Naive

Naive
Th2Th1 Th17 Treg

Central
memory

True
naive

Effector
memory

Terminal 
diff. 

Fig. 11.1 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
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immunity: antibody mediated and cell 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 initi-
ate targeted cell killing, via a process termed “antibody-dependant cellular cytotox-
icity.” In this process, soluble antibodies coat a cellular target which directs cytotoxic 
lymphocytes to bind and kill that target. The principle of vaccination consists of 
inoculation of nonvirulent pathogen proteins, against which an antibody response is 
generated. The soluble antibodies and memory cells then persist for years, confer-
ring 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, 

‘‘INNATE’’

Non-specific

Immediate action

Uniforme response

Activation of “INNATE”

Limited capability to
gradually respond

‘‘ADAPTIVE’’

Phagocytes (Granulocytes, 
Macrophages, Dendritic cells) 

Natural Killer cells & complement

B-Lymphocytes 
T-Lymphocytes

Specific to Antigens / Pathogens

Action after hours and days

Capability to gradually respond

Repeated expostion leads to
“immmunological learning” and
improved responses

Specificity?

Speed??

Variability?

Memory?

Activation of “ADAPTIVE’’

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

Fig. 11.2 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 and small proteins (complement 
system), which when activated stimulate the phagocytic cells and amplify attraction of further 
immune cells to clear foreign and damaged material/tissue and to raise inflammatory processes. 
“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 limita-
tion of responses—is regulated by a very complex and yet not fully understood local (autocrine/
paracrine) and remote (endocrine, 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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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 and the inverse action of immune suppression to limit inflam-
mation, both processed through endo-, para-, and autocrine pathways, are currently 
being defined by active research efforts (see Fig. 11.2).

11.2  The Immune System in Space

Immunological problems of spaceflight have been observed since the first Apollo 
missions, where more than half of the astronauts suffered from bacterial or viral 
infections (Hawkins and Zieglschmid 1975). Also in crewmembers of Skylab and 
Soyuz, a reduced reactivity of blood lymphoid cells has been observed (Konstantinova 
et al. 1973; Kimzey 1977) indicating a potentially alarming observation for long- 
term space missions. Four decades of investigation clearly indicate that spaceflight 
(an amalgamation of variables such as stress, microgravity, radiation) 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 (Gueguinou et al. 2009), but the major-
ity of the existing knowledge database consists of post-flight assessments. Post- 
flight assessments, while providing important baseline information regarding 
potential in-flight dysregulation, do not necessarily reflect the in-flight status of the 
immune system. The physiological stress of reentry and a high-g landing profile, as 
well as readaptation to unit gravity following prolonged deconditioning, both may 
skew post-flight data. Post-flight findings include alterations in the distribution of 
the peripheral blood leukocytes, reductions in the function of specific immune cell 
subpopulations, and altered stress hormone levels. Fortunately, with the advent of 
the International Space Station (ISS), assessments of crewmembers participating in 
long-duration missions became possible, including in-flight sampling. To date, 
immune assessments of ISS astronauts have included the purification and freezing 
of blood plasma for subsequent analysis, and the return of ambient living blood for 
functional cellular assessments. Return of ambient blood, if it was collected near to 
undocking and hatch closure of a returning vehicle, is available in a terrestrial labo-
ratory 37–48 h after collection. Therefore, immunological assays must be selected 
which tolerate this delay in processing.

11.2.1  Peripheral Leukocyte Distribution and Spaceflight

The distribution of cells of the immune system (both the adaptive and innate subsec-
tions), are usually determined in peripheral blood by flow cytometry, and is a mea-
sure of in vivo immune responses. The principle is similar to that of the common 
“complete blood count” (CBC) measurement (a hematological measurement); how-
ever, the number of specific immune cell subpopulations identified by cytometry is 
much greater. The increased number of subsets are positively identified by staining 
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of cell-specific membrane protein antigens with various fluorescent antibodies, fol-
lowed by detection and resolution on a flow cytometer. Depending on the specific 
clinical situation, various subpopulations of immune cells in the peripheral blood 
(Fig.  11.1) may increase due to clonal expansion/proliferation, or be reduced as 
cells migrate out of the blood to localized sites of inflammation, die via apoptosis, 
or become reduced due to a block in cellular maturation processes. Many previous 
studies have examined the distribution of immune cells following spaceflight, and 
the data are summarized in Table 11.1. Although specific subset findings may vary 
among the studies, the most common alterations are increased granulocytes, and 
reduced lymphocytes and monocytes. Among lymphocyte subsets, T cell and 
Natural killer (NK) cell percentages are usually reported to be decreased post space-
flight. Reports on B cell percentages are varied, as are reports regarding CD4+ and 
CD8+ T cell subsets. In addition to these commonly assessed “bulk” subsets, there 
are a number of “fine” lymphocyte subsets which have been identified, usually by 
multicolor flow cytometry (see also Chap. 27). 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 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 vali-
dated 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 percentages, is most likely related to demar-
gination of the neutrophils to the blood in response to the elevated stress hormone 
levels following landing. Post-flight findings are very likely to be influenced by the 
confounding variables of both high-g landing, and readaptation to unit gravity fol-
lowing prolonged deconditioning. Both are significant physiological stressors. It 
appears that T cell and NK 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 subsets may have clinical significance, even when changes in “bulk” 
lymphocyte subsets 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. As discussed above, the availability of ISS 
affords the opportunity to assess peripheral leukocyte distribution in humans during 
a 6 month orbital spaceflight. Crucian et  al. found that most bulk leukocyte and 
lymphocyte subsets were generally unaltered in the peripheral blood of astronauts, 
both during short- and long-duration spaceflight (Space Shuttle and ISS crews, 
respectively) (Crucian et al. 2013, 2015). There was a persistent elevation in the 
white blood cells (WBC) and granulocyte concentration (absent altered relative per-
centage alterations), but as discussed by Kunz et al., this may reflect simple dehy-
dration during spaceflight (Kunz et al. 2017). However, there is a persistent alteration 
in the phenotype of CD8+ T cells, towards a more mature phenotype, which persists 
during orbital spaceflight (Crucian et al. 2014). This may possibly be associated 
with the, somewhat ineffective, attempt to control the reactivation of latent herpes-
viruses (Mehta et al. 2017) as also discussed elsewhere in this volume (Chap. 19). 
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Simpson et  al. have investigated both the phenotype and function of NK in ISS 
astronauts. Their data demonstrated common reductions in NK function with 
unaltered NK phenotype (NKG2A and NKG2C expression) with the possible 
exception of astronauts experiencing the reactivation of CMV (Simpson et al. 2016). 
In summary these alterations in leukocyte distribution (analog, animal, and human) 
commonly indicate mobilization of the adaptive immune response associated with 
spaceflight conditions. In an applied assessment such as spaceflight, it cannot neces-
sarily be determined if this mobilization is in response to flight-associated stressors, 
microgravity, solely the reactivation of latent herpes viruses, or an external infec-
tious agent.

11.2.2  Observations on Immune–Stress Responses in Space

There have been comparatively few in-flight immune studies in humans. Pierson 
et al. found latent viral reactivation occurs during short-duration flight (Mehta et al. 
2000a, b, 2004; Payne et al. 1999; Pierson et al. 2005; Stowe et al. 2001). Delayed 
type hypersensitivity (DTH) responses, mediated by monocytic infiltration and 
memory T cells, have been shown to be blunted during long-duration space flight 
(Cogoli 1993; Gmünder et al. 1994). More recently, blood analysis of ISS astro-
nauts has revealed reduced adaptive immune cell function and the persistent reacti-
vation of latent herpesviruses (Crucian et al. 2014; Simpson et al. 2016; Mehta et al. 
2014, 2017). Potential causes for this phenomenon include crewmember stress, iso-
lation, disrupted circadian rhythms, microgravity, and radiation, and more detailed 
discussion of the findings, are expounded upon the chapters of Part III of this vol-
ume. In fact, it is likely that a synergy of these factors is responsible for the 
observations.

Spaceflight is an applied situation. For humans, there is no way to separate the 
variables to ascertain mechanistic causes from among the various stressors. 
Therefore, to prepare for space flight, the knowledge gap on the role of one or more 
of the distinct stressors in space can be bridged or aided by investigations which 
address selected stressors—e.g., only microgravity conditions, or confinement 
without the effects of low gravity—in appropriate Earth analogue conditions. 
Analog experiments are of critical importance to simulate and to investigate the 
effect of environmental 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 confinement; (Ant-)Arctic overwintering; isolation chambers (Mars500, 
see Chap. 37); and underwater habitats (NEEMO, see Chap. 36). Such ground ana-
logs can serve as a suitable Earth-bound simulation experiment to mirror some 
mission- related stressors, but in 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 con-
finement 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 
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responses (Fig.  11.2). This has been exemplarily indicated by a glucocorticoid- 
mediated immune downregulation which was also associated with reactivation of 
mostly dormant virus (see Chap. 19). 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-downtilt (HDT) (Choukèr 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 (Choukèr 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; Feuerecker et al. 2018) indicating that 
several stress responses and specific 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 (Choukèr et al. 2010) and to modulate a 
variety of immune cell functions in humans and animals, including T-helper cell 
development and chemotaxis. It hence appears that the “immunocannabinoid” sys-
tem is involved in regulating the brain-gut-immune axis (Klein et al. 2003; Acharya 
et al. 2017) which exerts an important pathophysiological control of inflammation 
(D’argenio et al. 2006) (see also Chap. 10). This strong interaction between nerval, 
neuroendocrine mediators, and the immune system (see Chaps. 4 and 6) has 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 para-
crine regulation, the immune cells (mitochondrial) functions under resting and acti-
vating status (see Chaps. 4, 16 and 17).

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 
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 interleu-
kin 10 levels, a cytokine shown to be involved in the limitation of pro-inflammatory 
processes was elevated. Interestingly, however, interferon (IFN)-gamma and 
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macrophage inflammatory protein-1-alpha were increased in flight mice. Moreover, 
Gridley and coworkers observed further that T lymphocytes (CD3+) and B lympho-
cytes (CD19+) numbers were low in the spleens of mice flown on in this mission 
with higher percentage of NK (Gridley et al. 2009). Interestingly, it was shown also 
that space flight resulted in significant changes of thymic mRNA expression in T 
cell signaling regulating genes, including: cytotoxic T lymphocyte antigen-4, IFN-
alpha2a (up), and CD44 (down) and the genes that regulate stress and glucocorti-
coid receptor metabolism (Lebsack et al. 2010). Along the line of these observations 
indicating dysbalanced 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).

11.2.3  The Immune-Dysregulation and Hypersensitivity: 
From In Vitro Observation and Clinical Incidences

However, it is yet unknown to what degree the alterations during orbital flight 
would persist, or worsen, for the duration of exploration-class deep space missions. 
The question remains open, if, why, when and to which degree adaptation pro-
cesses, 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 missions, several potential clinical risks to crewmembers, including hyper-
sensitivities, autoimmunity, infectious disease, and malignancies, can endanger 
mission success. Indeed, clinical incidence onboard ISS would be a very relevant 
predictor of, should the observed immune dysregulation persist, clinical risks dur-
ing deep space/high radiation missions of exploration. Such “incidence” data for 
ISS has been historically lacking, as crewmembers private medical data is not open 
for researchers. However, two recent studies reveal insight into the clinical situa-
tion onboard ISS. Summary incidence numbers indicate both infectious disease 
and atypical allergy/atopic dermatitis are the most reported clinical events onboard 
ISS (Crucian et al. 2016b). It should be noted however, that since disease cannot be 
confirmed, these findings are more a tabulation of symptoms than standard epide-
miology. Further, some ISS crewmembers experience a persistent skin rash phe-
nomenon, as captured in a recent case study of an ISS astronaut (Crucian et al. 
2016a). It is debatable what the incidence “‘should” be; given there is no terrestrial 
correlation for ISS crewmembers: extremely fit and well-trained individuals who 
undergo a pre-flight medical screening; living in an isolated yet extreme environ-
ment with unique stressors. However, as these stressors will only increase, and 
clinical care capability decrease, during upcoming deep space missions these phe-
nomenon bear both investigation and the development of relevant 
countermeasures.

Here ground analoges can help reflecting long-duration exploration class mis-
sion and allow further guiding the research to understand the impact of harsh 
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conditions of life on the occurrence of immune dysfunctional states. The Antarctic 
environment has helped us to understand human adaption to living under duress, but 
also to follow the time slopes of their development, e.g. of a Type IV hypersensitiv-
ity reaction pattern ex vivo upon stimulation with recall antigen (Feuerecker et al. 
2018). The occurrence of a pathology to newly developed allergies—either during 
or after overwintering in Antarctic stations—has been reported and hence a more 
stringent investigation on the incidences is now under a systematic epidemiologic 
evaluation run at several Antarctic bases.

11.3  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 medi-
cal experiments do not function properly in microgravity. Thus, the majority of 
space flight data has, to date, still been derived from pre- and post-flight, or animal/
analog studies. Although valuable information has been derived from the summary 
spaceflight- immunology research, there are also limitations that must be acknowl-
edged. These include a several hour delay between landing and in-flight bio-spec-
imen collection, the effects of reentry 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 vari-
ability 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-
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 
possible to return living blood samples from the ISS, which allows a functional 
determination of immune status during flight, without flying significant analytical 
hardware to space (Fig. 11.3). As ISS has aged, utilization has matured too. More 
samples are being collected, and are of various types and/or sample processing. 
Instruments such as flow cytometers and biomolecule sequencers have been triaged 
onboard ISS. The techniques required for “omics” analysis, such as the purification 
of cell populations during spaceflight has been validated (Rizzardi et  al. 2016). 
Moreover, the combination of knowledge 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.
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11.4  Summary

Because of the nature of the immune system in protecting the host and maintaining 
health in changing and challenging environment, it seems to be a ‘natural’ and homeo-
dynamic situation that functions of the immune system are affected during the course 
of space flight. However, long-duration missions in space and especially interplane-
tary 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. Recent investigations on crewmembers of long-duration space missions 
have revealed the potential development of immune dysfunctions into two directions: 
immune hyper-activity which may result in risks such as hypersensitivity or autoim-
munity and immune hypo-reactivity, which means an anticipated increased risk for 
infectious diseases and viral reactivation. Such alterations, should they persist during 
prolonged interplanetary space missions, and habitation on moon or Mars, could lead 
to diseases associated with immune imbalance such as hypersensitivity reactions, 
allergies, autoimmune diseases, chronic inflammation and other inflammation-related 
and infectious diseases, also when space crews return back to Earth. Therefore, con-
tinued fundamental and clinical immunology research is critically needed to allow in 
a multidisciplinary approach a better understanding of how microgravity, cosmic 
radiation, and other stressful mission- associated risk factors can influence the ade-
quate 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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Fig. 11.3 ESA Astronaut Alexander Gerst collects a blood sample onboard the International Space 
Station. For studies to assess immune function, stress, and viral reactivation during spaceflight, 
blood samples are typically collected near to undocking of a return vehicle such that live whole 
blood may be returned to Earth for subsequent processing and analysis. Image credit: ESA/NASA
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of Space Flight

Judith-Irina Buchheim, Matthias Feuerecker, 
and Alexander Choukér

12.1  Introduction

During evolution, life developed strategies for survival. Adaptation to the environ-
ment requires the formation of an efficient immune defense. Five hundred million 
years ago, jawed vertebrates developed the capability of genetic rearrangement and 
as such the adaptive immune system, a specific form of defense with the capacity to 
build-up a strong immunologic memory. Two hundred million years earlier, sponges 
and higher aquatic invertebrates (e.g. starfish) developed phagocytosis as well as the 
production and release of cytokines, the two most ancient functions belonging to 
innate immunity (Kvell et al. 2007). Whereas adaptive immune functions are found 
mostly in vertebrates, features of the innate immune system can be identified in all 
life on Earth. Its strategy lies in a standardized, less-specific but immediate reply to 
invading microorganisms without the set-up of a long-term memory (Murphy et al. 
2012). The multiverse portfolio ranges from preformed surface proteins at the ana-
tomical border to the environment, a fast detection of typical pathogenic cell wall 
components to short response times with preformed proteins and phagocytic cells. 
All these mechanisms are the result of constant learning and adaptation to the envi-
ronment. As humankind moves on to explore the universe, it will also continue to 
develop “the human factor” of space exploration. We will aim for permanently 
manned space orbiter like the International Space Station (ISS) or the planned 
“Gateway” as well as further habitat missions on the moon and even Mars. As a 
likely consequence, more humans will become astronauts and exposed to this spe-
cial living conditions aboard a space station that can be summarized as space “expo-
some” (Crucian et  al. 2018; Wild 2012). Strong stressors of physical (radiation, 
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microgravity), biological (bone and muscle loss, altered circadian rhythm and 
sleep), microbial (increased virulence of pathogens, allergic diathesis), or psycho-
logical (isolation, confinement) nature merge and influence health, mood, and 
performance.

During the Apollo and Skylab Missions, nearly all astronauts showed signs of 
infections on board or immediately following space flight (Johnston et al. 1975a, b; 
Michel et al. 1976). More than 40 years after these early findings it is clear that the 
exposure to space flight affects the immune system in many ways (Cogoli 1993; 
Gueguinou et al. 2009; Konstantinova et al. 1993; Sonnenfeld 1994). Studies have 
been conducted not only aboard space stations but also using terrestrial space ana-
logs such as bed rest studies, parabolic flight, or Antarctic winter-over campaigns. 
Yet at the moment it remains unclear why these observed changes occur, how they 
are triggered mechanistically or how they can be prevented. This chapter will focus 
on the key players of human innate immunity, the known immune alterations derived 
from space analog research and space flight studies, and will identify promising 
candidates for future research.

12.2  The Armory of Innate Immunity

The well-preserved innate immune system is constitutively active and exerts an 
immediate, nonspecific immune reaction directly at the anatomical border to the 
environment. Under constant exposure to potential pathogens, tissue-specific 
mechanical (epithelial tight junctions, tears, longitudinal air flow), chemical (low 
pH, pulmonary surfactant) and microbial (commensal microbiota) barriers have 
developed. Specialized epithelia such as in skin, lungs or gut support the barrier. 
The mucosal epithelium of the respiratory tract carries specialized cilia to facilitate 
the transport of mucus, the viscous substance secreted by the epithelial cells, which 
contains various glycoproteins (mucins). They help preventing the adherence of 
bacteria and the movement of the cilia leads to an outward transport of pathogens 
engulfed in mucus. The low pH inside the stomach hinders bacteria from entering 
the abdomen and the microbiome of the gut is a fertile matrix for the diversity of 
beneficial commensal bacteria. In case of a skin wound, a coordinated process of 
healing will be started immediately by resident leukocytes to repair the defect. 
Preformed antimicrobial proteins and enzymes produced by epithelial cells help to 
disintegrate the cell wall of pathogens. Defensins are capable of instantly destroying 
the cellular wall of bacteria and fungi and can also be found in plants and insects. 
Phagocytes (e.g. macrophages) produce lysozyme, which is found in tears, in the 
small intestine and on the skin. Lysozyme specifically breaks polymers of glucose 
(glucans) found in the cellular wall of gram-positive bacteria (Murphy et al. 2012). 
After overcoming the epithelial barriers, the first line of defense, pathogens most 
likely encounter the complement system, plasma proteins that very efficiently mark 
(opsonize) microbes for phagocytes or eliminate bacteria directly through pore 
forming complexes (Heesterbeek et  al. 2018). Interestingly, complement is also 
capable to regulate B and T cell function from inside the cell, a more recent 
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discovery (West et al. 2018). As such it is responsible for cell homeostasis and regu-
lation of apoptosis. To emphasize the growing role of complement, based on the 
recent discoveries, the variety of functions has led to the development of the term 
“complosome” (West et  al. 2018). Special features of the cellular membrane of 
pathogens are, however, not only discovered and recognized by complement. These 
so-called pathogen-associated molecular patterns (PAMPs) and damage-associated 
molecular patterns (DAMPs) can be recognized by various pattern recognition 
receptors (PRRs) expressed on the surface of immune cells or secreted (Zhang et al. 
2010). Secreted PRRs such as peptidoglycan recognition protein short (PGRP-S) 
and Pentraxin 3 (PTX-3), are soluble compounds stored in the granules of neutro-
phils that act as antibody-like molecules when secreted. PTX-3 is critical for resis-
tance to Aspergillus fumigatus infection through its opsonic properties and activation 
of the complement cascade (Bottazzi et al. 2010). The large group of PRRs also 
count many well-studied receptor families such as the toll like receptors (TLRs) or 
the nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs). The 
distinct TLRs detect different types of molecular patterns. They reside on the sur-
face (e.g. for bacterial PAMPs) but also inside the cell to detect viral double stranded 
RNA (dsRNA). Specialized phagocytic receptors such as Dectin-1, highly expressed 
on the surface of all phagocytosing cells (see below), are capable to detect polymers 
of glucose. Dectin-1 recognizes β-1,3-linked glucans, a common component of 
most fungi (Murphy et al. 2012). Apart from phagocytosis, activation of Dectin-1 on 
the surface of neutrophils and macrophages triggers a cytokine response involving 
spleen tyrosine kinase (SYK), protein kinase C delta (PKC delta) and caspase acti-
vation and recruitment domain containing 9 (CARD9) (Hopke et  al. 2016; Roth 
et al. 2016). Cytokines and chemokines are small proteins (~25 kDa) such as tumor 
necrosis factor (TNF), bradykinins or prostaglandins. When released, they induce a 
local increase in vessel permeability (edema formation) and further recruitment of 
leukocytes to the site of infection. The core body temperature, which is tightly regu-
lated at 37°C by the hypothalamus, rises to facilitate microbe elimination (fever). 
This is mediated by so called endogenous pyrogens (e.g. TNF, interleukin 1β) that 
stimulate the production of prostaglandin E2 acting on the hypothalamus, which in 
turn enhances heat production of brown fat tissue and vasoconstriction (Murphy 
et al. 2012). The humoral arm of innate immunity in addition includes neutrophil 
extracellular traps (NETs). 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 
microorganisms. NETs consist of nuclear contents such as neutrophil DNA and 
histones “decorated” with granules that exert various functions such as microbial 
recognition (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.

Specialized cells form the other part of innate immunity. There are different 
myeloid phagocytes known: granulocytes, macrophages, and dendritic cells (DC). 
Phagocytes can be tissue-specific residents e.g. tissue macrophages in lung, liver or 
intestines, circulating as precursors (monocytes) or patrolling non classical 
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monocytes that get chemically attracted and migrate to the area of interest where 
they differentiate (Buscher et al. 2017; Murphy et al. 2012). In general, the key steps 
include the interaction of leukocytes with vascular endothelial cells through adhe-
sion molecules such as β2-integrin and selectins, the recruitment to the perivascular 
space via transmigration and the recognition of microorganisms (Marki et al. 2015; 
Zarbock and Ley 2009) (Fig. 12.1).

The elimination of pathogens is achieved via several toxic chemicals (e.g. reac-
tive oxygen species) and the activation of the complement system which results in 
opsonization of pathogens that facilitate the engulfment and subsequent destruction 
of microorganisms by phagocytes (see above). Granulocytes also called polymor-
phonuclear leukocytes (PMNs) due to their irregularly shaped nuclei, store different 
types of antimicrobial proteins inside their cytoplasmic granules. They are divided 
into neutrophils, eosinophils, and basophils according to their staining patterns. The 
strongest phagocytic activity is found in neutrophils where also the oxidative burst 
reaction, the generation of reactive oxygen species (ROS) for the elimination of 
pathogens takes place. PMNs and macrophages are capable to scavenge microbes 
also independently without prior opsonization. PMNs hold a G-protein coupled 
fMet-Leu-Phe (fMLP) receptor with high affinity for bacterial proteins starting with 
N-formyl methionine (fMet) residues. Upon activation, hydrolytic enzymes and 
reactive oxygen species (ROS) such as superoxide (O2

−), H2O2 and many other 
highly toxic molecules are generated. These reactive compounds cause considerable 
damage not only to engulfed pathogens inside the cell but also to the tissue if they 
enter the extracellular space. The innate immune system is, in general, not solely 
involved in combating microbes but also responsible for eliminating dysfunctional 
host tissues and cells. Such cytotoxic functions, however, can lead under certain 
conditions to uncontrolled inflammation and tissue damage. 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 (Nussler et al. 1999). (Fig. 12.2).

Interestingly, neutrophils are capable to sense the size of their microbial oppo-
nent and use NETs (see above) also to attack pathogens of bigger size that would be 
too big for phagocytosis as a whole (Branzk et  al. 2014). Candida, Aspergillus 
fumigatus and other fungi are capable to shield β-glucans in their cellular wall from 
detection by dectin-1 (Carrion Sde et al. 2013). NETs are then specifically used by 
neutrophils to uncover β-glucans in fungi and initiate the immune response. Other 
leukocytes involved in innate immunity are natural killer (NK) cells. Especially dur-
ing a viral host infection, cytokines like interferon (IFN) β that are released by 
macrophages or dendritic cells activate NK. They express invariant receptors on 
their surface and carry cytotoxic granules containing the pore forming protein per-
forin, which enables the deposition of proteases inside the target cell that induces 
programmed cell death (apoptosis). Almost all cells except red blood cells possess 
tissue-specific major histocompatibility cluster (MHC) I, a set of glycoproteins 
expressed on their surface. NK are capable to scan tissue cells for atypical or 
missing MHC I expression. An NK inhibitory signal is activated if a tissue cell 
expresses MHC I correctly. If this negative signal cannot be triggered by the tissue 
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cell e.g. during a viral infection, the NK is activated, and the elimination program 
started. Dendritic cells (DC), another group of phagocytes, are disintegrating patho-
gen components and presenting their foreign proteins on the surface in order to 
activate T cells, thus bridging the gap and transmitting information between innate 
and adaptive immunity. Therefore, they are also counted to the group of antigen 
presenting cells (APC) and are maybe the most important member.

The efficiency of innate immune responses is founded in combining different 
independent and at the same time communicating strategies. It is therefore not a 
“stand-alone” program within the human immune system but is involved in cross-
talk with the adaptive immune system in particular, the activation, recruitment, dif-
ferentiation, and proliferation of lymphocytes. This process is mediated principally 
through DC, which process microbial antigens and present them to naïve 
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Fig. 12.2 Cytotoxic and microbicidal functions of PMNs. Tumor necrosis factor (TNF), N-formyl 
methionyl-leucyl-phenylalanine (fMLP), Neutrophil extracellular trap (NET)
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lymphocytes. This step is considered one of the most important activators of the 
adaptive immune response (see Chaps. 13–15). In turn, the adaptive immune system 
has reciprocal actions on cells of the innate immune system (Murphy et al. 2012).

12.3  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 downregulation and upregulation of the innate immune 
system could have significant adverse effects on the health of astronauts, and poten-
tially disastrous consequences during deep space missions. Therefore, two critical 
questions that need to be addressed in preparation for future long-term missions are 
(1) whether the innate immune system of healthy individuals becomes dysfunc-
tional during the evolutionary unforeseen and highly physically and psychologi-
cally stressful conditions of spaceflight and (2) whether the modulation of innate 
immune cell functions under conditions of spaceflight affects adaptive immunity?

12.3.1  Space Missions

Human space exploration involves short and long-term stays in an extreme, life- 
endangering environment triggering distinct immune responses. We base our 
knowledge mostly on data from pre- and postflight studies. This is due to the com-
plex research environment, the restricted technical possibilities, limited man power 
and crew time as a cost factor as well as the considerable efforts necessary for con-
ducting an in-flight study. But humans are not the only species to have ventured into 
space. Since the innate immune system originally evolved in lower order organisms, 
they serve as useful models for innate immunity research (e.g. fruit fly Drosophila 
melanogaster) both on Earth and in space (Taylor et al. 2014). Organisms such as 
rodents (Allebban et al. 1994; Baqai et al. 2009; Gridley et al. 2009; Pecaut et al. 
2003; Ward et al. 2018) 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 a space module. Clearly, however, 
animal models simplify many of the complex and variable physiological and emo-
tional conditions associated with human spaceflight. Stress and associated neuroen-
docrine responses in animals, especially in lower order organisms, are unlikely to 
accurately reflect those that occur in humans. Furthermore, it has been observed that 
cellular gene expression can differ decisively between humans and rodents in 
response to different models of microgravity (Paulsen et al. 2015). Therefore, this 
chapter concentrates on studies undertaken in humans alone.

Since April 1961 more than 555 people have flown to space and all have experi-
enced the conglomerate of psychological and physical stressors. Increased 

12 Innate Immunity Under the Exposome of Space Flight



228

susceptibility to infection in astronauts was already reported during the Apollo era, 
when a surprisingly high incidence of infectious diseases or inflammation related 
symptoms on board or after spaceflight were reported (Johnston et al. 1975a). Many 
studies have tackled this issue and data from space analog research has helped 
greatly to understand single aspects of the multitude of stressors encountered in 
space (Pagel and Chouker 2016).

Only 24 astronauts have travelled beyond low-Earth orbit. During low-Earth 
orbit our home planet remains always in sight, there is live 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 fac-
tors will be present during deep-space missions and the adverse physical and psy-
chological effects when travelling beyond our “fore-garden,” for example to Mars, 
are likely to be marked.

The core body temperature is kept within strict margins and controlled in the 
hypothalamus. Higher temperatures are observed during intense physical exercise or 
fever in relation to an inflammatory response (see above). A recent study showed a 
persistently elevated core body temperature in astronauts during long-term spaceflight 
and a faster temperature rise during physical exercise. Concomitantly, interleukin-1 
receptor antagonist (IL-1ra) was elevated inflight suggesting a persistent low-grade 
pro-inflammatory state in response to the exposome inflight (Stahn et al. 2017). The 
effects in missions longer than 6 months remain unknown (see Chap. 26).

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 focus of this chapter, whilst the effect of spaceflight on NK is 
reviewed in Chap. 13. Analysis of peripheral leukocyte subsets immediately post 
spaceflight reveals, in general, an increase in neutrophil counts. However, most of this 
data comes from short term (less than 3 weeks) spaceflight experiments (Stowe et al. 
1999; Taylor et al. 1986). More recent work showed that over the time course of a 
long-term mission on the ISS (6 months) a slight increase in the absolute neutrophil 
count occurred. Nevertheless, these counts are found doubled on day 1 after return, 
that quickly return to normal numbers (Crucian et al. 2015). This observed effect is 
likely triggered by the landing process, which can apply dramatic acute physical stress 
to the human body due to the microgravity, hypergravity and fierce vibration. Because 
cell counts do not necessarily correlate with cell function, Kaur et al. (2004) examined 
the oxidative burst capacity and the phagocytic abilities of neutrophils drawn from 
astronauts. There were no significant changes during 5  days missions whereas 
9–11 days missions resulted in significantly reduced oxidative burst capacity upon 
activation and reduced ability to phagocytose Escherichia coli (E. coli). Preliminary 
results from the ISS-IMMUNO study have also shown that ROS production following 
stimulation with fMLP is preserved in neutrophils after 6 months in orbit but that 
neutrophils were found highly activated upon return (Buchheim et al. 2019). fMLP is 
a synthetic peptide that mimics bacterially derived peptides and binds to the fMLP 
receptor on neutrophils leading to their activation (see above).

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 
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differentiate into specialized phagocytic cells. They primarily phagocytose not only 
pathogens but also apoptotic cells and debris. They also function as antigen present-
ing cells and promote the activation, proliferation and differentiation of naïve T-cells 
similar to dendritic cells that mainly function as antigen presenting cells. In contrast 
to the consistent changes seen in neutrophil counts, monocyte counts show conflict-
ing results during spaceflight experiments. As for neutrophils, Kaur (Kaur et  al. 
2005) demonstrated a reduction in the ability of monocytes to phagocytose E. coli 
after short-duration spaceflight. 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 intracel-
lular pro-inflammatory cytokines such as interleukin-6 (IL-6) and interleukin- 1 (IL-
1) whilst on the other hand there was an increase in intracellular IL-8, a chemoattractant 
of the CXC-family. A larger study measuring 22 cytokines in astronauts during long-
term flight showed increased levels of pro-inflammatory plasmatic cytokines such as 
TNF, IL-8, and IL-1ra (Crucian et  al. 2014) that corroborate the findings of the 
increase in body temperature (Stahn et al. 2017). On the other hand, chronic expo-
sure to stress modifies immunity as delayed mucosal wound healing and a decrease 
in the key cytokine IL-1β was previously reported during chronic stress (Marucha 
et  al. 1998). It seems that the multitude of stressors during long- term spaceflight 
modify classic concepts of immunity and results from cell-based assays should be 
interpreted cautiously. Whilst the investigation of distinct cellular responses is essen-
tial to our understanding of basic immunology, there is a need to understand the clini-
cal consequences of stressors on immunity in an integrated and comprehensive 
manner, including the crosstalk between the innate and adaptive systems. It is fur-
thermore important to imply functional immune tests that better reflect immune 
function rather than blood levels of distinct cytokines. The classic stress hormone 
cortisol driven by the hypothalamic-pituitary-adrenal (HPA) axis or the catechol-
amines norepinephrine and epinephrine are potent modulators of immune responses 
(Sorrells and Sapolsky 2007). Therefore, a stressful environment can impair ROS 
production and monocytic activation leading to a defective adaptive immune response 
towards Candida (Buchheim et al. 2018). Macrophages are specifically perceptive of 
metabolic, endocrine or dietary modulations of the host environment as they express 
a tremendous amount of neuroendocrine surface receptors (reviewed in (Jurberg 
et al. 2018)) and show distinct functional phenotypes. The pro-inflammatory (classi-
cally activated) phenotype is triggered by IL-12 and IFN-γ and participating in 
immune defense or tissue repair, whereas the heterogenous group of anti-inflamma-
tory type macrophages are triggered by Th2 cytokines such as IL-4, IL-10 promoting 
eosinophilic responses and atopy or glucocorticoids and TGF-β supporting healing 
processes (Jurberg et al. 2018). Recent reports highlight the higher incidence of der-
matologic symptoms with allergies and hypersensitivities as well as the occurrence 
of persistent skin rashes aboard the ISS (Crucian et al. 2016a, b). The delayed type 
hypersensitivity skin test (DTH, Biomerieux) served as useful tool for monitoring the 
integrated cellular immune response. 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 h. Spaceflight has two aspects of stress: acute versus 
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chronic. A strong acute stress reaction because of a life-threatening event, such as the 
return to Earth after a longer stay aboard the ISS seems to be a potent immune activa-
tor that mobilizes immune cells regardless of the overall immune status. Chronic 
exposure to stress however leads to an activation of similar mechanisms over a longer 
time. Activation of the HPA axis and cortisol levels limit macrophage migration on 
the long-term but a short spike of cortisol may even stimulate it (Yeager et al. 2016). 
Similarly, T cells are redistributed to areas of action such as the blood stream or the 
skin during an acute stress response, since skin damage is a likely event during a fight 
or flight situation. Long-term activation, however, causes that fewer T cells respond 
leading to a reduced number of T cells in the skin. Gmünder (Gmunder et al. 1994) 
and others (Dhabhar 2002; Dhabhar and McEwen 1997) concomitantly observed a 
reduction in DTH skin reactivity during long term space flight. The cutaneous 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 antigens for a 
maximum of 48  h and the subsequent characterization of the cytokine response. 
Preliminary data using this assay performed with blood taken from astronauts after a 
6 month mission (Buchheim et al. 2019) appear to strongly corroborate the reports 
from Stowe (Stowe et al. 2001) of significant attenuation of anti-viral immunity as 
demonstrated by viral reactivation during spaceflight (Chap. 19). Interestingly how-
ever, the whole blood immune response (TNF and IL-1b) following stimulation with 
e.g. fungal antigen mixture was higher post-flight compared to baseline and quanti-
tatively higher than any other response (Fig. 12.3).
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Fig. 12.3 DTH-like in vitro cytokine release assay after space flight. Whole blood was stimulated 
1 month before launch (L − 25), on day 1 (R + 1) and day 7 after return (R + 7) with either bacte-
rial, viral, or fungal antigens. After 48 h incubation at 37°C determination of quantitative TNF 
levels (pg/ml) was carried out in the supernatant. Data are presented as means ±SEM, n = 10, 
*p  <  0.05 vs. baseline and viral or bacterial antigen. “Bacterial”: Tetanus-, Diphtheria- and 
Pertussis-toxoid, “Viral”: CMV-EBV-lysate, Influenza protein; “Fungal”: Candida and 
Trichophyton lysate
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Cytokine plasma concentrations of IL-1β were also found significantly increased 
in flight as seen before (Crucian et al. 2014) but showed baseline concentrations 
already on day 1 after return and could therefore not account for the higher amounts 
detected on this timepoint after stimulation (Buchheim et  al. 2019). It remains 
unclear if this increase in fungal immune responses is due to (1) priming of neutro-
phils and monocytes, to (2) the higher activation of phagocytes in response to 
β-glucans in general, or due to (3) enhanced crosstalk between the adaptive and 
innate immune systems. The degree and type of microbial, especially fungal, colo-
nization on the ISS ((Novikova et al. 2006) see also Chap. 25) as well as their strik-
ingly more aggressive features (Knox et al. 2016; Romsdahl et al. 2018) (see Chap. 
18) might be an additional contributing factor for the observed upregulation of fun-
gal immune responses. Being exposed to a stressful and antigen-loaded environ-
ment together with a constant inflammatory response is not only threatening health 
on the short term. If exposure becomes “routine,” a pathogenic immune phenotype 
can occur showing signs of premature immune aging (Inflammaging (Franceschi 
et al. 2000)) characterized by latent viral infections, allergic or autoimmune disease. 
While it remains completely unknown, whether long-term spaceflight might further 
enhance the incidence of this pro-inflammatory state, some typical features have 
been found in astronauts (Crucian et al. 2016a, b; Mehta et al. 2017a, b) and it was 
quantified that changes in thymopoiesis occur in association with stress in space 
(Benjamin et al. 2016) suggesting immunosenescence similar to the characteristics 
as seen with elderly patients (Bauer and Fuente Mde 2016; Pawelec and 
Gouttefangeas 2006; Sanada et al. 2018). This pro-inflammatory state together with 
risks of auto-immune disease will be the topic of future research. It is also an excel-
lent way of enhancing knowledge transfer back to Earth as understanding the mech-
anistic pathogenesis will help astronauts on missions but also the aging population 
on Earth.

12.3.2  Space Analogs

Because of the high logistical challenges and operational costs associated with 
space missions, Earth-bound models with characteristics—mimicking specific 
spaceflight conditions—can serve as useful support research platforms for immune 
system changes (Chap. 36). Space relevant stressors such as microgravity, confine-
ment, 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 participant numbers as well as control groups.

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 22 s each) of zero gravity followed by hypergravity (1.8 g). The abil-
ity of neutrophils to generate reactive oxygen species (ROS) both spontaneously 
and in response to activation with fMLP  ±  TNF was studied (Kaufmann et  al. 
2009). There was an increase in ROS generation by neutrophils in response to 
fMLP ± TNF after parabolic flight when compared to pre-flight. The spontaneous 
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generation of ROS, however, remained unchanged. The ability of adenosine, an 
important suppressor of innate immune cytotoxic functions (Sitkovsky et al. 2004), 
to reduce ROS generation was augmented by parabolic flight. This response was 
modulated by an upregulation 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 stress hormone cortisol is capa-
ble to trigger the release of members of the endocannabinoid system, an important 
stress response system next to the HPA axis with multiple roles physiological pro-
cesses of stress (Chap. 10, (Hill et al. 2010)). They are also potent immune modu-
lators and shown to be powerful suppressors of innate and adaptive immunity 
(Buchheim et  al. 2018). The anandamide N-arachidonoylethanolamide/anan-
damide (AEA) and 2- arachidonoylglycerol (2-AG) were found rapidly increased 
during parabolic flight (Chouker et al. 2010; Strewe et al. 2012). It remains to be 
seen whether the endocannabinoid system is involved in the immune alterations 
observed aboard the ISS but higher blood levels found in astronauts suggest that 
this is the case (Strewe et al. 2012).

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. One hundred and twenty days of 6° 
HDT bed rest led to increased levels of psychic stress and alteration of cortisol cir-
cadianicity. HDT bed rest also led to an increase in phagocyte and natural killer cell 
counts. Upregulation of the adhesion molecule β2-integrin on the surface of neutro-
phils and increased levels of IL-6 suggested a pro-inflammatory state (Chouker 
et al. 2001). β2-integrin allows neutrophils to attach to and roll along the vascular 
endothelium of inflamed sites. It is a key factor in neutrophil host defense functions. 
CD62L or L-selectin facilitates leukocyte recruitment into the perivascular space 
via binding to P-selectin glycoprotein ligand 1 (PSGL-1) on the surface of endothe-
lial cells. Five days of HDT induced a noninflammatory shedding of L-selectin in 
granulocytes. No other functional immune effects were observed, suggesting a more 
mechanical shedding due to fluid shifts (Feuerecker et al. 2013). Other HDT bed 
rest studies have confirmed alterations in leukocyte subsets (Stowe et al. 2008), in 
addition to increased levels of the pro-inflammatory cytokine TNF (Shearer et al. 
2009). The effect of bed rest on immunity is controversial and is likely to be depen-
dent on different durations and conditions of bed rest (Crucian et al. 2009; Mehta 
et al. 2007).

The relationship between purinergic pathways and immunity and inflammation 
has not been explored in space so far but could reveal potential pharmacological 
targets 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). In 
the context of the Planetary Habitat Simulation Study (PlanHab), immobilization 
and hypoxia of healthy subjects was tested at the Olympic Sport Centre Planica 
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(Ratece, Slovenia), a model for future extra-terrestrial habitat design under reduced 
gravity. Interestingly, adenosine release was not only triggered under hypoxic con-
ditions as hypothesized (Chap. 16) but was also detected under normoxic condi-
tions although in lower concentrations. The reason for this increase in all groups 
remains to be elucidated; it might relate to dietary restrictions or muscle break 
down (Strewe et al. 2018).

The lack of gravitational force is only one of many stressors affecting humans 
in space. Isolation and confinement are powerful stressors that can 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 
(reviewed in (Pagel and Chouker 2016)). For instance, the SFINCSS-99 (Simulation 
of Flight of International Crew on Space Station) study examined the effects of 
confinement on four 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 neu-
trophil counts together with an upregulation of β2-integrin on the surface of neu-
trophils (Chouker et al. 2002). The use of the same analog facility continued with 
two studies that tested for the psychological and physiological, including immuno-
logical, consequences of extended duration of isolation and confinement. A short 
pilot study (Mars105) lasting for 105  days in 2009 was followed by a 520-day 
simulated Mars mission (Mars500, see also Chap. 37) in 2011. Due to the shorter 
isolation duration, many studies performed during Mars105 drew the conclusion 
that the simulation was not as stressful as expected on participants; the observed 
effects were therefore limited (Gemignani et al. 2014; Strewe et al. 2015). However, 
PMN related ROS production and cellular activation was increased in volunteers 
(Strewe et al. 2015). On the contrary, stress response systems (endocannabinoid 
system and salivary cortisol) were found activated during 520 days of isolation 
(Jacubowski et al. 2015; Yi et al. 2014, 2015), and could be triggered to higher 
levels shortly after the isolation period compared to control subjects when both 
groups were subjected to a parabolic flight experiment (Yi et al. 2015). Currently, 
this facility is being used to perform a terrestrial isolation experiment (“SIRIUS”), 
which simulates a lunar space mission and presence on a lunar station. This work 
will be relevant for the upcoming “Gateway” project (deployment of a cis-Lunar 
space station) for physiological research and the evaluation of potential 
countermeasures.

The consequences of prolonged isolation and confinement on the health of the 
crew members allows us to judge the risks resulting from a real Mars mission and 
develop appropriate mitigation 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 analog for lunar and 
interplanetary missions. In addition, Antarctic bases at high altitude, such as 
Concordia station at ~3200 m, serve as useful platforms to test for additional space-
relevant stressors such as hypoxia in combination with isolation and confinement 
(Chaps. 16 and 38).
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12.4  Immune Crosstalk

During the evolution of the immune system, adaptive immunity becomes apparent 
in vertebrates, which, contrarily to innate immunity, is characterized by a more 
specific response with a certain time delay and excellent memory function. As our 
knowledge on the phylogeny of both systems and their features expands, we have 
come to realize that one system depends on the other, communication between both 
is critical and cell families that we defined as adaptive have members with innate 
features that shift them to the innate system and vice versa (e.g. innate lymphoid 
cells (ILCs)). Also, distinct features of adaptive immunity have been found in non-
vertebrates. We must accept that separating the two systems is rather artificial and 
borders become more and more blurred (Criscitiello and de Figueiredo 2013; Kvell 
et al. 2007). However, in lack of a better systematic, we will have to continue to 
apply the two-system classification.

Communication between cells, tissues, and organs can occur through different 
mechanisms. The most evident is cell–cell interaction via the use of surface proteins 
such as receptors or the release of signaling cytokines for recruitment and chemo-
taxis. One of the most important intercellular communication scenarios is the anti-
gen presentation by dendritic cells to T cells leading to their activation and 
proliferation and the initiation of adaptive responses (Chaps. 11 and 14). Multiple 
signals are necessary to trigger a T cell response and the subsequent differentiation 
of T cell subsets (Murphy et al. 2012). PMNs were shown to modulate the matura-
tion, activation and survival of NK, as well as their cytotoxic and their pro- 
inflammatory capacity. The latter is predominantly mediated through the production 
of IFN-γ and the direct interaction of PMNs with NK through the intercellular adhe-
sion molecules ICAM-3 and CD18-CD11b. The relationship between neutrophils 
and NK is not unidirectional however, as NK are capable of priming neutro-
phils to produce reactive oxygen species and pro-inflammatory cytokines, resulting 
overall in an efficient “defensive alliance” (Costantini and Cassatella 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. regulatory T cells, Th17 cells) are 
capable of modifying the activation status and survival of PMNs, 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 
PMNs to sites of inflammation by a battery of CC and CXC (Rot and von Andrian 
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). More recently, inter-cellular communication via 
immune cell derived extracellular vesicles (EVs) have come into focus. EVs are a 
heterogenic group of vesicles characterized by submicron size, lipid bilayer struc-
ture, and transport of proteins and nucleic acids (Groot Kormelink et  al. 2018). 
Smaller vesicles so called exosomes range in a size of 30–100 nm. They have been 
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shown to contribute to innate immunity and participate in antigen recognition 
through PRRs (Kesimer et al. 2009; Kouwaki et al. 2017). The cargo of exosomes 
is characteristically different depending on the tissue or cell of origin. Frequently, 
exosomes deliver host and viral mRNA or microRNAs (miRNA) to target cells. As 
such, virus-infected cells were shown to deliver viral RNA to dendritic cells and 
macrophages where an immune response is triggered (Kouwaki et al. 2017). This 
form of communication, if unintentionally sustained, can lead to a hyperinflamma-
tory state and trigger autoimmunity. As such, a failed regulation and therefore con-
stant maintenance of an IFN-γ signal via host miRNAs in secreting DCs was found 
to promote autoimmune disease (Salvi et al. 2018). This exciting new concept of 
communication remains to be explored under spaceflight conditions. But given the 
assumption of a dysregulated and maybe hyperinflammatory state in astronauts, it is 
likely that future research will take a closer look.

Besides, immune modulation is possible due to the influence of other systems 
such as stress hormones, epinephrine and norepinephrine or endocannabinoids and 
their acting receptors (Buchheim et al. 2018; Jurberg et al. 2018). Many of these 
neuroendocrine receptors are found on the surface of macrophages that respond 
with shifts in phenotype and distinct functions. 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 crosstalk with cells of the adap-
tive immune system are altered.

12.5  Summary

Humanity always strove to explore unknown territory and to tap out its full poten-
tial. Long-duration missions to the Earth’s moon and Mars are the next goal for 
space exploration. One of the major concerns is the effect of the biophysical inter-
play of mechanistic stimuli, psychoneuroendocrine burdens and microbial attack, 
the so-called space exposome, on the innate human immune system. What is known 
today is that spaceflight induces shifts in percental populations and absolute num-
bers of peripheral leukocytes, hampers leukocyte function and pushes cytokine pro-
files to an inflammatory state together with a higher core body temperature. Viral 
shedding correlates with plasma cytokine alterations and functional impairment of 
immune responses after antigen stimulation. Astronauts are prone for fungal infec-
tions, since high atmospheric load with potentially pathogenic fungi meet with inca-
pacitated or dysregulated immune functions. The changes in innate immune 
responses may also result from a complex crosstalk with adaptive immune responses. 
To what degree upregulation of certain aspects of innate immunity can be consid-
ered a compensatory mechanism for adaptive immune suppression, and vice versa, 
in an effort to maintain immunological homeostasis under conditions of stress is 
unclear and will need a more integrative approach to immunology research in space. 
Furthermore, the infrastructure aboard needs to be enhanced as such that test plat-
forms and newer monitoring tools can become a standard resource for astronauts. 
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This can and of course must initially be tested in the context of research but should 
follow down the path to a standard medical and diagnosing application. Long-term 
space missions away from Earth will inevitably cause a rise in clinical symptoms 
and need for specific treatments due to longer mission duration and limited 
resources. Questionnaires that allow the anonymous reporting of incidence, persis-
tence and duration of clinical symptoms should be used on a general scale. Little do 
researchers know about the frequency of symptoms related to clinical disease 
although they are the basis for designing studies and appropriate countermeasures. 
Medical confidentiality is of course of central importance and given the small popu-
lation of active astronauts worldwide, it seems logical that underreporting and 
unavailability of incidence numbers is a fact. Terrestrial spaceflight analog plat-
forms can help to increase number of participants, generate data about incidence 
and severity of symptoms and facilitate the implementation of new procedures or 
devices before going to space. Nevertheless, all gathered information and every 
promising countermeasure needs verification in the unique space environment. 
Only then we can make sure that lessons are learned, and we are ready to travel 
beyond our current horizon.
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13NK Cell Assessments: A 40-Years-Old 
History of Immune–Stress Interaction 
in Space with a Promising Future
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and Sergey Ponomarev

Natural killer cells (NK) are special cytotoxic lymphocytes which constitute a 
major component of the innate immune system. NK 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, NK are widely viewed as 
efficient non-MHC-restricted effector cells which are capable of patrolling the host 
and getting involved in the defensive action against infectious agents, tumour cells, 
and certain immature normal cells. In addition, recent research highlights the fact 
that NK are also regulatory cells engaged in reciprocal interactions with dendritic 
cells, macrophages, T cells, and B cells. Thus NK may serve as a bridge in an inter-
active loop between innate and adaptive immunity. Thus, dendritic cells stimulate 
NK which then deliver a co-stimulatory signal to T or B cells allowing for an opti-
mal immune response (Blanca et  al. 2001; Vivier et  al. 2008). NK are able to 
response immediately after recognising specific signals, including stress signals, 
“danger” signals or signals from molecules of foreign origin (Fig. 13.1). Suppression 
of NK activity and/or reduction in the absolute number of NK circulating in periph-
eral blood has been found to be associated with the development and progression of 
cancer, with acute and chronic viral infections, chronic fatigue syndrome, psychiat-
ric depression, various immunodeficiency syndromes, and certain autoimmune dis-
eases (Mandal and Viswanathan 2015). In this context, intact innate immunity, as 
evidenced by normal levels of NK activity and numbers of circulating NK, appears 
to play an important role in health (Vivier et  al. 2011). On the contrary, low or 
absent NK activity is often a sign of disease or an early predictor of susceptibility to 

†Boris Morukov was deceased in 2015.
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disease. Because NK appear to be involved in multiple effector, regulatory, and 
development steps of the immune system, investigation of NK may serve as an 
important marker for clinical risk associated with prolonged stressful environmental 
conditions, including stress factors uniquely associated with space travel. The intent 
of this chapter is to provide a summary of the effects of stress factors during 
extended spaceflights on NK, providing—together with recent terrestrial progress 
in this field—an outlook on future research and application in the light of NK immu-
nology and immunotherapy.

13.1  Review on NK Activities After Long-Duration Missions: 
From Salyut to ISS

13.1.1  NK Cytotoxicity

NK total cytotoxic activity has been tested on the basis of the amount of nonde-
graded [3H]RNA that remains in target K562 cells after contact with NK (Rykova 
et al. 1981). Since the first investigation of the NK functional activity in one Russian 
cosmonaut after 185-day mission on Salyut-6 in 1980, the cytotoxic activity of NK 
was examined after long-duration flights on Salyut-6,7, Mir, and ISS in 88 crew-
members (Konstantinova and Fuchs 1991; Konstantinova et al. 1993; Rykova et al. 
2001, 2008; Rykova 2013). Flight durations varied from 65 to 438 days. The studies 
showed a high degree of individual variability of NK cytotoxic activity. Thus, more 
than 60% of crewmembers had reduced NK cytotoxic activity from preflight values 
after long-duration missions (Fig. 13.2). On the first day after landing, these reduc-
tions in cytotoxicity were moderate in 15 of the 74 cosmonauts (decline by 20–50%), 
in the middle range in 17 cosmonauts (decline by 51–90%), and in the significant 

Decline more than 20% from preflight values

Increase more than 20% from preflight values

No significant changes from preflight  values

NK total cytotoxic activity in cosmonauts after long-duration spaceflights

SALYUT-6,7 
65-237 days

14

4

4

332 12
19

MIR 
72-438 days

ISS
128-215 days

Fig. 13.2 NK total cytotoxic activity in cosmonauts after long-duration spaceflights
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range in 7 cosmonauts (cytotoxicity close to zero). At day 7–9 after landing, NK 
cytotoxic activity of only 4 crewmembers increased toward their preflight values, 
but in 16 cosmonauts NK cytotoxic activity continued to decrease. Examination of 
cosmonauts at days 14–19 postflight demonstrated that NK cytotoxic activity 
remained decreased in almost 30% of all cosmonauts.

In contrast to the Salyut missions of equal duration, in which 100% of the crew 
members showed lower NK activities postflight, not all cosmonauts from Mir and 
ISS displayed NK suppression at the first day after long-duration missions. 
Furthermore, compared to preflight values 36% and 21% of the crew members, 
respectively, demonstrated even a significant increase in NK cytotoxic activity 
which tended back to baseline by the last recovery data point (within 7–14 days 
after landing).

Results obtained from investigations of cosmonauts allowed to identify four dif-
ferent types of NK reactions to long-duration spaceflight conditions: first, a decrease 
in cytotoxicity on the first day after landing with an increase towards preflight val-
ues within 1 week; second, the absence of a decrease in cytotoxicity on the first day 
after landing and a significant decrease in cytotoxicity on the seventh day; third, a 
decrease in cytotoxicity at days 1–7 postflight; fourth, an increase in cytotoxicity on 
the first day after landing with a trend towards preflight values upon examination at 
later periods.

13.1.2  NK Activities, Subpopulations and Counts: Results 
and Considerations from More Recent Long-Duration 
Missions

NK execute their cytotoxicity in a sequential manner, which involves (1) formation 
of a conjugate between NK and target cell (2) delivery of lethal hit and (3) disas-
sociation of target cell and NK. A disassociated NK can restart and bind to new 
targets and finally eliminate them, commonly referred to a recycling capacity or 
killing frequency (Ullberg and Jondal 1981). In order to define the nature of changes 
in NK activity after long-duration flights single cell-in-agarose assays with mono-
nuclear cells were performed (Grimm and Bonavida 1979). By this method, it 
became possible to estimate the capacity of effector cells binding to target cells, the 
lytic activity of NK in formed conjugates and the percentage of active 
NK. Examination of 27 cosmonauts who lived on board the space station Mir for 
2–12 months revealed a significant decrease of the proportion of lymphocytes that 
bound target cells and the percentage of active NK in peripheral blood mononuclear 
cells (PBMCs) within 7 days of landing (Meshkov and Rykova 1995). In most cases 
these changes correlated with decreased NK total cytotoxic activity in PBMCs. 
However, the percentage of cytotoxic cells in conjugates after flights did not differ 
from the data observed before launch.

The induction of many NK effector functions, including cytotoxicity, requires 
that the NK contacts its target cell. Therefore, a likely explanation for the finding of 
a decrease in the cytotoxic activity of NK in crew members after long-duration 
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space missions might be a defect in the initial step of formation of the lytic NK 
immunological synapse. Because early steps in NK synapse formation requires 
adhesion by the integrin family of adhesion molecules (Orange 2008), it seems pos-
sible that NK from cosmonauts are not able to adhere to their target cells, which 
results in a defective cytotoxicity based on defective immunological synapses. This 
hypothesis is corroborated by the observation of a marked decrease in expression of 
the adhesion molecules CD11b on NK after landing in comparison to preflight 
values.

In contrast, spaceflight did not induce significant changes in events which occur 
following the interaction between a cytolytic cell and its target cell resulting in the 
directed secretion of lytic granules. At the same time, after a 179-day mission on 
board the Mir station NK total cytotoxic activity was significantly decreased in one 
cosmonaut, but the capacity of lymphocytes to bind target cells was relatively 
unchanged. In this case the inhibition of the recycling function of NK, which have 
already participated in serial killing, may underlay this observation.

NK are a heterogeneous subset of large granular lymphocytes. Recent studies 
have identified at least 48 distinct NK subsets, whose significance and function are 
largely uncertain (Jonges et al. 2001). A few NK subsets, however, have been well 
defined. NK do not express T cell receptors (CD3) on their surface but express anti-
gens CD16 and CD56. There has been debate over the past years whether changes 
in cellular distribution reflect changes in NK total cytotoxic activity. It appears that 
changes in circulating NK number account for most of the change in total NK cyto-
toxic activity after long-duration flights. Thus, in most crew members a reduction in 
total NK cytotoxic activity after landing was accompanied by a similar reduction in 
the percentage of circulating CD3−CD56+CD16+ NK. However, not all of the effects 
of long-duration space missions on total NK cytotoxic activity can be attributed 
solely to changes in NK number. In particular, two variants of changes in NK num-
ber were observed. First, the percentage of CD3−CD56+CD16+ NK was unchanged 
or even elevated (as compared to preflight baseline values), but total NK cytotoxic 
activity was reduced. Second, the percentage of CD3−CD56+CD16+ NK was signifi-
cantly decreased, but total NK cytotoxic activity was significantly increased. These 
results showed that investigations of the effects of spaceflight factors on NK should 
include examination of NK activity and NK numbers (Rykova 2013).

In the recent years NK have been categorized into major groups based on the 
level of CD56 expression (CD56 bright and dim) (Cooper et  al. 2001). These 
CD56bright and CD56dim subsets are tough to differ in their tissue homing properties 
due to differential patterns of expression of chemokine receptors and adhesion mol-
ecules. CD56dim NK comprise the majority of peripheral blood NK (approximately 
95%) and express high levels of the Fc-γIII receptor CD16. Ex vivo CD56dim cells 
contain detectable perforin and are thus expected to mediate cytotoxicity. In con-
trast, the CD56bright NK express low levels of perforin but high levels of cytokines 
and are thought to be an important inflammatory or regulatory 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 Bosch and coworkers 
(2005) reported that acute psychologic stress increased the number of cytotoxic 
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CD56dim NK without altering the regulatory CD56bright NK counts. Conversely, 
chronic stressors (as well as 1 month of intensive competitive sports training) caused 
an increase of the numbers of CD56bright NK but no change in the numbers of 
CD56dim NK (Suzui et al. 2004). At the same time the examination of nine cosmo-
nauts who flew 187–196-day missions aboard the ISS showed that the number of 
CD56dim and CD56bright NK (among CD16+CD56+ and CD16−CD56+ NK) was 
decreased during the first 7 days after landing. These results suggest that space mis-
sion associated factors can result not only in decreased levels of circulating NK with 
a high cytotoxicity but also decreased level of the major cytokine producing subset 
of NK.

It is well known that interleukin 2 (IL-2) activation of NK rapidly induces the 
expression of CD69 (Lanier et al. 1988). This activation antigen represents a trig-
gering surface molecule on NK clones as its stimulation triggers the cytolytic 
machinery of these cells (Borrego et al. 1993). Beyond its role in NK cytotoxicity, 
CD69 is involved in regulating other NK functions such as TNF production and the 
expression of other, functionally relevant, activation antigens, such as ICAM-1 by a 
mechanism that involves Ca2+ mobilization (Borrego et al. 1999). Expression of cell 
surface marker CD69 on NK, induced by IL-2, was assessed by performing whole 
blood cultures for 18 h in ten cosmonauts before and after long-duration missions 
aboard the ISS. A marked decrease in the content of CD56+ NK expressing CD69 
was observed on the first and seventh days after landing. Such effect may reflect in 
part a decrease in the functional potential of NK.

13.1.3  Does NK Cytotoxicity Decline Proportionally to Mission 
Duration?

It was of interest to clarify whether the magnitude of the reduction in cytotoxic 
activity of NK correlates with the length of time an individual stays in microgravity 
associated with spaceflight. The data from all cosmonauts examined after prolonged 
flights were divided into four groups by the duration on board the orbital station 
(65–131 days, 145–199 days, 208–241 days and 312–438 days). No future decline 
was noted when flight duration increased from a few months to 14 months. The 
most of nine cosmonauts, participating in two or three missions each lasting 65–131 
and 145–199 days, had similar changes in NK cytotoxicity after all flights. For one 
of these cosmonauts, a decrease of cytotoxic activity was significant after the first 
spaceflight lasting 65 days aboard the Salyut 7 station, but a moderate reduction 
occurred after two missions lasting 152 and 175 days aboard the Mir station. It is to 
note that examination of 17 crew members who flew for 145–199  days demon-
strated in some cases a considerable magnitude of changes in NK cytotoxicity after 
the first flight and subsequent missions. Comparison of the depth and direction of 
changes after such repeat space missions let assume that revealed discrepancy could 
have been associated with some specific features of each flight or differences in the 
countermeasures that were used. It is important to note, that some crew members 
had, even after 12 or 15 months in flight, a rather high NK activity—at least at all 
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measurement periods after landing. These results suggest that the immune system 
(or some of its components) could be adapting to prolonged exposure to micrograv-
ity and to the combination of stressors affecting the immune homeostasis.

13.2  NK Cytotoxicity Is Affected by Countermeasures

Results from the Mir station and ISS showed that lower NK suppression and even 
increase of activation are of no surprise when taking into account the countermea-
sures that were put in place compared to Salyut. The system of countermeasures 
used by Russian cosmonauts in spaceflights on board of Mir and ISS included as 
primary components: physical methods aimed to maintain the distribution of fluids 
at levels close to those experienced on Earth; physical exercises and loading suits 
aimed to load the musculoskeletal and the cardiovascular systems; measures that 
prevent the loss of fluids, mainly, water–salt additives which help to maintain ortho-
static tolerance and endurance to gravitational overloads during the return to Earth; 
well-balanced diet and medications directed to correct possible negative reactions 
of the body to weightlessness. Fulfilment of countermeasure’s protocols in flight 
was thoroughly controlled (Kozlovskaya and Grigoriev 2004; Kozlovskaya et al. 
1995). Recent scientific research has shown that NK are highly influenced by physi-
cal exercise (Walsh et  al. 2011). The possible important mechanisms behind 
exercise- induced changes in NK 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 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 NK function (Mackinnon 1999). 
In this connection, elevated NK cytotoxicity after long-duration space missions in 
some cosmonauts could have been associated not only with the constitutional char-
acteristics of the individuals but also with the performance by the crew members of 
a set of recommended prophylactic measures, first of all moderate regular physical 
exercise.

13.3  Is NK Cytotoxicity Associated to Viral Reactivation?

An alternative explanation of an increase in NK cytotoxicity in some cosmonauts 
after long-duration space missions is that enhancement of NK cytotoxicity was 
associated with latent viral reactivation during spaceflight which was observed 
during short- and long-duration flight (Mehta et al. 2000, 2005; Stowe et al. 2001a, 
b; Pierson et al. 2005; Cohrs et al. 2008; Mehta et al. 2014, 2017). Indeed, in the 
1970s, it was reported that a normal NK 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, while NK numbers can be reduced during 
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infectious episodes (Whiteside and Herberman 1989). More recent studies have 
shown that NK activation by viruses occurs predominantly via the indirect path-
way—involving cytokines and cell contact-dependent signals from accessory cells. 
While there are many reports of direct NK activation by binding of pathogen-
derived molecules to NK surface receptors, in only very few of these cases (influ-
enza virus activation of human NK) have both the pathogen ligand and the NK 
receptor been defined at the gene and protein levels (Horowitz et al. 2012). At the 
same time there is increasing evidence indicates that most, if not all, members of 
the herpesvirus family suppress NK activity. On the other hand it has been demon-
strated that some viruses have the capacity to inhibit activating pathways of NK 
through a multifaceted strategies, including indirect and direct ones. First, NK acti-
vation is inhibited by inhibitory signals provided through interaction of receptors 
on NK with self-MHC class I products. Second, several viruses encode cytokine 
mimicry to escape host immune surveillance. Third, it is a universal strategy for 
viruses to escape NK recognition by encoding viral proteins to disturb NK recep-
tor–ligand interaction. Moreover, viruses can directly infect NK, which results in 
the impairments of NK function and also induces marked apoptosis of NK (Wang 
et al. 2013; De Pelsmaeker et al. 2018). However, the relationship of the signaling 
balance of activating and inhibitory receptors of NK and latent viral reactivation in 
spaceflight has not been fully investigated, but the establishment of such a relation-
ship could lead to the development of countermeasures that could prevent any 
compromises in resistance to infection resulting from exposure to flight 
conditions.

13.4  NK and Antitumor Effects

Clearly, the combined exposure to microgravity and solar energetic particles (SEP) 
and galactic cosmic ray (GCR) radiation that would occur during extended deep 
space missions, such as to Mars, could potentially increase risk of cancer. The scien-
tific literature over the past 50 years has provided strong support to the cancer immu-
nosurveillance hypothesis. There have been published several excellent reviews 
recently regarding the role of NK in protection against cancer (Guillerey and Smyth 
2015; Pahl and Cerwenka 2017; Sharma et al. 2017). In general, NK recognize and 
respond to malignant cells—in two ways. First, they bear natural cytotoxicity recep-
tors (NCRs) that detect the altered expression of ligands on the surface of tumor 
cells, which ultimately triggers NK activation. Second, they bind antibody coated 
targets via immunoglobulin receptors leading to antibody- dependent cellular cyto-
toxicity (ADCC). Clinical and experimental evidence demonstrate that patients with 
a variety of solid malignancies and large tumor burdens have decreased NK activity 
in the circulation, and that this low NK activity may be significantly associated with 
the development of distant metastases. Furthermore, in patients treated for metastatic 
disease, the survival time correlates directly with the levels of NK activity. In patients 
with hematologic malignancies, there appears to be a correlation between NK activ-
ity and the status of disease; the more advanced the disease, the lower the NK 
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activity. Decreased NK activity may also be an important risk factor for the develop-
ment of malignancy in humans. The prognostic significance of low NK activity in 
patients with cancer has been recently emphasized; thus, low NK activity may have 
prognostic value in predicting relapses, poor responses to treatment and, especially, 
decreased survival time (Levy et al. 2011; Berrien-Elliot et al. 2015).

It is possible that the patient’s NK are able to contribute to the host’s anti-tumor 
immune responses, either by eliminating circulating tumor cells or by secreting the 
appropriate, perhaps Th1-stimulating, cytokines during cross talk with dendritic cells 
in the periphery and/or in the secondary lymphoid tissues. NK can directly kill target 
tumor cells in two ways. First, they bear natural cytotoxicity receptors (NCRs) that 
detect the altered expression of ligands on the surface of tumor cells, which ulti-
mately triggers NK activation. These NK can kill target tumor cells by releasing 
cytoplasmic granules containing perforin (membrane pore-forming proteins) and 
granzymes (serine proteases) that leads to tumor-cell apoptosis (programmed cell 
death) by caspase-dependent and -independent pathways. Furthermore, the expres-
sion of members of the tumor necrosis factor (TNF)-family like FAS ligand (FASL), 
TNF, and TNF-related apoptosis inducing ligand (TRAIL) are able to induce tumor-
cell apoptosis upon formation of immune synapses (Leischner et al. 2016).

Another way of direct killing is through in antibody-dependent cell-mediated 
cytotoxicity (ADCC). NK can express FcγRIIIA and/or FcγRIIC, which can bind to 
the Fc portion of immunoglobulins, transmitting activating signals within NK. Once 
activated through Fc receptors by antibodies bound to target cells, NK are able to 
lyse target cells without priming, and secrete cytokines like IFNγ to recruit adaptive 
immune cells. This ADCC of tumor cells is utilized in the treatment of various can-
cers overexpressing unique antigens, such as neuroblastoma, breast cancer, B cell 
lymphoma, and others. NK also express a family of receptors called killer 
immunoglobulin- like receptors (KIRs), which regulate the function and response of 
NK toward target cells through their interaction with their cognate ligands that are 
expressed on tumor cells (Wang et al. 2015).

Acting as regulatory cells, NK interact with dendritic cells, macrophages, T-cells, 
and endothelial cells through production of various cytokines such as INF-γ, TNF, and 
IL-10 as well as other chemokines and growth factors. By releasing INF-γ, these cells 
induce CD8+ cytotoxic cells to differentiate into CTLs. They also help in differentia-
tion of CTLs via induction of CD4+ cells. Moreover, in course of killing of tumor cells 
by NK, antigens produced, are taken up by antigen presenting cells (APCs) for induc-
tion of adaptive immune response (Wang et al. 2015). Unfortunately, no studies are 
currently done to establish the intimate mechanism of tumor development and interac-
tions occurring between cancer cells and NK under spaceflight conditions.

13.5  NK in Autoimmunity and Allergy

Although the existence of clinical risks related to spaceflight-associated dysfunction 
of immune surveillance has not been firmly concluded, concerns of the occurrence of 
autoimmune and allergic diseases in long-duration spaceflights are growing.
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Recent studies have documented that innate immune cells and, in particular, 
NK play a key role in the pathogenesis of autoimmune diseases (Gianchecchi 
et  al. 2018; Zhang and Tian 2017). The data obtained showed the correlation 
between NK number and/or functional alterations, such as a defective cytotoxic 
activity and several autoimmune conditions such as multiple sclerosis, rheuma-
toid arthritis, systemic lupus erythematosus, Sjögren’s syndrome, and type I dia-
betes mellitus (Fogel et al. 2013). NK act at all the phases of autoimmune diseases 
including self-antigen- releasing, T cell priming in secondary lymphoid organs, 
and finally trafficking to the target organ for tissue destruction (Flodstrom-
Tullberg et al. 2009). However, among the different autoimmune pathologies and 
even within the same disease, NK function is significantly different either promot-
ing or even protecting against the onset of the autoimmune condition, in other 
words, NK act as a two-edged weapon and play opposite roles with both regula-
tory and inducer activity in autoimmune diseases (Tian et al. 2012). Although the 
precise mechanism for the opposite effects of NK was not fully elucidated, the 
importance of NK in autoimmunity might be associated with different NK sub-
sets, different tissue microenvironment and different stages of corresponding dis-
eases (Peng and Tian 2014).

Strong evidence that NK contribute to the pathogenesis of human autoimmune 
disorders was given by genetic association studies in a variety of autoimmune dis-
ease. Thus, in particular, several findings have pointed out associations between risk 
of systemic or organ-specific autoimmune diseases and KIR/HLA genotypes, which 
indicate that self-tolerance may be broken with inappropriate receptor and ligand 
pairs or with the interrupted signal balance. For example, the presence of an activat-
ing receptor for HLA-I associated with the lack or reduction of inhibitory pairs has 
been shown in such autoimmune diseases as Behçet’s disease, type I diabetes melli-
tus, systemic lupus erythematosus, multiple sclerosis, psoriasis/psoriatic arthritis, 
ankylosing spondylitis and rheumatoid arthritis (Fogel et al. 2013; Poggi and Zocchi 
2014).

Unfortunately not much is known about the role of NK in allergy. As is well 
known the first step in the sequence of events leading to atopic diseases, including 
atopic dermatitis, food allergy, allergic rhinitis, asthma, and anaphylaxis asthma 
occurs at the site of sensitization. At this stage, activated NK may regulate the 
extent of DC maturation and thus the magnitude of antigen presentation to naïve 
CD4 T cells. The production of inflammatory cytokines by NK can subsequently 
affect the development of allergen-specific Th2 cells by modulating the immune 
microenvironment. Cytokines such as IFN-γ produced by NK1 may potentially 
inhibit the development of Th2 cells. At the same time NK2 can produce cytokines 
such as IL-4, which may enhance Th2 development. During allergen challenge, 
activated NK may further potentate the response by producing cytokines such as 
IL-5, IL-13, and IFN-γ, which can enhance or dampen inflammation (Deniz et al. 
2013; Mathias 2015; Kim and Jang 2018). Finally, IgE, acting through FcγRIII, 
can activate NK resulting in cytokine/chemokine production (Arase et al. 2003).
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13.6  NK as a Potential Therapeutic Target

NK constitute our bodies’ frontline defense system. Now it is clear that NK have 
predominant role in several disease conditions. In this connection they are the 
potential target for immunotherapy, due to their high plasticity and ability to exert a 
potent and extremely rapid response, which can influence the outcome of the adap-
tive immune response. The therapeutic role of NK has been studied in several dis-
eases such as cancer, asthma, multiple sclerosis, diabetes, and arthritis (Mandal and 
Viswanathan 2015; Schäfer et al. 2017; Schmidt et al. 2018).

The current strategies and efforts on enhancing NK activity include infusion of 
NK-activating cytokines or vaccines (to activate the impaired endogenous NK) 
(Romee et al. 2014) and infusion of autologous or allogeneic NK (to replace the 
impaired endogenous NK) (Veluchamy et al. 2017; Sanchez-Martinez et al. 2018). 
An interesting alternative to allogeneic NK is KIR/KIRL blocking antibodies that 
activate endogenous NK (Vey et al. 2012).

Recent efforts to improve the clinical efficacy of NK immunotherapy has led to 
the development of genetically engineered NK that express a chimeric antigen recep-
tor (CAR). Primary NK and NK lines can be engineered to express CARs which 
redirect the anti-tumor specificity of NK on an antigen-dependent basis. Through the 
manipulation of signaling motifs critical for lymphocyte activation, CARs are also 
designed to utilize specific intracellular signaling molecules which can further refine 
NK function and optimize their therapeutic potential. The use of a clonal cell line 
derived from a human NK leukemia, known as NK-92, has been genetically modi-
fied to express fully functional CARs and these cells have shown great promise with 
regards to their safety and efficacy in recent clinical trials. Moreover, the use of irra-
diated cell lines may provide a fast and affordable off-the- shelf option for a personal-
ized cellular immunotherapy treatment (Abel et al. 2018; Daher and Rezvani 2018).

In addition, one of the strategies to improve NK activity is based on the use of 
immunomodulatory drugs (IMiDs) such as thalidomide, lenalidomide, or pomalido-
mide. This could be due to several mechanisms. First, IMiDs could suppress the 
production of inhibitory cytokines and promote the production of IL-2, an NK 
growth factor, by T cells. The latter effect could be the result of induced degradation 
of Ikaros and Aiolos, two transcription factors repressing IL-2 production in T cells. 
Moreover, IMiDs can enhance the expression of the NKG2D and DNAM-1 activat-
ing receptor ligands MICA and PVR/CD155 also through the downregulation of 
Ikaros and Aiolos (Besson et al. 2018).

Especially in the last decade, it was established many molecular connections 
between dietary compounds and their influence on immune cells. Several natural 
compounds, in particular, the most extensively studied stilbene resveratrol exhibit 
stimulating properties on NK and their killing ability on different levels. In line with 
the immune-modulating properties of nutrition-derived compounds resveratrol has 
been described to affect NK function directly via alteration of the expression of 
activating cell surface receptors like NKG2D and stimulation of JNK and ERK-1/2 
MAP kinase activity and perforin expression (Leischner et al. 2016).
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Undoubtedly further studies clarifying the potential of targeting or using of NK 
in the immunotherapy during the duration of an exploration-class deep space mis-
sion have to be initiated.

13.7  Are the Changes Observed in the NK Population 
of Astronauts Specifically Due to Spaceflight?

Although studies such as the one described above provide useful information on NK 
function after long-duration space missions, the main question, whether the altered 
NK were already present during flight or if this alteration was caused solely by land-
ing effects, remains. The nature of immune dysregulation of NK during flight is 
currently being investigated, and studies to date have demonstrated a significant 
reduction in NK activities against all tumor target cells (K562, U266, 221.AEH and 
721.221), perforin and granzyme b levels during the in-flight phase (FD90) of the 
mission. Interestingly, in some crewmembers, NK activities remained suppressed at 
day 1–66 after landing (Simpson et al. 2016). Moreover, comparing results from 
brief and long flights may facilitate understanding of the differences and interrela-
tionships between the multiple stresses associated with spaceflight and landing 
stressor. Despite of substantial differences in methodology used, the results from 
American and Russian studies conducted before and after short-duration missions 
(4–16 days) showed decreased NK cytotoxicity, diminished capacity of lympho-
cytes to bind target cells and reduced numbers of NK 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, 2008; Borchers et al. 2002; Sonnenfeld and 
Shearer 2002; Crucian et al. 2008). The data suggest that landing stress (i.e. an acute 
response to reentry and readaptation to unit gravity) may be a major mediating fac-
tor in the impaired NK function of cosmonauts. On the other hand, in ground-based 
space analog studies there was a significant decrease in total NK cytotoxicity during 
and after 120- and 360-day bed rest with head- down tilt (Konstantinova and Fuchs 
1991).

Data of the natural cytotoxicity system in subjects who participated in the 520- 
day isolation project (“Mars-500”, see also Chap. 37) with artificial environment 
showed that despite of physical training starting at the beginning of a 12-month stay 
in isolation and lasting up to recovery period of 7 days, there was a significant 
decrease not only in the relative but also in the absolute content of the peripheral 
blood circulating mature CD3−CD16+CD56+-lymphocyte. Additionally, the study 
of phenotypic features of NK showed that the observed changes were associated 
with a decrease in the content in the peripheral blood of the following subclasses of 
NK: lymphocytes with membrane surface molecule CD16 expression and lympho-
cytes which expressed membrane surface molecule CD56. It should be noted that at 
the final stage of the experiment, there was a decrease in lymphocyte number in 
most subjects which belonged to the subtype of NK with high cytolytic activity 
(CD56+CD16+-NK), rather than to the subtype of NK with moderate and low cyto-
lytic activity (CD16−CD56+ and CD16+CD56−-NK). Studying the expression of the 
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early CD69 activation marker on CD56+ lymphocytes in a 18 h culture (nonstimu-
lated and stimulated with IL-2) showed, that there was a decrease in the expression 
of CD69 on the NK lymphocytes in the absence of stimulation, as well as when 
cultured in the presence of IL-2 in all subjects by the fourth month of the experi-
ment. This phenomenon may be due not only to a decrease in the functional poten-
tial of NK but also to the depletion of the reserve capacities of the system of natural 
cytotoxicity (Morukov et al. 2013).

This observation indicates that functionally deficient NK may not result exclu-
sively from landing stressors but could represent alterations in spaceflight. In addi-
tion, since experimental conditions of bed rest were the same for all subjects, the 
magnitude of changes differed dramatically between individuals. This data under-
scores the importance of individual differences in responsiveness.

In brief, the mechanisms responsible for changes in NK activity during or after 
long-duration missions are not clear and may be the results of a combination of fac-
tors, including complexes of multiple neuropeptide hormones and catecholamines 
(particularly glucocorticoids) (Meehan et al. 1993; Stowe et al. 2003). Future stud-
ies of the role of psychoneuroendocrine factors on spaceflight-induced alterations in 
NK as well as the interaction with the microbial load on-board will expand signifi-
cantly our understanding of the mechanisms of immune reactions as well as provide 
novel information about relationship of the immune system with other functional 
systems participating in adaptation of organism to altering exogenous and endoge-
nous factors. Also we can’t exclude the direct influence of spaceflight factors on the 
gene expression which plays an important role in the immune response.

13.8  Conclusion

The beginning of the twenty-first century is marked by the growing interest of the 
international community in interplanetary flights. This is illustrated by the intense 
development of projects related to the possibility of manned flights to Mars, which 
seems to be of the highest scientific interest among the planets of the solar system. 
Surely, manned flights to Mars require the solution of a set of problems related to 
the preservation of the health and working capacity of the crew at all stages of the 
mission and after its termination. Disorder of the NK which are one of the compo-
nents of immune system may limit an increase in the duration of a human’s stay 
under the conditions of a spaceflight, because the deviation taking place may be 
regarded in certain cases as formation of an immune deficiency state that represents 
an increase degree of risk of the occurrence of viral, autoimmune/allergic diseases 
and tumor during space missions. In view of this, one of the key challenges facing 
space immunology is to create a comprehensive system to control and predict pos-
sible adverse changes in the functioning of NK and the development of adequate 
methods of their prevention and relief. Naturally, the solution to this common prob-
lem is not possible without solving a number of particular problems. The latter are 
primarily associated with the creation of an automated clinical immunological labo-
ratory, which will make it possible not only to evaluate the NK at the preflight and 
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postflight stages but also to constantly control the state of immunological resistance 
throughout the flight, and likely also in conjunction with other organ systems (see 
also Chap. 18). A special task in the near future can be the development of one of 
the main directions of future medicine—identification of the predisease stage, at 
which it is easy to prevent the development of a disease based on the systematic and 
close monitoring of a large group of healthy people and identifying immunological 
changes prior to the emergence of certain diseases. An equally important task is the 
development of the concept of the genetic prediction of the probability of negative 
deviations in NK system, which may have a detrimental effect during spaceflight, at 
the stage of selection of crew members of interplanetary missions.
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14Adaptive Immunity and Spaceflight

Brian Crucian, George Makedonas, and Clarence Sams

14.1  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 immune cell function. Some assays may 
be generalized and apply to several cell types, whereas others may be highly spe-
cific and apply only to a particular cell subset. Most functional assays consist of cell 
culture in the presence of a stimulus, after which any event in the normal activation 
process may be monitored. For T cells, a specific sequence of cellular events, begin-
ning 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) phos-
phorylation, 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 post-activation, 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 post-activation. A 
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third marker of activation, HLA-DR (a MHC class II molecule), is expressed 
between 48 and 72 h post-activation. IL-2 is secreted, activating other T cells as well 
as the source cells (autocrine stimulation). Depending on the local cytokine envi-
ronment, antigen type/dose, and other factors, naive CD4+ T-helper cells will prolif-
erate 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 cytokines are the most com-
monly 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 altera-
tions that have been observed during or immediately following spaceflight are sum-
marized in Table 14.1. Several groups have observed that T cells in culture do not 
activate during spaceflight (or simulated microgravity) conditions. Specific findings 
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 negatively several T 
cell intracellular signaling pathways at points upstream of PKC, a family of enzymes 
involved in transducing cellular signals by controlling the function of other proteins. 
However, phosphorylation of PKC was not downregulated 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)  +  ionomycin (direct PKC activation) was able to fully 
restore T cell activation during simulated 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. 
Recently, using parabolic flight and the 2D clinostat system to represent the micro-
gravity environment, altered gravity depresses the cell surface expression of CD3 
and CD25, the receptor required for IL-2 recognition. In addition, these conditions 
impaired LAT phosphorylation and the global levels of ZAP70, elements critical to 
initiate the signaling cascade of T cells (Tauber et al. 2015). Hughes-Fulford et al. 
analyzed differential gene expression following T cell activation comparing normal 
gravity to simulated microgravity conditions, to identify gravity-sensitive intracel-
lular signaling pathways. The study found that 99 genes were significantly upregu-
lated during early T cell activation in normal gravity; however during simulated 
microgravity the majority of these showed no mitogen- induced gene expression 
(Boonyaratanakornkit et al. 2005). Most of the gravity-sensitive genes were regu-
lated 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 acti-
vation. This phenomenon was validated onboard the International Space Station 
(ISS): in response to mitogenic stimulation, human leukocytes exhibited significant 
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depression of 85 genes compared to their counterparts in normal gravity. 
Furthermore, miR-21 gene expression was lower, suggesting T cell activation may 
be regulated by micro-RNAs (Hughes-Fulford et al. 2015).

While these microgravity cell culture measurements represent solid findings, it is 
unknown if they reflect a true clinical risk for crewmembers. Since T cells from 
otherwise normal and healthy test subjects also do not activate during microgravity 
culture, these findings may potentially represent some gravity-sensing “artifact” 
associated with the unique culture conditions. The in vivo situation is quite different 
from pure microgravity culture, with the addition of adhesion, tissue environment, 
pressure, motion, and shear flow variables. It is also possible that microgravity 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.

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. 14.1). 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 et al. 2001; Stowe et al. 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.

Published this last decade, there have been a few seminal studies of crewmember 
whole blood and lymphocyte populations extracted thereof from time points during 
a space mission to extend our understanding of the human response to space voy-
age. To distinguish stress-induced immune perturbation from true immunodefi-
ciency due to exposure to the microgravity environment, we performed a 
comprehensive investigation of the immune system of astronauts during short- 
duration spaceflight onboard the Space Shuttle (Crucian et  al. 2013), as well as 
during long-duration missions at the ISS (Crucian et al. 2015). In the former project, 
blood samples from 19 astronauts were drawn immediately prior to return, to elimi-
nate the variable of stress caused by landing, and compared to a post-landing time 
point. In terms of T cell function, responses to staphylococcal enterotoxin were 
reduced during and following spaceflight, as was virus-specific T cell responses. 
Cytokine production profiles following mitogenic stimulation were significantly 
altered both during and following spaceflight: production of IFNγ, IL-17 and IL-10 
were reduced in flight, but production of TNF and IL-8 were elevated. The long- 
duration project was more comprehensive, sampling blood from 23 astronauts at 
time points before, during, and after their 6-month ISS expedition. In-flight samples 
were returned to Earth within 48 h of collection for immediate analysis. A reduction 
in both CD4 and CD8 T cell function persisted for the duration of the 6-month 
spaceflights, with differential responses between mitogens suggesting an activation 
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following 24-h culture in the presence of (a) staphylococcal enterotoxin (a and b); or (b) antibod-
ies to CD3 and CD28. Data are presented as mean ± standard error. Significance was evaluated via 
a Student’s paired t-test by comparing all other data points to L-180 baseline data. Significant dif-
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threshold shift. Significant reductions in mitogen-stimulated IFNγ, IL-10, IL-5, 
TNF, and IL-6 persisted during spaceflight. Together, these studies form a profound 
argument that exposure to a microgravity environment imparts a true immune defi-
ciency to humans that is not simply due to the stress of the voyage. This phenome-
non begs the question: does space-induced immunodeficiency pose a clinical risk to 
the astronauts? A manifestation of impaired adaptive immunity is susceptibility to 
opportunistic infections and/or a failure to control established viral infections. 
Indeed, latent herpes virus reactivation, occurs to high levels during spaceflight (see 
Table 14.1; discussed in detail in Chap. 19).

14.2  Alterations in Cytokine Production Profiles

In addition to the generalized functional measures described above, a primary end 
point of effector cell function following stimulation is the production of cytokines. 
Cytokines are the signaling molecules of the immune system, 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 pos-
sess a short half-life, and thus function at low concentrations in a localized environ-
ment restricting the reaction to the site of pathology. Upon binding their receptor on 
the surface of their target cells, cytokines may induce the expression of activation 
genes, trigger new protein synthesis, 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 categories are Th1, Th2, and 
Th17 T cell responses, and generally result in monocytic, mast cell/basophilic, or 
neutrophilic patterns of inflammation, respectively. These categories of cytokines 
generally inhibit each other’s production, so only a single immune bias may be real-
ized. Proper T cell cytokine regulation is important for immune health, and inap-
propriate biases (either hypo or hyper) may result in clinical disease. Rheumatoid 
arthritis is a Th17- 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 investigated cytokine production profiles associated with spaceflight. A 
summation of representative data regarding cytokines and spaceflight is presented 
in Table 14.2. 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 IFNγ is found to be suppressed during/following space-
flight (Gould et al. 1987; Sonnenfeld et al. 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. 
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1996; Kaur et al. 2008). There is a postflight decrease in the IFNγ: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 dur-
ing 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 shutdown of the cytokine network, but 
rather involve selective alterations of specific cytokine functions (Sonnenfeld and 
Miller 1993). In support of this concept, plasma samples from 19 astronauts aboard 
Space Shuttle revealed higher levels of IFNα, IFNγ, IL-1β, IL-4, IL-10, IL-12, and 
TNF compared to postflight samples. Furthermore, PBMC responses to mitogenic 
stimulation included decreases in IFN-γ, IL-17, and IL-10 production, but increases 
in TNF and IL-8, during spaceflight compared with post-landing samples. More in-
flight assessments, or in-flight sampling followed by terrestrial analysis, using com-
prehensive cytokine arrays will be required to completely understand cytokine 
dysregulation in-flight, and derive associated clinical risks. Moreover, the role of 
temperature dysregulation and increase in the core body temperature as observed in 
space crew on the ISS could either be induced by the immune changes or could be 
an independently occurring homeostatic change that causes immune dysfunctional 
states (see Chap. 26).

14.3  Humoral Immunity

Humoral immunity has not been investigated to the same extent as the cellular 
aspects of adaptive immunity. Those studies which have been performed indicate 
humoral immunity may not suffer as much during spaceflight as cellular immu-
nity. Following spaceflight, no changes were observed in total immunoglobulins 
and Ig isotypes for Russian cosmonauts (Fuchs and Medvedev 1993). Similar 
results were reported following Space Shuttle flights for US astronauts (Stowe 
et al. 1999), and in Russian cosmonauts following long- duration flight onboard 
the ISS (Rykova et al. 2006; 2008). Ongoing studies, such as the vaccination of 
1-year crewmembers during the NASA “Twins” investigation, and an ongoing 
assessment of antibody-free light chains performed at Lousiana State University, 
should soon provide further insight regarding the effects of spaceflight on humoral 
immunity.

14.4  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 
studies. Limitations on up/down mass capability, crew time, power, volume, and 
microgravity-compatible instrumentation have all precluded large-scale or compli-
cated studies as may be readily performed on Earth. Some aspects of human 
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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 sys-
tem of interest. For example, prolonged head-down tilt (HDT) bed rest is an appro-
priate analog for bone loss and muscle deconditioning. However, HDT bed rest does 
not replicate the likely causal factors of spaceflight-associated immune dysregula-
tion: mission stress, isolation, confinement, disrupted circadian rhythm, micrograv-
ity, radiation, etc. The best likely terrestrial analog for these particular space factors 
would include extreme environment deployment, prolonged isolation, legitimate 
subject risk, and operational mission activities. For immune studies, NASA has 
investigated deployment to the Canadian arctic and undersea station deployment 
(NEEMO) as human analogs for immune dysregulation. The Russian Space Agency 
had completed the Mars500 project, a high-fidelity simulation for the confinement 
and duration of a projected Mars mission (see Chap. 37), which include an immune 
surveillance component that indicated significant immune dysregulation with indi-
cation of immune hypersensitive pattern. Interestingly, most pronounced changes 
were observed at the transition phases which reflected to a certain extent the stress 
related to mission stress and environmental changes (Yi et al. 2014, 2015). Some of 
the observations could be reconfirmed during the European Space Agency (ESA-) 
CHOICE investigation at the French-Italian “Concordia Station” at Dome C on the 
high Antarctic plateau confirming incrementing immune dysregulation and ex vivo 
assessed Type IV hypersensitivity pattern (Feuerecker et al. 2018). The Antarctic 
analog, with prolonged 1-year mission deployment, extreme environment and risk, 
long travel, subject isolation, disrupted circadian rhythm, mission objectives, and 
station environment, likely represents one of the best human space analogs for 
immune dysregulation on Earth. This ESA study is ongoing, but deepen the know-
ledge on mechanisms on immune dysregulation to hereby validate life at Concordia 
as a ground analog for spaceflight immune dysregulation (see also Chaps. 16, 25, 
36, and 38). Any validated analog could then be used for further mechanistic studies 
or evaluation of countermeasures. Preliminary data indicate that winterover at 
Concordia station, at significant altitude and in conditions of hypobaric hypoxia, 
may be somewhat distinctive to current spaceflight condition but could well reflect 
a future space exploration scenario referring to habitat atmosphere. Hypoxia is 
known to influence immunity, largely in a stimulatory fashion. Therefore, to allow 
comparative effects on the lead of the environmental stressor during life in harsh 
conditions during winterover, coastal Antarctica stations, although somewhat less 
extreme in environment than interior stations, has been implemented and may afford 
a closer approximation to spaceflight from an immunological perspective. 
Specifically, an ongoing NASA-German study is currently assessing winterover at 
the German “Neumayer III” station—the CHOICE-coastal study—using assays 
similar to those which define altered immunity in astronauts.

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 
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of T cell activation during bioreactor culture as has been observed during on-orbit 
culture (Hashemi et al. 1999; Thiel et al. 2012; Bradley et al. 2017). 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. As a proof-of-concept, Martinez et al. (2015) compared a couple of labo-
ratory models of microgravity to true microgravity; the simulated environmental 
conditions replicated the silencing of a plethora of T cell activation genes observed 
in mice subjected to spaceflight.

14.5  Conclusion

This chapter has summarized the current understanding of the relationship between 
spaceflight and the human adaptive immune system. Although some of the return 
findings are almost certainly related to landing and readaptation, it is likely that at 
least some postflight observations may reflect the impact of in-flight immune altera-
tions. In fact, the very limited in-flight studies that have been performed confirm an 
adaptive immune system decrement during both short- and long-duration space-
flight. What remains in need is a comprehensive in-flight immune assessment dur-
ing long-duration expeditions, comparable to what has been done in some 
ground-based space analog environments. This, together with ongoing and new 
Earth-bound and clinical studies, is required to define the impact on the human 
immune system of the “Space-flight Exposome”—the sum of all the environmental 
stressors with which crewmembers must contend: radiation, microgravity, isolation 
and confinement, temperature and circadian misalignment, altered nutrition, etc... 
(Chouker et al. 2008). If we determine a severe dysregulation persists during long-
duration missions—as preliminary data from ongoing projects on the ISS indicate 
(“Functional/Integrated Immune”, “IMMUNO-2”, and IBMP-Immune studies)—
and hence are not transiently related to either launch or landing, then the clinical 
risks of spaceflight to astronauts increase significantly (Crucian and Sams 2009; 
Crucian et al. 2016a, b). Thus, a strategy for both robust immune surveillance and 
countermeasures validation must be devised and operational prior to the initiation of 
deep space exploration missions (Frippiat et al. 2016).
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15.1  Introduction

Spaceflight corresponds to a unique allostatic (over-) load (see Chap. 4) as by com-
bination of stressors that can be classified in two main categories: chronic stress-
ors (e.g. microgravity, confinement, isolation, circadian rhythm misalignment) and 
acute stressors encountered during periods of intense activity, such as dockings and 
extravehicular activities, but also during take-off and landing phases (hypergrav-
ity exposure). While acute stress has been described as beneficial (mobilization of 
individual’s defense capabilities), chronic stress appears to have deleterious effects 
as several studies have shown that it contributes to many pathologies (reviewed in 
Godbout and Glaser 2006, see also Chaps. 4 and 6). Studies performed on humans 
and animals returning from space travels have shown that this extreme environment 
has a negative impact on almost all physiological systems. It causes muscle atrophy, 
bone demineralization, cardiovascular and metabolic dysfunctions, alters cognitive 
processes, and reduces immunological competence. Regarding this last point, it was 
shown that 15 of the 29 astronauts involved in Apollo missions developed bacterial 
or viral infections during, immediately after, or within 1 week of landing (Kimzey 
1977). In addition, the first epidemiological study based on medical data collected 
on 46 astronauts who spent 6 months onboard the International Space Station (ISS), 
showed that 46% of them had to face immunological problems (Crucian et al. 2016). 
These observations demonstrate that, on average, spaceflight affects the immune sys-
tem of 50% of the astronauts and that immune dysregulations occur during spaceflight 
and not only after landing. They are therefore not exclusively due to the hypergravity 
phase associated to landing or to Earth gravity rehabilitation (Crucian et al. 2016).

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16996-1_15&domain=pdf
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In parallel of these immunological modifications, spaceflight-induced changes in 
microbial physiology have to be considered because some bacteria can take advan-
tage of this extreme environment (see Chap. 18). For example, Salmonella cultured 
under real or simulated spaceflight conditions exhibited increased virulence, resis-
tance, and survival in macrophages (Nickerson et al. 2000). In addition, reduced 
activity of some antibiotics associated with variations in pharmacokinetics have 
been reported (Taylor and Sommer 2005; Klaus and Howard 2006). These observa-
tions, coupled with the weakening of the immune system, certainly contribute to 
explain why nearly 50% of the astronauts exhibit in-flight immunological altera-
tions (Fig. 15.1).

In this chapter, we will focus on the effects of spaceflight on the development 
and the responses of B lymphocytes (Guéguinou et al. 2009; Frippiat et al. 2016).

15.2  Effects of Spaceflight Conditions on B-Cell 
Development

Cells that make up the immune system derive from hematopoietic stem cells that 
give rise to common myeloid progenitors (CMP) and common lymphoid progeni-
tors (CLP). After several steps of differentiation, CMP generate myeloid cells (gran-
ulocytes, monocytes, macrophages, dendritic cells) while CLP generate lymphoid 
cells (B and T lymphocytes and Natural Killer cells (NK)).

Different studies have shown that spaceflight conditions affect lymphopoiesis 
(the development of lymphocytes) thanks to the use of different animal models: 
mouse and the urodele amphibian Pleurodeles waltl. The latter lends itself well to 
the constraints associated with space experiments and has all the cardinal elements 
of the mammalian immune system (Frippiat 2013). It can therefore be used to 

↑ virulence, resistance
& proliferation

Stressors encountered during spaceflight (microgravity, radiation,
chronic stress, fluid shear, hydrostatic pressure...) weaken the

immune system but have a positive impact on some pathogens

¯ immune performance

Fig. 15.1 Environmental changes (stressors) encountered during spaceflight weaken the immune 
system but can also increase the virulence, resistance and proliferation of some pathogens. This 
imbalance likely contributes to explain increased susceptibility to infections. Reprinted from 
Frippiat et al. (2016) with the permission of Nature Publishing Group
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improve our understanding of the immunosuppressive effects of spaceflight. Using 
that animal model, it was shown that the expression of IgM immunoglobulin heavy 
chain, of the lymphoid-determining transcription factor Ikaros, and of NFκ-B 
members that play a crucial role in lymphocyte development (Vallabhapurapu 
and Karin 2009) are modified when amphibian embryos are subjected to grav-
ity changes, suggesting a modification in B lymphopoiesis (Huin-Schohn et  al. 
2013) (Fig. 15.2). This hypothesis was then confirmed in C57/BL6 mice subjected 
to an anti- orthostatic suspension (HU for “Hindlimb Unloading,” a ground-based 
model frequently used to simulate the effects of spaceflight on rodents) for 21 days 
to mimic a long- duration mission at the human-scale. Indeed, it was shown that 
HU induces a decrease in both bone microstructure and the frequency of B-cell 
progenitors in the bone marrow. While multipotent hematopoietic progenitors 
were not affected by HU, a decrease in B lymphopoiesis was observed in femo-
ral bone marrow as of the CLP stage with a major block at the pro-B to pre-B 
cell transition (five- to tenfold decrease) (Fig. 15.3) (Lescale et al. 2015). These 
reductions persisted during the 21-days period of suspension and were not due 
to stress because biochemical and behavioral studies have shown that mice adapt 
to HU in less than 3  days. Various studies have subsequently identified several 

Ab

AbEmbryos

a b c

d e f

Ab

AbEmbryos

Fig. 15.2 Schematic presentation of the AMPHIBODY experiment performed onboard the ISS in 
2006. Embryos of the urodele Amphian P. waltl, which do not yet produce antibodies (a), were 
placed in miniaquaria (b) that were inserted into Type 1 containers (c). These containers were 
loaded into the Kubik incubator (d) that was transported to the ISS (e). Embryos developed over a 
10 day period in the space station. At landing, antibody-producing larvae were recovered (f). “Ab” 
stands for antibody. Reprinted from Frippiat (2013) with permission from Elsevier
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causes of this B lymphopoiesis weakening such as a reduced expression of B-cell 
transcription factors (EBF and Pax5) and an alteration in STAT5-mediated IL-7 
signaling, a signaling pathway required for the differentiation of B lymphocytes. 
This decrease in B lymphopoiesis is most certainly linked to suspension-induced 
osteoporosis because immune-competent B-cells derive from hematopoietic stem 
cells that reside in the bone marrow in specialized niches made up of bone and 
vascular structures, including bone-forming osteoblasts and bone-resorbing osteo-
clasts (Mercier et al. 2011). This hypothesis is supported by the fact that a doubling 
of the level of progenitors and stem cells was observed in the blood of HU mice 
suggesting that the interactions between these cells and their niches are disrupted. 
This example highlight the importance of keeping in mind that all physiologi-
cal systems interact within an organism and that consequently, interconnections 
between systems must always be considered.

Some of these observations were confirmed in C57/BL6 mice subjected 
to real microgravity during a 30-day flight onboard the Bion-M 1 biosatellite 
(April 19–May 19, 2013). Indeed, osteocyte death, which may trigger bone 
resorption and result in bone mass and microstructural deterioration, was noted 
at landing (Gerbaix et al. 2017). Furthermore, a decrease in the expression of 
proteins necessary for the maturation of immune cells was noted in these mice 
(Tascher et al. 2019).

15.3  Effects of Spaceflight Conditions on B-Cell Responses

To determine whether the humoral immune response is affected by spaceflight 
conditions, adult P. waltl were immunized during a 5-month stay onboard the Mir 
space station (Fig. 15.4). These animals are, until now, the only ones to have been 
immunized in space. At the same time, other P. waltl of the same age and gender 
were reared in the laboratory under the same conditions as those found in the space 
station and immunized with the same antigen. The quantification of IgY (the physi-
ological counterpart of human IgA—Schaerlinger et al. 2008) and IgM heavy-chain 
mRNAs in the spleen of these animals revealed that the level of IgM transcription 
was unaffected in flown animals, while the level of IgY transcription was at least 
three times higher in the spleen of animals immunized onboard Mir (Boxio et al. 
2005). These data support the increase of IgA previously noted in astronauts by 
Konstantinova et al. (1993). This increase could result from a change in the distribu-
tion of IgY-producing B-cells because it has been reported that spaceflight can mod-
ify the distribution of leukocytes. More detailed studies of these amphibian humoral 
responses revealed spaceflight-induced changes in the expression of the VHII and 
VHVI gene segment subgroups used to build specific antibodies in response to the 
antigenic challenge. VHII and VHVI subgroups were found in 28% and 58% of 
IgM heavy-chains from animals immunized on Earth, respectively, and in 61% and 
24% of IgM heavy-chains from animals immunized onboard Mir. More precisely, 
it was shown that P. waltl that were immunized on Earth or in space used the same 
VHII gene segment to build their IgM heavy-chains but that the expression of this 
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segment was two times higher under spaceflight conditions. It was also shown that 
animals immunized on Earth used four different VHVI gene segments to build 
their IgM heavy-chains, while animals immunized onboard Mir used only two of 
them. Strong decreases in the expression of IgM heavy-chain mRNAs encoded by 
the VHVI.A and VHVI.B segments were noted in flown animals (Bascove et al. 
2009). These data indicate that flown animals expressed different Ig heavy-chain 
mRNAs by comparison to animals immunized on Earth. Finally, somatic hyper-
mutations in heavy-chain variable domains (VH) of IgM antibodies were analyzed. 
Somatic hypermutations are important because they enable B lymphocytes to 
improve their antibody binding sites. To calculate the frequency of these mutations, 
cDNA sequences of IgM heavy-chain transcripts encoding VHII domains were 
aligned with the corresponding VHII germline sequence for each of the studied 
animals. This study revealed that somatic hypermutation occurs in space following 

a

b c d

Fig. 15.4 Schematic presentation of the Genesis experiment performed in 1999. During that 
experiment adult P. waltl were immunized and reared during 5 months onboard the Mir space sta-
tion (a). During their stay in the station, animals were force-fed using a syringe with a catheter. As 
controls, adult P. waltl were immunized and reared on Earth in the same conditions as onboard Mir. 
During that experiment, animals were kept in boxes on damp towels (b, c) that were placed inside 
the CTA (“Container de Transport Aller”) (d) to regulate the temperature. Reprinted from Frippiat 
(2013) with permission from Elsevier
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immunization but at frequency two times lower than on Earth (Bascove et al. 2011). 
This observation suggests that antibody affinity maturation could be less efficient 
in space, thereby confirming the disruption of the humoral immune response under 
spaceflight conditions. This decrease in somatic hypermutation frequency likely 
results from the combination of several spaceflight-associated changes, such as the 
severe reduction in T cell activation, changes in cell–cell contacts, signal transduc-
tion, gene transcription, cytokine production, and cytoskeleton organization. Of all 
these changes, those concerning the cytoskeleton are of particular interest because 
this structure is involved in many functions. It participates in cell mobility, signal 
transduction, gene expression and cell cycle. The cytoskeleton could therefore be 
one of the structures through which a cell detects a change in gravitational force 
(see Chap. 17).

In complement of these in-flight studies, the impacts of gravity changes on the 
immune system of adult mice were studied. Eight-week-old male C57BL/6 mice 
were centrifuged for 21 days at 2 or 3 g. A substantial increase in serum corticos-
terone (a stress hormone) concentration was observed at the end of the centrifuga-
tion in 3 g mice, but not in 2 g mice. In the same way, a significant increase in the 
level of anxiety, persisting for more than two weeks after the return to normograv-
ity, was noted in 3 g mice. A significant reduction in the proliferative response 
of B lymphocytes from 2 g mice, but not from 3 g mice, was associated to these 
changes. T lymphocyte proliferative responses fell at 2 and 3 g but less sharply 
than for B cells. Together, these results suggest a breakdown in adaptation at 3 g 
which takes the form of an increase in serum corticosterone, lasting anxiety, and 
a reduction of the proliferative response of T lymphocytes, whereas after 21 days 
at 2 g, mice only show a lower response of their B and T lymphocytes. It therefore 
seems that at 2 g, hypergravity on its own can affect the response of these two cell 
types (Guéguinou et al. 2012). On the other hand, when mice were subjected to HU 
during 21 days to simulate physiological changes observed in astronauts, no differ-
ences in serum corticosterone concentrations or in thymus and spleen masses were 
noted indicating adaptation. However, it appeared that the anti-orthostatic position 
led, in the absence of stress, to an inversion of the B/T lymphocyte ratio in mice’s 
spleen and to a 40% weakening of B lymphocytes proliferative response (Gaignier 
et al. 2014) as was shown for 2 g mice. Taken together, these results show that B 
lymphocytes are sensitive to changes in gravity, which could explain the greater 
sensitivity to pathogens previously reported for HU mice (Aviles et al. 2003).

To understand why B lymphocytes from mice exposed to gravitational stress 
have a poorer response to mitogen stimulation, it is of interest to look at neurohor-
mone receptors present on these cells. Glucocorticoid receptors have been reported 
on B-cells (Gruver-Yates et  al. 2014) and very recently corticotropin-releasing 
hormone receptors 2, CRHR2 (Harlé et al. 2018). These receptors render B-cells 
directly sensitive to glucocorticoids and CRH produced when the hypothalamic- 
pituitary- adrenal (HPA) axis is activated by stress.

15 B-Cell Immunology in Space
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15.4  Similarities Between Spaceflight-Induced Modifications 
and Aging

Aging profoundly impairs the immune system and is characterized by changes 
in hematopoiesis, adaptive, and innate immunity. Thymus atrophy and the subse-
quent reduction in T-cell production are the most noticeable age-related events. 
Accelerated immune aging is also observed among individuals with high stress 
(Casaletto et al. 2018).

Interestingly, some of these age-associated changes are observed in astronauts 
who are subjected to numerous stressors during space missions. Indeed, increased 
susceptibility to infection and decreased response to vaccine (Sasaki et al. 2011), 
that may be correlated with impaired development and functions of B and T lym-
phocytes, have been observed in the elderly (Shaw et al. 2013). The development 
of these cells and their responses are also reduced when the gravitational force is 
modified (see above). HU rapidly induced modifications presenting many similari-
ties with the changes observed in old mice both with regard to trabecular bone 
microarchitecture and to the cellular and molecular changes accompanying reduced 
B-cell differentiation (Lescale et  al. 2015). Aging is accompanied by a decrease 
in antibody affinity (Sasaki et al. 2011) as shown in in-flight immunized P. waltl 
(Bascove et al. 2011). The use of antibody VH gene segments is modified during 
aging (Gibson et  al. 2009) and in space (Bascove et  al. 2009) which affects the 
diversity of the antibody repertoire. Taken together, these observations suggest that 
stressors encountered during space missions could lead to premature aging of the 
immune system.

15.5  Conclusion and Perspectives

On average, 50% of the astronauts are confronted to immunological problems dur-
ing space missions. Our understanding of these dysfunctions has greatly progressed. 
However, the impact of long-term missions remains to be clarified. Indeed, most 
of our current knowledge has derived from space missions whose duration did not 
exceed six months. Moreover, since the homeostasis of the immune system is linked 
to that of other systems that are also affected by spatial conditions such as the mus-
culoskeletal, nervous, and cardiovascular systems, it will be necessary to study the 
impact of spaceflight conditions on these interconnections through interdisciplinary 
approaches.

Knowledge that will emerge from these researches will be necessary to, on the 
one hand, better understand the risks incurred during future long-term space mis-
sions, where the crew will be left on its own without the possibility of a quick return 
to Earth and, on the other hand, to develop pharmacological or nutritional counter-
measures to restore the immune system to prevent the development or aggravation 
of pathologies. These researches are also of interest for people living on Earth, since 
they could open therapeutic ways to treat immunosenescence and chronic stress- 
induced immune dysfunctional states.
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16.1  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. Although specificity of immune cells in target-
ing foreign microbial structures is well developed overall, damage to normal tissue 
may occur in excessive inflammatory reactions (Fig. 16.1). Under such conditions, 
overactive immune cells release a large spectrum of cytotoxic mediators causing 
damage to vascular endothelial cells, especially at the level of microcirculation. As 
a result, perfusion-dependent oxygen delivery to tissues—in addition to the physio-
logical oxygenation gradient—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 nucleotides to adenosine. In search of physi-
ologic mechanisms directed at the limitation of inflammatory collateral tissue dam-
age 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 fundamental and immediate tissue- 
protecting mechanisms, with HIF-1α, adenosine A2A, and A2B receptors triggering 
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“OFF” signals in activated immune cells. In these regulatory mechanisms, oxygen 
deprivation and extracellular adenosine accumulation serve as “reporters,” while 
HIF-1α, adenosine A2A and A2B receptors serve as “sensors” of excessive tissue 
injury. HIF-1α by not yet characterized signaling pathways and adenosine A2A/
A2B 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 signal-
ing mechanisms is considered to be beneficial in tissue protection from immune 
cells- mediated inflammatory collateral damage. It represents an evolutionary well 
preserved axis that protects and regulates and thus maintains human physiologi-
cal processes when exposed to acute stress of different nature (Dhabhar 2018). In 
contrast, long-term activation of these anti-inflammatory mechanisms by prolonged 
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Fig. 16.1 Regulation of immune cells by inflammatory hypoxia: Under conditions of inflamma-
tion, 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 A2A receptors as “sensors” of excessive inflammatory collat-
eral tissue damage. Adenosine A2A receptor activation will stimulate formation of intracellular 
cyclic adenosine monophosphate (cAMP), a well-known inhibitor of immune cell effector func-
tions. In parallel, hypoxia will stabilize hypoxia-inducible factor (HIF-1α), also shown to counter-
act 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 immunosuppres-
sion in the long term. (Modified from Sitkovsky et al. 2004)
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stressors and chronic hypoxia may cause severe immunosuppression, predisposing 
an individual to microbial infections. However, research suggests that the phenotype 
of hypoxia-derived immune consequences is dependent on the degree of hypoxia 
and the duration of exposition as it is dependent on the complimentary effects of 
other stressors (e.g. radiation, metabolic effects and unique other stressors in space).

This brief review gives (1) a short overview on hypoxia and its immune modulat-
ing functions. Furthermore, it focuses on the questions whether stress encountered 
by astronauts/cosmonauts (2) may trigger neurohumoral effector mechanisms lead-
ing to tissue hypoxia and/or (3) causes upregulation of the same hypoxia signaling- 
dependent anti-inflammatory pathways even in the absence of low tissue pO2 
tension, i.e. also under normoxic conditions. Additionally, it questions (4) to which 
degree this is dependent on the duration of exposition.

16.2  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 A2A and A2B receptors located on the cell surface 
(Linden 2001). Adenosine A2 receptors activate the enzyme adenylyl cylase 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 inflam-
mation, downregulation 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. upregulation of β2-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 che-
motactic 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 lead-
ing to the inhibition of the differentiation of naïve CD4 T-cells into Th2 cells via 
adenosine A2 receptors (Panther et al. 2003). As a result of a lack of oxygen, activ-
ity 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, 
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we and others (Decking et al. 1997) showed in in vivo experiments that adenos-
ine blood concentrations significantly increased upon breathing 10–12% oxygen 
(Chouker et al. 2012). These results have recently been confirmed in humans by a 
cross-over designed study demonstrating that the combined effect of normobaric 
hypoxia (14% FiO2) and bed rest (simulated microgravity) triggers highest extracel-
lular adenosine levels but that also bed rest per se induces adenosine release (Strewe 
et al. 2018b). Altogether, adenosine signaling via A2AR and A2BR and accumulation 
of immunosuppressive intracellular cAMP in activated immune cells (Sitkovsky 
2003) inhibits intracellular pathways required for synthesis and secretion of pro- 
inflammatory and cytotoxic mediators by immune cells, effects which will termi-
nate the immune cells’ effector functions and thereby downregulate the immune 
response. In addition, some beneficial effects of exposition to moderate oxygen 
tension are also confirmed in clinical studies in patients with inflammatory compro-
mised states (Girardis et al. 2016; Asfar et al. 2017).

16.3  Life Aboard the ISS: 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 spaceflight might cause hypoxia 
leading to the upregulation 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. 16.2) 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 
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Fig. 16.2 Stress Supersystems: The major stress supersystems of the body comprise the sympa-
thetic 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
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for man to leave Earth, it is hard to predict how these endogenous stress response 
supersystems may interact during long-duration spaceflights (LDMs) and what the 
long-term effects on the astronauts’/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 signif-
icantly change airway breathing characteristics. Both altered central blood volume 
distribution and mechanical airway characteristics might end up in pulmonary ven-
tilation/perfusion mismatch thereby compromising lung gas exchange. Such sim-
ple mechanistic effects are likely to be even more pronounced during sleep when 
physical activity and consciousness are decreased and control of airway patency is 
impaired (Prisk 1998).

At the microcirculatory level, oxygen delivery may be further limited by 
peripheral vasoconstriction due to elevated blood levels of stress hormones like 
vasopressin, adrenaline, and noradrenaline, with the action of the catecholamines 
being potentiated by vasoconstrictor permissive effects of increased blood con-
centrations of cortisol (Yang and Zhang 2004). Tissue malperfusion may addition-
ally be aggravated by partial obstruction of capillaries due to catecholaminergic 
activation and aggregation of blood platelets, known to be induced upon stimula-
tion of α2α adrenergic 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 
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 
hypobaric 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.
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16.4  Are There Environmental Stress Conditions Which Are 
Able to Upregulate Immunosuppressive Hypoxic 
Signaling Pathways Irrespective of Tissue Hypoxia?

Little is known about factors able to upregulate or to mimic hypoxic signaling path-
ways independently from a lack in oxygen, i.e. under conditions of normoxia. A 
broad review on the different regulatory mechanisms of HIF-1 activity was pub-
lished by Koyasu et al. (2018). In this regard stress caused by cosmic radiation (see 
Chaps. 20 and 28) likely represents an important factor 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-1α. Enhanced translation of 
HIF-1α-regulated transcripts in the tumor microenvironment has been demonstrated 
to modify the expression of multiples immune regulatory components such as 
CD47, PD-L1, HLA-G (Li et al. 2018) and thus leading to evasion of hypoxic can-
cer cells from immunity. Furthermore, evidence exists that HIF-1α protects tumor 
cells from apoptosis by radiation under hypoxia (Fu et al. 2015). Additionally, it has 
been demonstrated that HIF-1 regulatory mechanisms may not only become active 
and induce tumor radioresistance under hypoxic but also under normoxic condi-
tions through cancer-specific genetic alterations (Harada 2016). Therefore, all these 
pathways represent targets to enhance efficacy of antitumor therapies by developing 
novel cancer immunotherapies. These data describe furtherly explored pathways 
contributing significantly to our understanding of HIF-1α regulation by radiation 
which may be one of the reasons for the development of immunosuppression in 
astronauts/cosmonauts during LDMs.

Accordingly, HIF-1α was shown not only to directly suppress immune- 
stimulatory cytokine production and to lead via T regulatory cells to dysfunction 
but also to modulate the acid–base regulation in the tumor microenvironment and 
the production of immuno-modulatory lactate (Li et al. 2018). Moreover, HIF-1α 
interacts with key enzymes for the generation of immunosuppressive adenosine. For 
instance, HIF-1α upregulates the AMP degrading and adenosine forming enzyme 
ecto 5′-NT (CD73) (Synnestvedt et al. 2002) and increases adenosine A2B recep-
tor expression (Kong et  al. 2006) due to the location of hypoxia-responsive ele-
ments (HRE) in the promoter region of these genes. Moreover, HIF-1α 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 extracel-
lular space and strengthen immunosuppressive signaling via A2 receptor expression 
(Sitkovsky et al. 2004). Increasing research and knowledge about this signaling cas-
cade ensues the search to counteract these modulations in order to strengthen anti-
tumor therapy and its effects. Hatfield and Sitkovsky (2016) demonstrated that A2A 
adenosine receptor antagonists are able to weaken immunosuppression that is medi-
ated this way. Such immunosuppressive mechanisms 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 
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multidrug resistance protein P-glycoprotein 1, a MDR ATP/chloride 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 irra-
diated with doses as low as 10 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 nonspe-
cific membrane leakage.

The direct effects of radiation in terms of enhanced ATP release and immuno-
suppressive 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 intracellular 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).

16.5  Testing for the Effects of Hypoxia on Humans’ Immunity 
in Ground Space Analogues: Surprising News 
for Planning Deep Space Exploration?

Despite the clearly identified risk for the development of tissue hypoxia dur-
ing LDM, to the best of our knowledge there are no space in-flight data available 
regarding 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 
individuals subjected to head-down tilt to mimic microgravity-induced cardiovas-
cular 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 O2 content was lowered and lactate increased in peripheral venous 
blood returning from the periphery, while respective parameters and mean pres-
sure were unchanged in arterial blood. Furthermore, direct consequences of hypoxic 
conditions on human physiology were evidenced during the PlanHab Study, a cross- 
over designed experiment carried out in Slovenia (see also Chap. 36) and exposing 
subjects to bed rest and/or normobaric hypoxia for 21 days (Strewe et al. 2018b). 
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Its results demonstrated a significant increase of adenosine under hypoxia but unex-
pectedly also bed rest under normoxic conditions evoked such an increase (Strewe 
et al. 2018b) (Fig. 16.3).

Thus, hypoxic mechanisms cannot be the sole explanation and further investiga-
tions should elucidate these findings. Ongoing genetic analyses are expected to give 
better insights and further help to analyze more precisely the hypoxia-dependent 
signaling pathways under such combined influences.

Besides such short- and mid-term experiments and other numerous observa-
tional studies strongly suggesting that astronauts/cosmonauts are prone to hypoxia 
(Grigor’ev et  al. 2008) and immunosuppression (Guèguinou et  al. 2009) during 
long-term spaceflight missions, long-term isolation experiments have been run in 
the Antarctic region to determine how hypobaric hypoxia might affect the complex 
interaction between the body’s stress supersystems at the psychoneuroendocrino-
logical and immunological level (results as summarized in Fig. 16.4). Furthermore, 
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 crews at the Antarctic Neumayer III Station at sea level in the context of the 
CHOICE-Study (Consequences of long-term-Confinement and Hypobaric HypOxia 
on Immunity in the Antarctic Concordia Environment) (see also Chaps. 36 and 38). 
Analyses of recent data from this study revealed changing patterns in the neuroendo-
crine stress response due to the exceptional Antarctic environment and specifically to 
the condition of hypobaric hypoxia. The activity of the endocannabinoid system that 
regulates and takes part in multiple physiological processes from stress (Chouker 
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Fig. 16.3 Extracellular adenosine concentrations in plasma; data are means ± SEM; units are 
nmol/l; HAMB = hypoxic ambulation (n = 12); BDC = Baseline Data Collection; R2 = 2 days after 
the end of condition; ∗ significant difference to BDC in HAMB (p < 0.05). Hypoxia in combina-
tion with bed rest results in even higher adenosine plasma concentrations than stated in 
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et al. 2010) over memory consolidation (Campolongo et al. 2013) to physical activ-
ity (Feuerecker et al. 2012) seems to be generally enhanced in such a surrounding. 
However, the influence of hypobaric hypoxia as experienced at Concordia station 
seems to downregulate this activity by an increased sympathoadrenal answer (Strewe 
et al. 2018a). Thus, the two neuroendocrine systems show a negative correlation.

On the immunological level, former data from the CHOICE study of two over-
wintering seasons at Concordia in 2009 and in 2010 also demonstrated modula-
tions that mirror the specific environmental conditions and their influence under 
long- term exposition. Components of the innate and adaptive immune response 
showed a sensitization and a shift towards pro-inflammation was observed by an 
altered cytokine expression and a heightened activation of innate cells residing in a 
sort of alert status (priming). Furthermore, T-cell-mediated immune answers were 
enhanced when stimulated with recall antigens or other stimuli displaying a further 
immune imbalance promoting inflammation. Hypoxia-dependent signaling path-
ways (adenosine, HIF-1α) known to exert a immunosuppressive function and to 
limit the inflammatory response were less effective thus favoring a disinhibition of 
immune functions with subsequent possible enhanced inflammation (Feuerecker 
et  al. 2019) (Fig.  16.4). Therefore, it seems that long-term, chronic exposure to 
hypobaric hypoxia results in an adaptive activation pattern of regulator proteins 
such as HIF-1α. This is supported by other publications on long-term hypoxia and 
HIF-1α in humans that reported a short-lived transient activation of HIF-1α depen-
dent pathways. Some of these studies investigated the effects of hypoxia in geneti-
cally adapted populations e.g. Tibetans, Andeans on the HIF pathway (Bigham and 
Lee 2014; Bigham 2016). Petousi et al. (2014) were able to show that “Tibetans 
living at sea level exhibit a hyporesponsive hypoxia-inducible factor system and 
blunted physiological responses upon exposure to hypoxia.” However, all these 
studies mainly focused on genetically adapted populations and may hence differ 
from nonadapted subjects. A situation similar to the one represented in CHOICE 
was described by Goyal and Longo (2014). The latter group demonstrated, although 
in a sheep model, that exposition to ~3800 m of altitude for 110 days does not lead 
to significant differences in protein levels of HIF-1α. In another animal model Baze 
et al. (2010) showed an altered gene expression pattern in murine livers subjected 
to chronic hypoxia. They found that “after 32 days, the previously described stress 
pathways, and in particular the HIF pathway, are no longer significant factors in reg-
ulating and maintaining physiological acclimation to hypoxia.” (Baze et al. 2010).

Therefore, long-term in contrast to short-term confinement and in combination 
with hypoxia seems to inhibit the regulatory role of the hypoxia-signaling pathways 
emphasizing the different impacts on human immunity of the respective condition. 
In the light of planned long-term space missions such as flights to Mars or residence 
in space habitats more detailed knowledge of the impacts on the human immune 
system is mandatory.

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 func-
tions. The hypoxic and normoxic pathways of the neurohumoral stress response may 
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synergistically 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 Intensive Care Unit critically ill patients experience substantial amounts of 
psychological and physical stress frequently complicated by tissue hypoxia.
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17Cellular and Molecular Responses 
to Gravitational Force-Triggered Stress 
in Cells of the Immune System

Oliver Ullrich and Cora S. Thiel

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

Since the early days of human spaceflight, an enhanced susceptibility to bacterial 
and viral infections has been observed during the Apollo missions (NASA 1967, 
1968). First evidence suggesting disturbed cellular function arose from investi-
gations of lymphocytes from astronauts of the Soyuz and Skylab missions, that 
showed a considerably decreased response to mitogenic stimulation during and 
after flight (Konstantinova et  al. 1973; Hawkins and Zieglschmid 1975; Kimzey 
1977). Then, during the first Spacelab mission, in vitro experiments confirmed a 
strongly impaired response of lymphocytes to proliferative stimuli under space con-
ditions (Cogoli et al. 1984). Whereby several types of cultured cells are sensitive 
to gravity (Ingber 1999; Vorselen et al. 2014), the immune system belongs to the 
most affected systems during spaceflight (reviewed in Comet 2001; Frippiat et al. 
2016; Choukèr and Ullrich 2016). Sensitivity of cells of the human immune system 
to reduced gravity has been confirmed in numerous studies in real and simulated 
microgravity (reviewed in Choukèr and Ullrich 2016; Thiel et al. 2017a). The very 
first space experiment which investigated the effects of altered gravity in isolated 
cells of the human immune system identified a severe inhibition of lymphocyte pro-
liferation in microgravity and enhanced proliferation in hypergravity, demonstrat-
ing that cells are in principle sensitive to gravity (Cogoli et al. 1984; Cogoli 1996). 
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Since then, a plethora of in vitro studies have been conducted and reconfirmed cel-
lular sensitivity to gravity in different immune cell systems, platforms, and affecting 
many cellular and molecular functions (reviewed in Thiel et  al. 2017a): Cells of 
the monocyte–macrophage system (MMS) demonstrated disturbed cytokine release 
(Limouse et al. 1991; Schmitt et al. 1996), reduced oxidative burst (Armstrong et al. 
1995; Adrian et al. 2013), alteration of the cytoskeleton (Meloni et al. 2006), sig-
nificant changes in gene expression associated with macrophageal differentiation 
(Hughes-Fulford et al. 2008), and activation of syk signaling pathway (Brungs et al. 
2015) in microgravity. Experiments with T lymphocytes and T cell lines, one of 
the best investigated cells in microgravity, revealed that a remarkable sensitivity to 
gravity with respect to cell cycle regulation (Thiel et al. 2012), epigenetic (Singh 
et al. 2010) and chromatin regulation (Paulsen et al. 2010), gene expression (Chang 
et al. 2012), micro RNA expression (Mangala et al. 2011), regulation of apoptosis 
(Lewis et al. 1998; Battista et al. 2012), and expression of cytokines IL-2 and IFN-γ 
was changed in microgravity (Cogoli and Cogoli-Greuter 1997).

Recent studies described a reactivation of the varicella zoster virus (VZV), a latent 
nervous system virus, in astronauts (Cohrs et al. 2008; Mehta et al. 2004), an alarm-
ing 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 orbit (Guéguinou et al. 2009) (see also Chaps. 11–16, and 
19). Therefore, immune system deterioration during long-term spaceflights could 
contribute to an increased susceptibility to infection, autoimmunity and cancer dur-
ing exploration class missions. Thus, it is an urgent need to understand the cellular 
and molecular mechanisms by which altered gravity changes the functions of cells 
of the immune system and to assess the cellular capacity and mechanisms for adap-
tation to a new gravitational environment. Knowing the molecular and genetic basis 
of cellular response to altered gravity will provide key information for appropriate 
risk management, efficient monitoring, and countermeasures against existing limit-
ing factors for human health and performance in altered gravity during manned 
exploration of the solar system.

The gravity field may act on a cell directly or indirectly. In the experimental sys-
tems 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 limita-
tions of the ISS and other space-based research platforms, parabolic flights pro-
vide frequent and repeated access to microgravity and therefore allow replication 
and modification 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 ultrashort, initial and primary effects and mechanisms are 
amenable in short-term-microgravity provided by parabolic flight maneuvers. In 
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vivo and in  vitro experiments in microgravity can be performed on board of an 
aircraft flying on a Keplarian trajectory, described as an unpropelled body in ide-
ally frictionless space subjected to a centrally symmetric gravitational field (Pletser 
2016; Studer et al. 2010). Due to the fact that cells of the immune system are obvi-
ously influenced by altered gravity, its gravisensitive nature render these cells also 
an ideal biological model in the search for general gravisensitive mechanisms in 
mammalian cells (Fig. 17.1).

Whereas it has been supposed that the most of the cellular effects of micro-
gravity or of simulated weightlessness by the clinostat model may be attributed to 
the generalized unspecific reaction of a cell to external influence (Kondrachuk and 
Sirenko 1996), recent findings support a more specific nature of the cellular reac-
tions (Paulsen et al. 2010; Thiel et al. 2017c, d). The ability of cells to transduce, to 
process 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 mechanisms by which the cells react to mechanical forces could lead to 

Normal gravity

Clinorotation

Fig. 17.1 T-cell activation in 
1 g (static) culture versus 
simulated microgravity 
(clinorotation); Photo credit 
to Clarence Sams (NASA 
Johnson Space Centre) and 
Mayra Nelman-Gonzalez 
(Wyle)
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an idea how cells may transduce gravitational forces. In the last decade, much prog-
ress has been made in understanding the response of cells to physical forces (Vogel 
and Sheetz 2006; Hoffman and Crocker 2009; Wang et al. 2009; Tajik et al. 2016; 
Athirasala et  al. 2017; Uhler and Shivashankar 2018). 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.

17.2  Gravisensitivity in Cells of the Immune System

Several investigations provide evidence of alterations in signal transduction in 
lymphocytes. In this type of cells, enhanced phosphorylation of the MAP kinases 
ERK-1/2, MEK, and p38 and inhibition of nuclear translocation of NF-kB were 
the predominant responses to simulated weightlessness (Paulsen et  al. 2010), 
whereas p44/42- MAPK- phosphorylation was reduced in microgravity during the 
MASER-12 sounding rocket experiment (Tauber et  al. 2013). mRNA expression 
of p21, cyclin- dependent kinase 2-associated protein 2 (CDK2AP2, p14), cyclin-
dependent kinase 4 (CDK4), cyclin-dependent kinase inhibitor 3 (CDKN3), and 
cyclin D3 (CCND3) changed rapidly and reversibly in microgravity compared to 
normogravity or hypergravity (Thiel et al. 2012), whereby microgravity-induced 
p21 mRNA expression inhibition was dependent on histone acetylation/deacety-
lation activity (Thiel et al. 2012). Microgravity affected the protein kinase C (PKC) 
(Hatton et al. 2002; Schmitt et al. 1996), whereas delivery of first activation sig-
nal, patching, and capping of conA- binding membrane proteins occurred normally 
(Cogoli et al. 1992). These findings suggest the existence of gravisensitive cellu-
lar targets upstream from PKC and downstream from the T cell receptor (TCR)/
CD3, where the lipid-raft-associated membrane-proximal signalosome complex is 
located. However, experiments with primary human T cells during the MASER-12 
experiment suggested that key proteins of T cell signal modules are not severely 
disturbed in microgravity and that the strong T cell inhibiting signal occurs prob-
ably downstream from membrane proximal signaling, such as at the transcriptional 
level (Tauber et al. 2013). In this context, gene expression analysis of T cells sub-
jected to simulated microgravity revealed an alteration of several signal modules, in 
particular NF-kB and MAPK- signaling (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 at the chromatin and epigen-
etic level have been suggested (Paulsen et al. 2010; Singh et al. 2010)

Recently, the dynamics of gene expression response to different gravitational 
environments in human Jurkat T lymphocytic cells and human myelomonocytic 
U937 were investigated through the combination of parabolic flight with suborbital 
ballistic rocket and 2D clinostat and centrifuge experiments, using strict controls 
for excluding all possible other factors of influence (Thiel et al. 2017c, d, 2018). 
Human T cells rapidly responded to altered gravity in the time frame of 20 s and 
5 min, involving regulatory RNAs as major response (Thiel et al. 2017c). A recent 
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ISS study suggested that T-cell activation itself may induce a sequence of gene 
expressions that is self-limited by miR-21 (Hughes-Fulford et al. 2015). Although 
three gravity- regulated genes (ATP6V1A/D, IGHD3-3/IGHD3-10 and LINC00837) 
could be identified by cross-validation in completely independent experiment mis-
sions (Thiel et al. 2017c), an overall high stability of gene expression in micrograv-
ity was found, with olfactory gene expression in the chromosomal region 11p15.4 
as particularly robust to altered gravity (Thiel et al. 2017d).

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 spaceflights of the shuttle 
missions STS (Space Transportation System)-80 and STS-95 (Cubano and Lewis 
2000), suggesting an enhanced Fas-FasL-mediated apoptosis of immune cells. 
During a 14-day spaceflight (SLS-2-mission) an accumulation of p53 has been 
found in keratinocytes 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 stimulation during microgravity could also be caused by a reduced expression 
of IL-2 receptor (Schwarzenberg et al. 1999; Walther et al. 1998; Tauber et al. 2013, 
2015), resulting in an impairment 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 
expressing IL-2-receptor (Hashemi et  al. 1999). However, the molecular mecha-
nisms 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) investigated 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 demonstrated that simulated weightlessness leads to massive 
alterations in the cytoskeleton of J-111 cells, which in turn influences motility and 
recently revealed during an ISS experiment a severe reduction in the locomotion 
ability of monocytic cells in microgravity (Meloni et al. 2008) (see also Chap. 14). 
However, primary human macrophages exhibited neither quantitative nor structural 
changes of the cytoskeleton after 11 days in microgravity during the CELLBOX 
ISS experiment, and only minor alterations in the metabolite spectrum (Tauber et al. 
2017). Lymphocyte function-associated antigen 1 (LFA-1) and intercellular adhe-
sion molecule-1 (ICAM-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 
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also to be sensitive to microgravity (Meloni et al. 2008; Paulsen et al. 2014, 2015; 
Tauber et al. 2017), whereas their interaction is not altered (Meloni et al. 2008). 
Surprisingly, the ISS experiment TRIPLE LUX A provided direct evidence of cel-
lular sensitivity in macrophages within seconds and a subsequent ultrafast adapta-
tion in only 42 s to microgravity, through real-time on orbit measurements (Thiel 
et  al. 2017b). Therefore, the ultrafast adaptation response of the oxidative burst, 
the extensive and rapid adaptation of gene expression, and the cytoskeletal stability 
after long-term microgravity exposure suggest the existence of rapid force transduc-
tion and transmission into a cellular response, followed by adaptation processes.

17.3  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 environ-
mental 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 characteristic of many 
normal and abnormal biological processes within the human organism including 
embryonic development, defense against infections, wound healing, and tumor metas-
tasis (Lauffenburger and Horwitz 1996; Horwitz and Parsons 1999). Especially cells 
of the immune system need to move over long distances in the human body in only a 
few hours. Their high plasticity is a requirement to adapt to the changing environment 
(Vargas et  al. 2017). An example are neutrophil granulocytes that 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.They have the capability to pass through gaps smaller than 1.5 μm by 
varying the organization of the cytoskeleton in different environments (Thiam et al. 
2016). Returning astronauts of spaceflight missions exhibited a strong increase of 
neutrophil granulocytes immediately after landing (Kaur et al. 2004) and neutrophil 
chemotactic assays showed a tenfold decrease in the optimal dose–response after the 
return to Earth (Stowe et al. 1999). In previous studies, changes in gravity demon-
strated 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 sig-
nal 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 cells in the human body have to respond to different environmental condi-
tions. They sense mechanical forces and signals and react to these changes. So far, 
it is still controversially discussed if the forces generated by Earth gravitation are 
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too small to generate a cellular response (Vorselen et al. 2014). However, multiple 
investigators have reported a cellular sensitivity to gravity (Najrana and Sanchez- 
Esteban 2016). The cytoskeleton of cells is discussed to be a candidate to sense and 
promote mechanical forces. The mechanism of signal conversion into an intracel-
lular response is termed tensegrity (Ingber 1998).

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 
et  al. 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. In the tensegrity model, all three types of 
cytoskeletal fibers are involved in the cellular response (Maniotis et al. 1997; Eckes 
et al. 1998; Hubmayr et al. 1996; Pourati et al. 1998). This model suggests that all 
nonspecialized cells are able to sense changes in gravity by differences in the bal-
ance of force distribution.

Multiple investigators have reported that this complex network of fibers is 
sensitive to environmental factors such as microgravity and altered gravitational 
forces (Schatten et al. 2001). The self-organization of microtubules is e.g. gravity- 
dependent and affected by exposure to altered gravity (Papaseit et al. 2000; Tabony 
et al. 2007). Furthermore, several studies demonstrate modifications of the actin 
and microtubule cytoskeleton in microgravity. Already a few minutes of weight-
lessness affected the cytoskeleton of lymphocytes, astrocytes, neurons, and glial 
cells, disorganizing microtubules, intermediate filaments, and microfilaments 
(Uva et al. 2002b, 2005; Roesner et al. 2006). Morphological differences of both 
the microtubule 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. However, cells and tissues should be considered as highly dynamic 
systems which constantly adapt to new environmental situations. Cellular changes 
that are visible after short-term altered gravity like seconds or minutes could be 
compensated after hours or days of exposure to the new stimulus. For instance, 
primary human macrophages exposed to five minutes of microgravity during a 
suborbital rocket flight showed changes in the actin cytoskeleton, while after 
exposure of 11 days of real microgravity, the cells showed neither quantitative 
nor structural changes of the actin and vimentin cytoskeleton (Tauber et al. 2017; 
Thiel et al. 2019).
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17.4  Graviperception: Lessons Learned from Unicellular 
Systems

All living organisms on Earth developed under a constant gravitational force 
(Barlow 1995; Volkmann and Baluska 2006). Therefore it can be anticipated that 
similar strategies for graviperception has been emerged during evolution of life. 
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; 
Häder and Hemmersbach 1997; Häder et al. 2017). Ciliates and flagellates are par-
ticularly interesting, because they can show positive and negative gravitaxis i.e. a 
movement in the same or opposite direction as the gravity vector, and gravikinesis, 
an altered swimming velocity, and have the advantage of convenient experimental 
handling and observation as well as short population doubling times (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 mecha-
nisms of graviperception evolved: (1) in the ciliate Loxodes gravity is sensed by 
specific organelles called Müller vesicles. They consist of a statolith composed of 
barium sulfate (Penard 1917; Rieder 1977; Fenchel and Finlay 1986) within a vacu-
ole attached to a ciliary stick. The experimental disconnection of the statolith and 
the ciliary stick led to the loss of gravitaxis, indicating that the Müller vesicles are 
the cellular gravireceptors (Hemmersbach et al. 1998); (2) in the flagellate Euglena 
and the ciliate Paramecium density differences between cytoplasm and extracel-
lular medium activate mechanosensitive ion channels (Hemmersbach et al. 1998, 
1999; Lebert and Haeder 1996; Lebert et al. 1997). In Euglena, experiments in real 
microgravity showed that the cells react to gravity and gravity changes (Häder et al. 
2006). The entire cell content which is heavier than the medium surrounding the 
cell, presses on the lower cell membrane and is used for the perception of gravity 
(Lebert et al. 1997). Lebert and colleagues calculated that under terrestrial condi-
tions the force acting on the lower membrane is between 0.57 and 1.13 pN (Lebert 
et al. 1999). On the molecular level, it could be shown that the gravireceptor is a spe-
cific transient receptor potential (TRP) channel (Elbashir et al. 2001). This type of 
channel is involved in many cellular processes like photoreception, nociception, and 
mechanoperception (Barritt and Rychkov 2005). The activation of the TRP channel 
induces different signal transduction cascades where calcium, cAMP, calmodulin, 
and phosphorylation processes play an important role (Hemmersbach and Haeder 
1999; Häder and Lebert 2001; Schwer et al. 2013; Tahedl et al. 1997; Haeder et al. 
2005; Streb et al. 2002). The sensitivity for gravity differs in Paramecium (thresh-
old <0.35 g; Hemmersbach et al. 1996, 1998), Euglena (threshold ≤0.16 g; Haeder 
et al. 1996, 1997), and Loxodes (threshold <0.15 g; Hemmersbach et al. 1998). This 
was shown by using a slow rotating centrifuge microscope (NIZEMI) in micro-
gravity and identifying the acceleration threshold inducing graviresponse. Below 
these thresholds, protists were unable to perceive gravity and lost their typical grav-
ity-based directed movements (Hemmersbach-Krause et  al. 1993). These results 
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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.

17.5  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. 
One of the first theoretical studies about the physical background of cellular micro-
gravity effects evaluated phenomena like temperature, Brownian movement, con-
vection, hydrostatic forces, and cell membrane stress, concluding that cells with a 
diameter of 10 μm and more would experience gravity (Pollard 1965). However, 
because the weight of single normal-sized cells of 10 μm is too small compared 
with other cellular forces, direct “sensing” of the gravity vector, e.g. to distinct 
between up and down, seems unlikely (Albrecht-Buehler 1991; Klopp et al. 2002). 
But, due to the much larger weight of the surrounding tissues and fluids, cells are 
constantly subjected to environmental force changes caused by gravity and may 
thus “sense” gravity indirectly at least as the magnitude of gravity-induced weight 
forces (Albrecht-Buehler 1991), e.g. through the hydrostatic pressure in a fluidic 
environment. Since decades, it has been asked for mechanism by which the gravi-
tational force becomes transmitted into a biological process (Brown 1991), but was 
rarely addressed in experimental approaches. In a very recent review about percep-
tion of gravity in eukaryotes (Häder et al. 2017), gravity-perception by cytoskeletal 
processes and mechanosensitive ion channel have been discussed, but the presented 
theories about gravitational force—transmission in mammalian cells remained 
speculative and not substantiated by thorough experiments. Therefore, until today, 
no theory of gravitational force transmission into a biological process in mamma-
lian cells has been experimentally validated so far.

17.5.1  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 (10 pN for 1 s, Jiang et al. 2006). Adhesion-mediated signaling provides cells 
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with information about multiple parameters of their microenvironment, including 
mechanical characteristics (Bershadsky et al. 2006). During the last decade, several 
molecules and mechanisms of adhesion-mediated signaling have been identified, 
mostly in endothelial cells, where the response to fluid shear stress alters and regu-
lates 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 platelet endothelial cell adhesion 
molecule (PECAM-1) directly transmits mechanical force and, in cooperation with 
vascular endothelial (VE)-cadherin and vascular endothelial growth factor recep-
tor (VEGFR)-2, mediates the response of confluent endothelial cells to shear flow 
(Tzima et al. 2005). Interestingly, modulation of the expression of surface adhe-
sion molecules such as ICAM-1 has been reported as the consequence of long-term 
microgravity (Tauber et  al. 2017; Buravkova et  al. 2005; Romanov et  al. 2001). 
Additionally, early molecular mechanisms responsible for gravity sensing of endo-
thelial cells involve caveolae and Caveolin-1 phosphorylation (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 orienta-
tion of membrane adhesion molecules ICAM-1 and LFA-1 (Mossman et al. 2005). 
Therefore it is possible that integrin-mediated force transduction renders the immu-
nological synapse a gravisensitive site.

17.5.2  Cellular Mechanosensory System

If the cells are able to sense gravitational forces by adhesion to the extracellu-
lar 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 
transduced 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 sig-
nal by cytoskeleton- associated proteins. According to the tensegrity model (Fuller 
1961), the whole cell is a prestressed structure (Ingber 1993, 2003b), with tensions 
generated by the actin–myosin network, by cellular force through focal adhesions 
(Choquet et  al. 1997; Tamada et  al. 2004), by cell–cell adhesions and polymer-
ization 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 prestress 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 
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(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 extracellular matrix (ECM) proteins and many proteins that link the integrins 
to the cytoskeleton. Therefore, cells could hypothetically “measure” strain by inte-
grating 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 bind-
ing partners of cross-linking proteins as potential signal proteins in mechanotrans-
duction, such as including heat shock proteins (HSPs), PKC, ras-related protein 
A (Ral A), Phosphatidylinositol 4,5-bisphosphate (PIP2), Phosphatidylinositol 
(3,4,5)-trisphosphate (PIP 3), Phosphatidylinositol 3 (PI3)-kinase, MEKK1 mito-
gen-activated protein 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 pro-
teins 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 
release. Myosin mechanosensing is best demonstrated by myoIC 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.

Mechanotransduction occurs through sensing of the major matrix signals 
through focal adhesion proteins and the cytoskeleton (Chan et al. 2009; Riveline 
et al. 2001; Iskratsch et al. 2014), contributing to the activation of a variety of tran-
scription factors such as YAP/TAZ (Miralles et al. 2003; Dupont et al. 2011; Halder 
et al. 2012; Miroshnikova et al. 2017), SRF/MRTF-A (Vartiainen et al. 2007; Morita 
et al. 2007), NF-κB (Hayden and Ghosh 2008), and JMY (Campellone and Welch 
2010) and transcription co-activators (Sathe et al. 2016; Wang and Gilmore 2003) 
to regulate gene expression. In addition, cytoskeleton-regulated Rho GTPase fur-
ther mediates cell-shape-dependent changes in cell-cycle progression (Mammoto 
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et al. 2007, 2004). Interestingly, SRF binding sites are present in the promoters of a 
majority of genes inhibited in T cells activated in microgravity (Chang et al. 2012). 
Given that Ras/MAPK and Rho/actin pathways activate SRF, these cytoskeleton- 
regulating small GTPases could be disrupted in microgravity explaining the reduced 
T cell activation (Katsch et al. 2012).

17.5.3  Force Transduction into the Nucleus

Because transcriptome alterations could be detected as early as 20 s after the onset of 
altered gravitational force two independent cell models and independent experiment 
campaigns (Thiel et al. 2015, 2017c, d, 2018), fast-reacting transduction cascades 
between the gravitational force and the regulation of the transcriptome have to be 
assumed. In summary, mechanosensation at the plasma membrane leads to down-
stream nucleocytoplasmic shuttling of various transcription regulators (Thorpe and 
Lee 2017). Whereas significant transcription-caused transcriptome alterations are 
theoretically possible after 20 s (Callegari 2016; Danko et al. 2013; Darzacq et al. 
2007; Maiuri et al. 2011), the preceding signal cascade has to occur within seconds 
or faster, which has been demonstrated for direct mechanotransduction into the 
nucleus previously (Wang et al. 2009; Thorpe and Lee 2017; Athirasala et al. 2017), 
in contrast to biochemical signal transduction cascades into the nucleus, requiring 
10 min or more (Karin and Hunter 1995; Tsang et al. 2008).

The physical link between the nucleus and the cytoskeletal compartments is 
represented by the “linker of nucleoskeleton and cytoskeleton (LINC)” complex, 
composed of inner and outer nuclear membrane proteins with diverse functions in 
nuclear positioning, nuclear shaping, chromatin organization, and mechanotransduc-
tion (Chang et  al. 2015) (see also Fig.  17.2). The LINC complex, formed by the 
interaction of nesprins and SUN proteins at the nuclear envelope (Lombardi et al. 
2011) binds to nuclear lamin proteins, whereby lamins interact with chromatin either 
directly or through histones and other lamin-associated proteins including emerin, 
lamin B receptor (LBR), heterochromatin protein 1 (HP1), barrier-to- autointegration 
factor (BAF), LEM domain-containing protein 3 (LEMD3), and several lamin-asso-
ciated polypeptide-2 (LAP2) isoforms (Wilson and Foisner 2010). Lamins undergo 
conformational change under cytoskeletal forces (Ihalainen et  al. 2015) and also 
impact gene expression through their interaction with transcription factors affect-
ing proliferation, differentiation, and apoptosis (Wilson and Foisner 2010; Dreuillet 
et al. 2002). The inner nuclear membrane (INM) is enriched in a wide range of pro-
teins that are required for nuclear structure, chromosome organization, DNA repair 
machinery, and transcriptional regulation (Katta et al. 2014). At least 60 proteins have 
been identified to associate with the INM, but their functions are mostly unknown 
(Hetzer 2010). Tethering of peripheral chromatin to the nuclear lamina occurs in 
specific genomic regions termed lamin-associated domains (LADs) of “repressive 
heterochromatin” which reduces transcription factor accessibility resulting in low 
gene expression levels (Guelen et al. 2008). Cyclic stretching force induces redis-
tribution of emerin from the inner nuclear membrane (INM) to the outer nuclear 
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Fig. 17.2 Schematic summary of gravity-sensitive molecular alterations in cells of the immune 
systems. Red: Potential gravity-sensing systems. All depicted alterations could represent either 
transient changes during homeostatic regulations or a new steady state in the microgravity 
environment
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membrane (ONM), which results in the detachment of heterochromatin from the 
nuclear lamina transcription attenuation (Le et al. 2016). In mammals, genome-wide 
analysis showed that lamin-bound heterochromatin builds up to 40% of the genome 
(Solovei et al. 2013; Ihalainen et al. 2015), organized in LADs. Consequently, there 
is accumulating evidence that the nuclear periphery is a transcriptionally repressive 
compartment with a large genome fraction either in transient or permanent contact 
with nuclear envelope, where the majority of genes are maintained in a silent state 
(Shevelyov and Nurminsky 2012). Also the nucleus is held under a pre-stress tension 
by links to the cytoskeleton resulting in a homeostatic balance of the organization 
of interphase chromosomes (Mazumder et al. 2008). Recent research demonstrated 
that the nuclear envelope and its associated proteins directly respond to mechanical 
forces (Fedorchak et  al. 2014; Navarro et  al. 2016; Belaadi et  al. 2016). Nuclear 
shape changes then result in chromosome reorientation and repositioning as well 
as differential lamin A/C levels regulated by cell geometry (Makhija et al. 2016), 
whereby the nuclear G or F actin has been shown to be involved in transcription 
regulation (Gieni and Hendzel 2009; Zheng et  al. 2009). Microgravity typically 
causes cell shape changes and associated cytoskeletal alterations (Ingber 1999; 
Lewis 2004; Tauber et al. 2017). In living cells, the cytoskeleton is organized and 
stabilized as a tension-dependent form of architecture (known as tensegrity) (Ingber 
1999). Transduction of an externally applied force is mediated by both intermedi-
ate filaments and F-actin, and requires some cytoskeletal pre-stress (Hu et al. 2005; 
Maniotis et al. 1997). Although the majority of mechanotransduction research has 
focused on the perception of mechanical forces at and across the cell membrane to 
induce signaling pathways originating in the cytoplasm (Wang et al. 2009; Thorpe 
and Lee 2017), many experimental evidences demonstrated a very close connec-
tion between cytoskeletal force transduction and chromosome organization and gene 
expression: Alterations in cell geometry resulted in cytoskeletal reorganization, lead-
ing to nuclear morphology remodeling, affecting orientation, 3D radial position, 
compaction, and intermingling of chromosome territories (Wang et  al. 2017) and 
chromatin condensation (Versaevel et al. 2012), accompanied by differential gene 
expression patterns (Ramdas and Shivashankar 2015). In summary, changes in cell 
geometry obviously results to altered nuclear plasticity and chromatin accessibil-
ity, suggesting the existence of highly precise geometric codes that translate cell 
mechanical signals into precise genetic outputs (Uhler and Shivashankar 2016).

17.5.4  Force-Sensitive Ion 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 extracellu-
lar 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 2006), 
whereas typical membrane tensions in animal cells are a thousand-fold lower than 
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the activating bacterial tensions (Sheetz 2001). Membrane channels, for example, 
the PKD2 Ca2+ 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 signaling molecules. In 
this context, cellular responses to forces in bone and cartilage are probably the con-
sequence of out-of-plane forces on channel–cytoskeleton linkages (Haut Donahue 
et al. 2004). Force-sensitive ion channels have been discussed as trigger point of 
mechanotransduction (Ingber 2006, 2008; Goldermann and Hanke 2001; Meissner 
and Hanke 2005) into complex cellular reactions such as gene expression. The tran-
sient receptor potential cation channel TRPC1 is known to be activated by stretch 
(Maroto et al. 2005; Garrison et al. 2012), it represents a candidate for transduction 
of gravitational forces in cells of the MMS. This hypothesis was corroborated by 
the finding that in the unicellular photosynthetic flagellate Euglena gracilis, knock-
down of a putative TRP channel abolished gravitaxis (Häder et al. 2009).

Possible cellular gravisensing mechanisms and gravisensitive cellular molecules 
and functions are summarized in Table 17.1.

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 (e.g. TRCP1)
Gravisensitive cellular molecules and mechanisms
Protein kinase C
NF-kB
MAPK-signaling
c-fos, c-myc, and c-jun
LINC complex
Chromatin and epigenetic regulation
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
ATP6V1A/D
IGHD3-3/IGHD3-10
LINC00837

Gravitational forces may be sensed by individual cells in the context 
of altered extracellular matrix mechanics, cytoskeletal organization, 
or internal pre-stress 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

Table 17.1 Cells of the 
immune system are 
exceptionally sensitive to 
microgravity
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17.6  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 mechan-
ics, cell shape, cytoskeletal organization, or internal pre-stress in the cell–tissue 
matrix (Ingber 1999). For understanding the force transduction system, it seems 
not reasonable to focus on any single signaling mechanism in isolation (Strohman 
1997; Coffey 1998). The reality is, that normally multiple simultaneous inputs are 
transduced and integrated within the structural complexity of the living cell (Ingber 
1999). Particularly, the gravitational force acts everywhere in and around the cell, 
and is obviously transduced to a highly time- and cell type-specific pattern of altered 
transcriptome response (Thiel et al. 2017c, d, 2018).

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, mech-
anosensitive 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 micrograv-
ity. 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 exploration class 
missions. Such long-term missions represent a challenge never experienced before: 
Small or even marginal medical problems could easily evolve to substantial chal-
lenges, 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 interplanetary flights, to elucidate the underlying mecha-
nism of limiting factors for human health and performance in microgravity, such as 
for the immune system, and to identify and test potential counteractive interventions 
is an urgent need. Therefore, identification of gravisensitive cellular reactions will 
also help to understand the molecular mechanisms of disturbed immune cell func-
tion 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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OES Orbital Environmental Simulator
RT-PCR Reverse transcriptase-polymerase chain reaction
RWV Rotating wall vessel
SMG Simulated microgravity
STLV Slow turning lateral vessel

Although preventative measures to mitigate infectious disease risks to the crew are 
stringently enforced prior to the launch of spacecraft, pathogenic organisms are still 
carried by crewmembers, the spacecraft, and its cargo (Taylor 1974; Castro et al. 
2004; Gueguinou et al. 2009) (see also Chap. 25). Of additional concern is space-
flight food, which is randomly monitored for microbial content prior to flight, yet 
remains a potential route of infection for food-borne pathogens, such as Salmonella 
sp. and Staphylococcus aureus. While the crewmembers are exceptionally healthy, 
dysfunction of their immune system has been repeatedly associated with spaceflight 
missions (Gueguinou et al. 2009), suggesting an increased susceptibility to infection. 
Other factors, such as the relatively crowded living conditions on flight vehicles, also 
increase the risk of infectious disease during spaceflight. Indeed, transfer of micro-
bial flora between crewmembers has been demonstrated (Taylor 1974; Pierson et al. 
1996). In addition, infections from the astronauts’ own normal microbiological flora 
are still a risk, such as staphylococcal and streptococcal skin infections and urinary 
tract infections. Evaluations of the environmental microbiome aboard Mir and the 
International Space Station (ISS) indicated a predominance of common members of 
the environmental flora (Castro et al. 2004), although the appearance of medically 
significant organisms has been documented (Ott 2004). Moreover, increased antibi-
otic resistance for some bacteria during culture in spaceflight has been reported 
(Tixador et al. 1985; Kacena and Todd 1999), which could potentially compromise 
effective prophylactic treatment if a crew member were to acquire an in-flight infec-
tion from such an organism. Latent viruses also remain a risk to the astronauts (see 
Chap. 19) because of their ubiquity, the ineffective current preventive practices (e.g., 
quarantine), and their immunocompromised state (Pierson et  al. 2007). Thus, the 
presence of opportunistic and obligate pathogens and the corresponding risk of infec-
tious diseases cannot be completely prevented during spaceflight.

In order to fully understand the impact of spaceflight on infectious disease risks 
to the crew, it is critical to advance our knowledge of the effects of spaceflight on 
the human immune system in a synergistic approach with studies to characterize 
spaceflight-associated changes in microorganisms, alterations in the human and 
environmental microbiome, and the resulting impact on host–pathogen interactions. 
A wide variety of spaceflight experiments have been performed over the past 
50 years demonstrating an extensive range of observed phenotypic and, recently, 
molecular genetic changes in microorganisms (Dickson 1991; Nickerson et  al. 
2004; Klaus and Howard 2006; Horneck et al. 2010); however, information eluci-
dating the mechanism(s) behind these changes and how spaceflight affects micro-
bial virulence has only recently begun to emerge.
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18.1  Modeling Aspects of Spaceflight Culture on Earth

Our knowledge of spaceflight-induced alterations in microbial virulence has been 
enhanced by the use of ground-based spaceflight analog culture systems, such as the 
NASA- designed Rotating Wall Vessel (RWV) bioreactor (Fig. 18.1). The RWV is 
an optimized form of suspension culture in which cells are grown in cylindrical 
bioreactors, called high aspect ratio vessels (HARV) or slow turning lateral vessels 
(STLV) in physiologically relevant low fluid-shear conditions. The RWV consists of 
a hollow disk (HARV) or cylinder (STLV) that is completely filled with culture 
medium and rotates on an axis parallel to the ground (Klaus 2001; Nickerson et al. 

LSMMG orientation

Cells do not
sediment

Cells
sediment

Sampling/filling
ports

Power 
supply

Control orientation 

a b

Fig. 18.1 The rotating wall vessel (RWV) bioreactor and power supply. The HARV RWV biore-
actor is depicted in the (a) Low-shear modeled microgravity (LSMMG) and (b) control orienta-
tions. For both orientations, the cylindrical culture vessel is completely filled with culture medium 
through ports on the face of the vessel (indicated by black arrows in a) and operates by rotating 
around a central axis. Cultures are aerated through a hydrophobic membrane that covers the back 
of the reactor. In the LSMMG orientation (a), the axis of rotation of the RWV is perpendicular to 
the direction of the gravity force vector. In the control orientation (b), the axis of rotation is parallel 
with the gravity force vector. The direction of rotation is indicated by a green arrow in both orienta-
tions. The effect of RWV rotation on particle suspension is depicted for each orientation (insets). 
When the RWV is not rotating, or rotating in the control orientation, the force of gravity will cause 
particles in the apparatus to sediment and eventually settle on the bottom of the RWV (b, inset). 
When the RWV is rotating in the LSMMG position, particles are continually suspended in the 
media (a, inset). The result is a solid-body rotation of the medium and cells within the RWV, with 
the sedimentation of the particles/cells due to gravity being offset by the upward forces of rotation. 
The result is low fluid-shear aqueous suspension that is similar to what would occur in true 
microgravity
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2004). The result is solid-body rotation of the medium and the cells within and a 
constant rotation perpendicular to the gravitational field that results in an environ-
mental culture, which mimics aspects of the spaceflight environment (Nickerson 
et al. 2004). As a result, sedimentation of cells due to gravity is offset by the forces 
of the RWV rotation. The culture environment experienced by cells in the RWV is 
commonly referred to as low-shear modeled microgravity (LSMMG), modeled 
microgravity (MMG), or simulated microgravity (SMG). Interestingly, the low 
fluid-shear culture conditions in the RWV are relevant to those encountered by 
numerous microbial pathogens and commensals during their normal life cycles in 
the gastrointestinal, respiratory, and urogenital tracts (Nauman et al. 2007). A gas-
permeable membrane on one side of the RWV (HARV) or a central core gas 
exchange membrane (STLV) allows constant air exchange during growth (Nickerson 
et al. 2004). Several studies culturing microbes in both the RWV and true space-
flight have focused on profiling molecular genetic (transcriptomic and proteomic), 
phenotypic (in vitro stress), and virulence responses (in vivo) to provide new 
insights into how microorganisms respond to culture in the microgravity environ-
ment of spaceflight. Notably, since pathogens encounter similar low fluid-shear 
regions in the human body, these studies have also revealed novel virulence strate-
gies used by pathogens during the natural course of infection, and thus hold promise 
for the development of new strategies for treatment and prevention of infectious 
diseases on Earth.

18.2  Spaceflight Analog (LSMMG) Culture of Salmonella 
enterica Serovar Typhimurium

The first studies to demonstrate that culture of microbes in both LSMMG and true 
spaceflight conditions alters microbial virulence was performed using the obligate 
bacterial pathogen, Salmonella enterica serovar Typhimurium in a murine model of 
infection (Nickerson et  al. 2000; Wilson et  al. 2007). Indeed, S. Typhimurium 
remains the best characterized microorganism in response to spaceflight and space-
flight analog culture. As a common food-borne pathogen, S. Typhimurium was cho-
sen as the model organism for these studies because (1) it has been extensively 
studied and well characterized, (2) it is a leading cause of intestinal and diarrheal 
disease in healthy individuals, and serious systemic illness in the immunocompro-
mised, and (3) it is one of the five basic categories of organisms targeted by NASA 
for preflight monitoring of spaceflight food. Cultures of S. Typhimurium grown in 
the RWV environment (LSMMG) (Nickerson et al. 2004) displayed a significant 
increase in virulence as evidenced by a decreased time-to-death, decreased lethal 
dose 50 (LD50), and increased tissue colonization (liver and spleen) in murine infec-
tions as compared to control cultures. The S. Typhimurium LSMMG cultures also 
displayed increased survival in cultured macrophages and increased resistance to 
acid stress, two key pathogenesis-related responses that are relevant to bacterial 
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virulence. In addition, this study was the first to demonstrate that the LSMMG envi-
ronment elicits a global molecular genetic response in bacteria using 2-D protein 
gel electrophoresis to show that S. Typhimurium protein levels changed during 
LSMMG culture as compared to controls (Nickerson et al. 2000). This study estab-
lished the paradigm that LSMMG can alter bacterial virulence and serve as a master 
signal to globally reprogram bacterial gene expression. Moreover, this work pro-
vided the first evidence that fluid-shear levels relevant to those encountered by 
Salmonella between the brush border microvilli of intestinal epithelial cells within 
the infected host act as a novel environmental signal that regulates the virulence, 
stress resistance, and gene expression of this pathogen (Nickerson et  al. 2000, 
2004).

To identify the Salmonella genes that changed expression in response to 
LSMMG culture, whole genome microarray analysis was performed using RNA 
harvested from S. Typhimurium cultures grown in LSMMG and control condi-
tions (Wilson et al. 2002a). The results demonstrated that 163 genes globally dis-
tributed across the S. Typhimurium genome are either upregulated (97 genes) or 
downregulated (68 genes) during growth in LSMMG. These genes belonged to a 
variety of functional groups including protein secretion systems, lipopolysaccha-
ride (LPS) synthesis, ribosomal subunits, starvation/stress response, virulence 
factors, transcriptional regulation, iron-utilization enzymes, and several of 
unknown functions. Interestingly, none of the upregulated genes corresponded to 
known virulence factors, even though LSMMG enhanced S. Typhimurium viru-
lence. This suggests that LSMMG may alter Salmonella virulence by a previously 
uncharacterized mechanism(s) that could involve novel virulence functions. 
Alternatively, the increase in Salmonella virulence due to LSMMG may be the 
result of contributions of multiple genes of different functions that are regulated 
as part of the global reprogramming of Salmonella under LSMMG conditions. 
Secondary assays including RT-PCR and LPS gels were used to confirm the hits 
obtained from the microarray analysis. In addition, since the authors noticed that 
ferric uptake regulator (Fur) protein-binding sites were associated with many of 
the genes found in the analysis, they tested the ability of an S. Typhimurium fur 
mutant strain to increase acid stress resistance under LSMMG conditions (as pre-
viously observed with the wild-type strain). The fur mutant did not display this 
phenotype, thus indicating that the fur gene may play a role in the response of S. 
Typhimurium to LSMMG.

Given the global alterations in molecular genetic and phenotypic responses of 
S. Typhimurium to LSMMG culture, it was hypothesized that the rpoS gene was 
a likely candidate for playing a role in LSMMG signal transmission, as it is a 
master regulator of the stress and virulence responses in many bacteria (Hengge-
Aronis 2000; Dong and Schellhorn 2010). Specifically, an S. Typhimurium strain 
containing an rpoS mutation was extensively and systematically compared to an 
isogenic wild-type strain for responses to LSMMG culture (Wilson et al. 2002b). 
This study provided key information regarding the bacterial LSMMG response: 

18 Microbial Stress: Spaceflight-Induced Alterations in Microbial Virulence



332

(1) the rpoS gene is not required for S. Typhimurium to display LSMMG-induced 
phenotypes (analyzed in exponential phase of growth), (2) LSMMG alters resis-
tance to other stresses besides acidic and intracellular macrophage survival, 
including osmotic, thermal, and oxidative stresses, and (3) cells grown in LSMMG 
in minimal media show a shorter lag phase and doubling time compared to control 
cultures.

A follow-up study demonstrated a progressive relationship between the applied 
fluid-shear in the RWV bioreactor and pathogenesis-related molecular genetic and 
phenotypic responses of S. Typhimurium (Nauman et al. 2007). When exposed to 
progressively increasing fluid-shear levels in the RWV, planktonic cultures of S. 
Typhimurium displayed corresponding progressive changes in acid and thermal 
stress responses and targeted gene expression profiles, including rtsA, a regulatory 
protein implicated in Salmonella intestinal invasion. This was the first study to pro-
vide evidence that incremental changes in fluid-shear can cause corresponding 
changes in biological responses in S. Typhimurium during the infection process and 
may lead to discovery of new targets for antimicrobial therapeutic development 
against Salmonella and other pathogens.

The initial studies investigating the impact of LSMMG (and later the spaceflight 
environment) on microbial virulence focused on S. Typhimurium strain χ3339, 
which causes gastroenteritis in humans. Interestingly, a subsequent study investi-
gated the effect of LSMMG culture on a different S. Typhimurium strain (D23580), 
which is a multidrug- resistant clinical isolate of ST313 causing life-threatening sys-
temic infections (Yang et  al. 2016). Unlike classic gastrointestinal Salmonella 
strains (e.g., χ3339), gastroenteritis is often absent during ST313 clinical infections 
and isolates are most commonly recovered from blood, rather than from stool in 
patients—suggesting the possibility that these isolates may be routinely exposed to 
the higher fluid-shear conditions found in the blood stream—which in turn may 
shape their responses to different fluid shear forces. This study showed that D23580 
does indeed respond to fluid shear forces; however, it does so in a distinctly different 
manner relative to classic S. Typhimurium strains that cause gastroenteritis. 
Specifically, exposure of D23580 to high fluid shear (relevant to those encountered 
in areas of the bloodstream) increased its virulence potential and enhanced resis-
tance to select environmental stressors.

18.3  Spaceflight Culture of Salmonella enterica Serovar 
Typhimurium

To determine whether the true microgravity environment of spaceflight alters bac-
terial virulence and gene expression in a similar manner to that of spaceflight-
analog (LSMMG) culture, a flight experiment designated as MICROBE was flown 
aboard Space Shuttle mission STS-115 (Wilson et al. 2007). MICROBE was the 
first experiment to examine the effect of spaceflight on the virulence of a pathogen, 
and the first to obtain the entire molecular genetic response (transcriptomic and 
proteomic) of a bacterium to spaceflight. In this experiment, split samples of S. 
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Typhimurium were grown in otherwise identical environmental conditions aboard 
the Shuttle during spaceflight and on the ground in the Orbital Environmental 
Simulator (OES) room at the Kennedy Space Center. Growth of S. Typhimurium 
was initiated in both settings after the Shuttle was established in microgravity con-
ditions of orbit. A portion of the S. Typhimurium spaceflight cultures were pre-
served with fixative on orbit to preserve samples for RNA/protein analysis to 
measure gene expression changes (via microarray and proteomic assays); while the 

Fig. 18.2 S. Typhimurium virulence in LB, M9, and LB-M9 spaceflight cultures. (a) Ratio of 
LD50 values of S. Typhimurium spaceflight and ground cultures grown in LB (Lennox Broth), M9 
(minimal carbon, high salt medium), or LB-M9 salts media (Lennox Broth supplemented with 
NaH2PO4, KH2PO4, NH4Cl, NaCl, and MgSO4) from STS-115 and STS-123 shuttle mission. 
Female Balb/c mice were perorally infected with a range of bacterial doses from either spaceflight 
or ground cultures and monitored over a 30-day period for survival. (b) Time-to-death curves of 
mice infected with spaceflight and ground cultures from STS-115 (infectious dosage: 107 bacteria 
for both media). (c) Time-to-death curves of mice infected with spaceflight and ground cultures 
from STS-123 (infectious dosage: 106 bacteria for LB and 107 bacteria for M9 and LB-M9 salts). 
Infectious dosages were selected such that the rates in time-to-death facilitated normalized com-
parisons across the different media. (d) SEM of spaceflight and synchronous ground control cul-
tures of S. Typhimurium bacteria showing the formation of an extracellular matrix and associated 
cellular aggregation of spaceflight cells suggesting biofilm formation (magnification: ×3500) 
(Wilson et al. 2007)
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Fig. 18.2 (continued)

other portion of cultures were supplemented with fresh media and used (upon 
return to ground) for murine infections to measure virulence. Remarkably, the vir-
ulence assay results mimicked what was observed in LSMMG conditions in that 
the spaceflight cultures displayed increased virulence as measured by (1) decreased 
time to death, (2) decreased LD50, and (3) increased percent mortality across mul-
tiple infectious dosages (given perorally) in murine infections as compared to 
ground controls (Fig.  18.2). In addition, 167 transcripts and 73 proteins were 
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identified to change expression in response to spaceflight, and these genes were 
globally distributed across the S. Typhimurium genome and belonged to a variety 
of functional groups. Of the genes identified in microarray analysis, a preponder-
ance belonged to the Hfq regulon (including those encoding small regulatory 
RNAs, outer membrane proteins, ribosomal proteins, stress response proteins, 
plasmid transfer functions, iron metabolism, and ion transport) as well as the hfq 
gene itself (which was downregulated) (Table  18.1). Hfq is a highly conserved 
bacterial RNA chaperone protein that binds to small regulatory RNAs thereby 
facilitating their association with mRNAs, the result of which plays a diverse role 
in global regulation of prokaryotic gene expression, virulence, and physiology in 
response to stress (Gottesman 2004; Majdalani et al. 2005; Gottesman et al. 2006; 
Guisbert et al. 2007; Pfeiffer et al. 2007; Sittka et al. 2007, 2008). The spaceflight-
induced Hfq regulon gene changes were up- or downregulated in correlation with 
a decrease in hfq gene expression. This finding corroborates previous microarray 
analysis during S. Typhimurium culture in LSMMG, where the hfq gene is also 
downregulated (Wilson et  al. 2002a). Moreover, the number of downregulated 
genes (98) was larger than the number of upregulated genes (69) in response to 
spaceflight, another similarity to the LSMMG microarray results. Interestingly, 
Hfq also regulates expression of the Fur protein, which was found to play a role in 
the LSMMG-induced acid stress response in S. Typhimurium. Subsequent LSMMG 
ground-based studies using an isogenic hfq mutant strain of S. Typhimurium not 
only supported involvement of Hfq in the S. Typhimurium response to micrograv-
ity but also established the utility of using the RWV in the laboratory to confirm 
observations obtained from spaceflight experiments. Interestingly, electron micro-
scopic evaluation of S. Typhimurium spaceflight samples revealed striking differ-
ences in cellular aggregation and clumping that was associated with the formation 
of an extracellular matrix reminiscent of biofilms as compared to the ground con-
trol cultures (Fig. 18.2d) (Wilson et al. 2007). This phenotypic observation was 
consistent with corresponding differences in the expression of genes associated 
with biofilm formation and may play a role in the enhanced virulence of the organ-
isms grown in space.

Spaceflight studies of Salmonella demonstrate that microgravity culture impacts 
a wide range of microbial characteristics, including growth, morphology, survival, 
metabolism, and gene expression (Nickerson et al. 2004; Wilson et al. 2007, 2008). 
However, these experiments, as well as experiments with other microorganisms, 
have been done with pure cultures using relatively short-duration studies (typically 
≤96 h). Long-term heritable changes, resulting from natural selection and microbial 
evolution, also need to be addressed particularly in the context of human explora-
tion class missions (e.g., Mars mission) during which changes in the spacecraft 
and human microbiome would undoubtedly occur and could pose a risk to mis-
sion success. Indeed, the first experiment to look at the impact of long-duration 
spaceflight culture on microbial responses will launch to the ISS in late 2018. This 
study (entitled EVOLVES) is led by Principal Investigator Cheryl Nickerson from 
Arizona State University and will characterize the functional response of wildtype 
and mutant Salmonella strains to long-term multigenerational growth in the 
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chronic stress of microgravity by examining a range of genotypic, molecular 
genetic and phenotypic responses (https://humanresearchroadmap.nasa.gov/Tasks/
task.aspx?i=436). These studies will provide clear evidence as to whether micro-
gravity creates selective mutations that could impact human exploration of deep 
space.

18.4  Role of Ion Composition on Spaceflight-Induced 
Virulence

The results of the MICROBE experiment aboard STS-115 led to a follow-up experi-
ment, designated MDRV, aboard STS-123. The goal of this experiment was to (1) 
confirm the experimental results from STS-115, and (2) determine if altering the ion 
composition of the growth medium could decrease the spaceflight-induced increase 
in virulence (Wilson et al. 2008). The hypothesis that manipulation of ion concen-
trations could counteract or inhibit the spaceflight-associated increase in Salmonella 
virulence was based on initial results from the MICROBE experiment, which sug-
gested that S. Typhimurium cultures grown in a minimal carbon, high-salt medium 
called M9 did not respond with the same spaceflight-induced increase in virulence 
observed with Lennox broth (LB). In a rare opportunity to replicate a spaceflight 
result, the data from STS-123 fully supported the results from STS-115 in that (1) 
S. Typhimurium spaceflight cultures grown in LB medium displayed increased viru-
lence in murine infection compared to ground controls, and (2) the spaceflight cul-
tures grown in M9 did not display increased virulence compared to controls 
(Fig. 18.2). Moreover, the addition of similar concentrations of five key inorganic 
salts found in M9 medium (NaH2PO4, KH2PO4, NH4Cl, NaCl, and MgSO4) to the 
LB medium reversed the increase in virulence of spaceflight cultures grown in LB 
medium alone. Interestingly, although different virulence responses were observed 
in spaceflight cultures grown in the LB and M9 media, significant similarities in 
gene and protein expression profiles indicated involvement of the Hfq regulon in 
either media. Subsequent ground-based investigations using the RWV reinforced 
the flight data indicating an inhibitory effect of high ion concentrations in the growth 
medium on pathogenesis-related responses. By systematically adding different 
combinations of the inorganic salts to the LB medium in the RWV, phosphate ion 
(PO4) was isolated as the key component to repressing this microbial pathogenesis-
related response (Wilson et al. 2008).

New discoveries using S. Typhimurium as a model organism are continuing as a 
follow-up flight experiment to build upon results obtained from MICROBE and 
MDRV, and were flown on STS-131 (April, 2010). This experiment, designated as 
STL-IMMUNE, was the first experiment to conduct an in-flight infection of human 
cells (intestinal) with a microbial pathogen (S. Typhimurium). The data from this 
spaceflight experiment will provide insight into alterations in host–pathogen interac-
tions that occur during spaceflight and will unveil the cellular and molecular 
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mechanisms behind those changes. This information has the potential to significantly 
change microbial risk assessment and operational requirements during a mission.

The discovery that spaceflight culture increased the virulence of Salmonella, yet 
genes known to be important for the virulence of this pathogen were not regulated 
as expected when this organism is grown on Earth, led to a follow-up experiment 
aboard Space Shuttle mission STS-135 in an effort to translate these research find-
ings toward medical applications. Specifically, researchers investigated the impact 
of spaceflight culture on the protective immunogenicity and gene expression of live 
Recombinant Attenuated Salmonella Vaccine (RASV) strains, including those in 
clinical trials. These genetically engineered vaccine strains are used as carriers to 
infect the host and deliver protective antigens against different microbial pathogens 
to the immune system (Curtiss et al. 2009, 2010; Li et al. 2009; Shi et al. 2010a, b). 
The ultimate goal of this spaceflight vaccine initiative experiment was to accelerate 
the development of RASV strains carrying a protective antigen against Streptococcus 
pneumonia (or pneumococcus) by (1) enhancing their ability to safely induce a 
potent and protective immune response and (2) unveiling novel gene targets to 
develop new and improved existing vaccine strains. Pneumococcus causes life- 
threatening diseases, such as pneumonia, meningitis, and bacteremia, and kills over 
ten million people annually—and is particularly dangerous for newborns and the 
elderly, who are less responsive to current anti-pneumococcal vaccines. Experiments 
like these hold the potential to benefit astronauts on future exploration missions and 
the general public on Earth (Sarker et al. 2010).

18.5  The Response of Pseudomonas aeruginosa 
to Spaceflight and Spaceflight Analog Conditions: 
Similarities and Differences as Compared to Salmonella

As a versatile, ubiquitous bacterium that is occasionally part of the normal human 
flora, P. aeruginosa can also survive in extraterrestrial habitats, as evidenced by its 
isolation from the potable water system on the ISS and from Apollo crewmembers 
(Taylor 1974; Hawkins and Ziegelschmid 1975; Castro et  al. 2004; Bruce et  al. 
2005). Astronaut cross- contamination with P. aeruginosa has been reported during 
short-term missions emphasizing the potential of this infectious agent to rapidly 
spread among crewmembers (Taylor 1974). Thus far, the presence of P. aeruginosa 
in the spaceflight vehicle has led to one reported incapacitating urinary tract infec-
tion in-flight (Taylor 1974). In addition to the importance for astronaut safety, 
studying the behavior of P. aeruginosa in the low fluid-shear conditions of micro-
gravity provides insights into the role that low fluid-shear regions in the human 
body play in triggering virulence characteristics.

In a seminal spaceflight study, McLean et al., demonstrated that P. aeruginosa 
formed biofilms on polycarbonate membranes that were strongly resistant to 
mechanical disruption (McLean et al. 2001). More recent studies discovered that 
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the microgravity environment of spaceflight increased the formation of biofilms 
by P. aeruginosa, and resulted in a unique biofilm architecture, referred to as 
column-and-canopy by the authors (Kim et  al. 2013b). Specifically, biofilms 
grown in spaceflight on cellulose ester membrane discs generated column-shaped 
structures overlaid by canopies (resembling mushroom-shaped biofilms typically 
observed in flow cells), while biofilms formed under ground control conditions 
were flat (commonly observed under static conditions). Since an increased oxy-
gen supply abolished the observed differences between biofilms grown under 
microgravity and control conditions, oxygen limitation in microgravity condi-
tions was proposed to play a role in the observations (Kim et  al. 2013a). The 
spaceflight environment has also been shown to result in higher P. aeruginosa 
densities following 72 h of culture in modified artificial urine medium (Kim et al. 
2013a). The authors proposed that phosphate and oxygen limitations under 
spaceflight growth conditions were the causative factors for the observed 
increased bacterial densities (Kim et al. 2013a). In a separate study, the suscep-
tibility of P. aeruginosa to antibiotics was examined with cultures grown in 
spaceflight and phenotypic analysis done on Earth using antibiotic disc tests on 
solid media. A decreased susceptibility to the polymyxin antibiotic colistin was 
observed, as well as an increased susceptibility to cephalothin, polymyxin B, and 
rifampixin (Juergensmeyer et al. 1999).

Future research into the development and impact of biofilms during spaceflight 
is critical to protect crew health, vehicle systems/integrity, and mission success. 
However, biofilm formation and architecture has only been studied in spaceflight 
experiments using single, pure cultures of microorganisms. To better understand 
the impact of microgravity on the formation, architecture, disinfection sensitivity, 
and corrosion potential of polymicrobial biofilms, a new spaceflight study led by 
Robert McLean at Texas State University will investigate the development of bio-
films created by co-cultures of P. aeruginosa and Escherichia coli, the ability of 
silver solutions to disinfect these biofilms, and the corrosion caused by these bio-
films on stainless steel. These studies will provide new evidence as to whether 
current biofilm control is adequate for spacecraft during human exploration of 
deep space.

The transcriptional and proteomic responses of P. aeruginosa to spaceflight con-
ditions were profiled as a part of the MICROBE experiment (Crabbé et al. 2011). 
Intriguingly, Hfq and a significant part of the Hfq regulon were differentially regu-
lated by P. aeruginosa in spaceflight. As described above, Hfq was initially identi-
fied as a key regulator in the LSMMG and spaceflight response of S. Typhimurium 
(Wilson et al. 2002a, 2007, 2008). Hence, Hfq is the first transcriptional regulator 
ever shown to be involved in the spaceflight response across bacterial species. 
Among the genes with the highest fold inductions in spaceflight-grown P. aerugi-
nosa were those encoding the lectins, LecA and LecB. Lectins play a role in the 
bacterial adhesion process to eukaryotic cells, and have clinically important cyto-
toxic effects (Gilboa-Garber et  al. 1977; Bajolet-Laudinat et  al. 1994; Chemani 
et al. 2009). Another virulence gene that was induced by P. aeruginosa in response 
to spaceflight culture conditions was rhlA, which encodes rhamnosyltransferase I 
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involved in rhamnolipid surfactant biosynthesis. Rhamnolipids are glycolipidic 
surface-active molecules with cytotoxic and immunomodulatory effects in eukary-
otic cells (McClure and Schiller 1996; Davey et al. 2003; Pamp and Tolker-Nielsen 
2007). Furthermore, spaceflight induced the expression of genes and proteins 
involved in the anaerobic growth of P. aeruginosa. Indeed, more limited oxygen 
availability could occur in spaceflight conditions due to low fluid-shear and thus, 
low mixing growth conditions. In a separate study, the gene expression profiles of P. 
aeruginosa and S. Typhimurium cultured in spaceflight were compared using a sys-
tems biology approach. Common pathways that were differentially regulated under 
spaceflight conditions in both organisms included pathways related to ribosome 
synthesis, RNA degradation, protein export, flagellar assembly, methane metabo-
lism, toluene degradation, oxidative phosphorylation, TCA cycle, glycolysis, and 
purine and pyrimidine metabolism (Roy et al. 2016).

The cultivation of P. aeruginosa PAO1  in spaceflight analog conditions 
(LSMMG) in the RWV (28°C) in LB medium induced a transcriptomic and 

a

c d

b

Fig. 18.3 Biofilm formation of P. aeruginosa in LSMMG (a and c) and higher shear (b and d) 
conditions using the RWV bioreactor. Panels a and b show P. aeruginosa PAO1 grown in LB 
medium and the gas-permeable membrane on the backside of the vessel was stained with Crystal 
Violet to detect biofilm formation. The decanted culture was collected in Falcon tubes (center). 
Panels c and d show SEM images of P. aeruginosa CF isolate PA39 grown in artificial sputum 
medium. Magnification = 4500× (Dingemans et al. 2016)

18 Microbial Stress: Spaceflight-Induced Alterations in Microbial Virulence
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phenotypic profile related to virulence (Crabbé et  al. 2010). More specifically, 
PAO1 produced higher amounts of the exopolysaccharide alginate when grown in 
LSMMG, as compared to the control. Alginate is an important virulence factor in 
P. aeruginosa since it restricts the diffusion of antimicrobial agents and confers 
resistance to immune defense mechanisms by avoiding phagocytic uptake, scav-
enging reactive oxygen species and suppressing leukocyte function (Learn et al. 
1987; Pier et  al. 2001). Accordingly, an increased oxidative stress resistance in 
LSMMG-grown P. aeruginosa was observed, as well as a higher transcription of 
the alternative sigma factor algU, essential for alginate production. As mentioned 
above, Hfq was also found to be an important regulator in the LSMMG response of 
P. aeruginosa (Table 18.1) (Wilson et al. 2002a, 2007, 2008; Crabbé et al. 2010, 
2011). In addition, the P. aeruginosa LSMMG regulon (comprised of 134 genes) 
included genes involved in stress resistance, motility, and microaerophilic/anaero-
bic metabolism.

Another impact of low fluid-shear was demonstrated in a study where LSMMG-
grown P. aeruginosa (37°C) formed dense self-aggregating biofilms in LB 
medium (Fig. 18.3a) (Crabbé et al. 2008) in contrast to membrane-attached bio-
films formed in the higher fluid shear control orientation (Fig. 18.3b). Interestingly, 
the phenotypic and gene expression profiles grown in LSMMG showed similari-
ties with those of P. aeruginosa found in lung secretions of cystic fibrosis (CF) 
patients (Lam 1980; Singh et  al. 2000; Sriramulu et  al. 2005; Bjarnsholt et  al. 
2009). In CF patients, the formation of drug-resistant and/or tolerant microcolo-
nies by P. aeruginosa in the dense and viscous lung mucus is the major cause of 
mortality (Wagner and Iglewski 2008). Low fluid-shear zones are believed to be 
present in the lung mucus of CF patients due to the absence of mucociliary clear-
ance, which represents the main shear-causing factor in the normal lung mucus 
(Blake 1973). Recently, LSMMG-induced self-aggregating biofilms were also 
reported for a highly adapted, transmissible P. aeruginosa CF isolate cultured in 
artificial sputum medium (Fig. 18.3c, d) (Dingemans et al. 2016). Using a P. aeru-
ginosa strain and growth medium relevant for the CF lung environment resulted 
in the induction of additional pathways by LSMMG that are involved in the 
metabolism and virulence of this microorganism in the CF patient population 
(Dingemans et al. 2016).

18.6  How Universal Is the Microbial Response to Spaceflight 
and Spaceflight Analog Culture?

The studies described in the previous sections involving S. Typhimurium and P. 
aeruginosa provide key examples of two biomedically important human patho-
gens that exhibit a variety of similarities and differences in their responses to 
spaceflight and spaceflight-analog culture. While these organisms have 
received the most extensive degree of study, the response of other pathogens to 
these environments have also been investigated, and results from these studies 
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suggest both potential common mechanisms as well as a myriad of different 
responses.

For example, Staphylococcus aureus is a Gram-positive bacterium of particular 
importance to crew health due to its prevalence and reported transmission aboard 
spacecraft (Pierson et al. 1996; Castro et al. 2004). RWV-cultured S. aureus dis-
played slower growth and generally repressed virulence characteristics, including 
decreased carotenoid production (Rosado et al. 2010; Castro et al. 2011), decreased 
capacity to lyse red blood cells (Rosado et al. 2010), increased susceptibility to 
oxidative stress (Castro et al. 2011), reduced survival in whole blood (Castro et al. 
2011), and intriguingly, increased formation of a biofilm phenotype (Castro et al. 
2011). Furthermore, molecular genetic expression analysis revealed the downregu-
lation of the RNA chaperone protein Hfq, which parallels the response of S. 
Typhimurium to LSMMG culture. This common association with Hfq in both 
Gram-positive and Gram-negative organisms suggests an evolutionarily conserved 
response to fluid-shear among structurally diverse prokaryotes (Castro et al. 2011). 
However, unlike S. Typhimurium and P. aeruginosa, these results suggest S. aureus 
responds to the RWV environment by initiating a biofilm phenotype with dimin-
ished virulence characteristics that may enable the organism to establish a long 
term commensal relationship with the host. Collectively, these comparisons may 
provide unique insight into key factors influencing the delicate balance between 
infection and colonization by S. aureus during the initial host–pathogen 
interaction.

In addition, other Enterobacteriaceae have been profiled in response to LSMMG 
culture to determine the conserved nature of this response (Pacello et al. 2012; Soni 
et al. 2014). For example, a study by Soni et al. evaluated various Enterobacteriaceae 
from different genera in a systematic “side-by-side” manner. Evaluations of S. 
Typhimurium, E. coli, Enterobacter cloacae, Citrobacter freundii, and Serratia 
marcescens revealed essentially identical growth kinetics in both the LSMMG and 
control orientation for each organism. Each species was also profiled for LSMMG-
induced stress resistance at stationary phase, including acid and oxidative stress. 
These studies confirmed that culture in LSMMG altered the acid stress response of 
most of these microorganisms, however some became more sensitive while others 
became more tolerant. Notably, C. freundii did not display any change in acid stress 
response. When evaluated for changes in oxidative stress response, all cultures 
grown in LSMMG became more sensitive to oxidative stress. In addition, qRT-PCR 
analysis demonstrated that the molecular genetic response of these species to 
LSMMG is conserved across Enterobactericeae (e.g., hfq, trpD, and ydcI), but the 
direction of gene expression changes (i.e. up or down) can vary depending on the 
genus.

The number and variety of microorganisms that have been studied in spaceflight 
and spaceflight analog culture is extensive, and beyond the scope of this chapter. 
However, several other findings from experiments investigating the responses of 
medically significant microorganisms during culture in these environments are pre-
sented in Table 18.2.

18 Microbial Stress: Spaceflight-Induced Alterations in Microbial Virulence



348

M
ic

ro
or

ga
ni

sm
E

nv
ir

on
m

en
t

Fi
nd

in
g

E
. c

ol
i

L
SM

M
G

In
cr

ea
se

d 
re

si
st

an
ce

 to
 a

 v
ar

ie
ty

 o
f 

pa
th

og
en

es
is

-r
el

at
ed

 s
tr

es
se

s,
 in

cl
ud

in
g 

lo
w

 p
H

, o
sm

ot
ic

, a
lc

oh
ol

, a
nd

 th
er

m
al

 s
tr

es
s 

(G
ao

 
et

 a
l. 

20
01

; L
yn

ch
 e

t a
l. 

20
04

, 2
00

6;
 A

lle
n 

et
 a

l. 
20

08
).

L
SM

M
G

A
ci

d 
an

d 
os

m
ot

ic
 s

tr
es

s 
re

si
st

an
ce

 w
as

 s
ho

w
n 

to
 b

e 
R

po
S-

in
de

pe
nd

en
t i

n 
th

e 
ex

po
ne

nt
ia

l p
ha

se
 o

f 
cu

ltu
re

 (
si

m
ila

r 
to

 th
e 

fin
di

ng
s 

fo
r 

S.
 T

yp
hi

m
ur

iu
m

 c
ul

tu
re

d 
to

 e
xp

on
en

tia
l p

ha
se

 in
 th

e 
R

W
V

 (
W

ils
on

 e
t a

l. 
20

02
b)

),
 b

ut
 R

po
S-

de
pe

nd
en

t i
n 

st
at

io
na

ry
 p

ha
se

 
(L

yn
ch

 e
t a

l. 
20

04
).

L
SM

M
G

D
en

se
 b

io
fil

m
s 

th
at

 e
xh

ib
ite

d 
in

cr
ea

se
d 

re
si

st
an

ce
 to

 s
om

e 
en

vi
ro

nm
en

ta
l s

tr
es

se
s 

an
d 

an
tib

io
tic

s 
w

er
e 

ob
se

rv
ed

 w
he

n 
E

. c
ol

i 
w

as
 c

ul
tu

re
d 

to
 s

ta
tio

na
ry

 p
ha

se
 u

nd
er

 L
SM

M
G

 c
on

di
tio

ns
, a

s 
co

m
pa

re
d 

to
 c

on
tr

ol
 c

on
di

tio
ns

, i
n 

th
e 

pr
es

en
ce

 o
f 

gl
as

s 
m

ic
ro

ca
rr

ie
r 

be
ad

s 
(L

yn
ch

 e
t a

l. 
20

06
).

L
SM

M
G

C
ar

va
lh

o 
et

 a
l. 

(2
00

5)
 in

fe
ct

ed
 a

 3
-D

 m
od

el
 o

f 
co

lo
ni

c 
ep

ith
el

iu
m

 w
ith

 e
ith

er
 L

SM
M

G
 o

r 
co

nt
ro

l-
cu

ltu
re

d 
E

nt
er

op
at

ho
ge

ni
c 

E
. 

co
li

 (
E

PE
C

) 
or

 E
nt

er
oh

ae
m

or
rh

ag
ic

 E
. c

ol
i (

E
H

E
C

),
 r

es
pe

ct
iv

el
y,

 w
he

n 
bo

th
 th

e 
ho

st
 a

nd
 p

at
ho

ge
n 

w
er

e 
si

m
ul

ta
ne

ou
sl

y 
cu

ltu
re

d 
in

 th
e 

R
W

V
 b

io
re

ac
to

r. 
Fo

rm
at

io
n 

of
 a

tta
ch

in
g 

an
d 

ef
fa

ci
ng

 le
si

on
s 

si
m

ila
r 

to
 th

at
 o

bs
er

ve
d 

du
ri

ng
 th

e 
no

rm
al

 c
ou

rs
e 

of
 in

fe
ct

io
n 

in
 v

iv
o,

 a
nd

 in
cr

ea
se

d 
in

tim
in

 e
xp

re
ss

io
n 

w
er

e 
ob

se
rv

ed
 d

ur
in

g 
E

H
E

C
 in

fe
ct

io
n 

of
 3

-D
 c

ol
on

 c
el

ls
 in

 th
e 

R
W

V
.

L
SM

M
G

In
cr

ea
se

d 
to

xi
n 

pr
od

uc
tio

n 
ob

se
rv

ed
 in

 E
nt

er
ot

ox
ig

en
ic

 E
. c

ol
i (

E
T

E
C

) 
cu

ltu
re

d 
un

de
r 

L
SM

M
G

 c
on

di
tio

ns
 a

s 
co

m
pa

re
d 

to
 

co
nt

ro
l c

ul
tu

re
s,

 w
hi

ch
 c

or
re

la
te

d 
w

ith
 in

cr
ea

se
d 

flu
id

 a
cc

um
ul

at
io

n 
in

 m
ic

e 
in

fe
ct

ed
 w

ith
 L

SM
M

G
-c

ul
tu

re
d 

E
T

E
C

 (
C

ho
pr

a 
et

 a
l. 

20
06

).
 I

nc
re

as
ed

 T
N

F 
pr

od
uc

tio
n 

w
as

 o
bs

er
ve

d 
in

 m
ac

ro
ph

ag
es

 in
fe

ct
ed

 w
ith

 E
PE

C
 c

ul
tu

re
d 

un
de

r 
L

SM
M

G
 a

s 
co

m
pa

re
d 

to
 c

on
tr

ol
 c

ul
tu

re
s.

L
SM

M
G

In
cr

ea
se

d 
ad

he
re

nc
e 

of
 a

dh
er

en
t-

in
va

si
ve

 E
. c

ol
i t

o 
C

ac
o-

2 
co

lo
ni

c 
ep

ith
el

ia
l c

el
ls

 w
he

n 
th

e 
ba

ct
er

ia
 w

er
e 

cu
ltu

re
d 

un
de

r 
L

SM
M

G
; a

n 
ef

fe
ct

 w
hi

ch
 b

ec
am

e 
ev

en
 m

or
e 

pr
on

ou
nc

ed
 w

ith
 a

n 
rp

oS
 m

ut
an

t (
A

lle
n 

et
 a

l. 
20

08
).

L
SM

M
G

M
ul

tig
en

er
at

io
na

l g
ro

w
th

 o
f 

E
. c

ol
i i

n 
L

SM
M

G
 in

du
ce

d 
ge

ne
tic

 c
ha

ng
es

 c
om

pa
re

d 
to

 a
n 

un
ad

ap
te

d 
co

nt
ro

l s
ug

ge
st

in
g 

th
e 

m
ic

ro
gr

av
ity

 a
na

lo
g 

en
vi

ro
nm

en
t m

ay
 s

el
ec

tiv
el

y 
ad

ap
t m

ic
ro

or
ga

ni
sm

s 
ov

er
 ti

m
e 

(T
ir

um
al

ai
 e

t a
l. 

20
17

).
L

SM
M

G
A

 c
om

pa
ri

so
n 

w
as

 p
er

fo
rm

ed
 e

va
lu

at
in

g 
E

. c
ol

i s
tr

ai
n 

M
G

16
55

 tr
an

sc
ri

pt
io

na
l r

es
po

ns
es

 w
he

n 
cu

ltu
re

s 
w

er
e 

gr
ow

n 
in

 r
ic

h 
an

d 
m

in
im

al
 m

ed
iu

m
 u

nd
er

 L
SM

M
G

 a
nd

 c
on

tr
ol

 c
on

di
tio

ns
. W

hi
le

 r
ep

ro
du

ci
bl

e 
pa

tte
rn

s 
w

er
e 

id
en

tifi
ed

 u
nd

er
 e

ac
h 

co
nd

iti
on

, n
o 

sp
ec

ifi
c 

ge
ne

s 
w

er
e 

id
en

tifi
ed

 th
at

 w
ou

ld
 s

ug
ge

st
 a

 s
in

gl
e 

ge
ne

 th
at

 w
as

 c
on

si
st

en
tly

 d
if

fe
re

nt
ia

lly
 r

eg
ul

at
ed

 u
nd

er
 e

ve
ry

 
L

SM
M

G
 c

on
di

tio
n 

(T
uc

ke
r 

et
 a

l. 
20

07
).

L
SM

M
G

E
va

lu
at

io
n 

of
 s

ev
er

al
 s

tr
ai

ns
 o

f 
E

. c
ol

i O
15

7:
H

7 
cu

ltu
re

d 
un

de
r 

L
SM

M
G

 p
ro

vi
de

d 
ev

id
en

ce
 th

at
 c

el
ls

 w
er

e 
in

cr
ea

si
ng

 in
 s

iz
e 

in
 a

 
m

ed
ia

 d
ep

en
de

nt
 f

as
hi

on
 (

K
im

 e
t a

l. 
20

14
).

L
SM

M
G

E
va

lu
at

io
n 

of
 s

ev
er

al
 s

tr
ai

ns
 o

f 
E

. c
ol

i O
15

7:
H

7 
cu

ltu
re

d 
un

de
r 

L
SM

M
G

 in
di

ca
te

d 
a 

de
cr

ea
se

d 
re

si
st

an
ce

 to
 th

er
m

al
 s

tr
es

s 
(5

5°
C

) 
an

d 
hi

gh
er

 m
em

br
an

e 
flu

id
ity

 b
as

ed
 o

n 
fa

tty
 a

ci
d 

co
nt

en
t (

K
im

 a
nd

 R
he

e 
20

16
).

L
SM

M
G

E
. c

ol
i c

ul
tu

re
d 

in
 L

SM
M

G
 d

is
pl

ay
ed

 a
 d

ec
re

as
ed

 s
us

ce
pt

ib
ili

ty
 to

 c
ip

ro
flo

xa
ci

n 
co

m
pa

re
d 

to
 c

on
tr

ol
 c

ul
tu

re
s.

 O
ne

 p
os

si
bl

e 
ex

pl
an

at
io

n 
w

as
 in

cr
ea

se
d 

ex
pr

es
si

on
 o

f 
ef

flu
x 

pu
m

p 
ge

ne
s 

ac
rA

B
-t

ol
C

 (
X

u 
et

 a
l. 

20
15

).

Ta
b

le
 1

8.
2 

O
th

er
 p

er
tin

en
t 

fin
di

ng
s 

fr
om

 e
xp

er
im

en
ts

 i
nv

es
tig

at
in

g 
m

ed
ic

al
ly

 s
ig

ni
fic

an
t 

m
ic

ro
or

ga
ni

sm
s 

cu
ltu

re
d 

in
 s

pa
ce

fli
gh

t 
an

d 
sp

ac
efl

ig
ht

 a
na

lo
g 

co
nd

iti
on

s

C. M. Ott et al.



349

M
ic

ro
or

ga
ni

sm
E

nv
ir

on
m

en
t

Fi
nd

in
g

St
re

pt
oc

oc
cu

s 
pn

eu
m

on
ia

e
L

SM
M

G
D

if
fe

re
nt

ia
l t

ra
ns

cr
ip

tio
na

l r
eg

ul
at

io
n 

of
 1

01
 g

en
es

, i
nc

lu
di

ng
 th

os
e 

in
vo

lv
ed

 in
 th

e 
ad

he
re

nc
e 

an
d 

in
va

si
on

 (
A

lle
n 

et
 a

l. 
20

07
).

Sa
cc

ha
ro

m
yc

es
 

ce
re

vi
si

ae
A

po
llo

 1
6

In
cr

ea
se

d 
ph

os
ph

at
e 

up
ta

ke
 o

bs
er

ve
d 

du
ri

ng
 s

pa
ce

fli
gh

t c
ul

tu
re

 (
B

er
ry

 a
nd

 V
ol

z 
19

79
).

A
po

llo
 1

6
In

cr
ea

se
d 

su
rv

iv
al

 in
 ti

ss
ue

s 
fo

llo
w

in
g 

m
ul

tip
le

 in
fe

ct
io

n 
ro

ut
es

 in
 a

 m
ou

se
 m

od
el

 o
f 

in
fe

ct
io

n 
(i

nt
ra

pe
ri

to
ne

al
, t

ai
l v

ei
n,

 a
nd

 
ep

id
er

m
al

) 
as

 c
om

pa
re

d 
to

 g
ro

un
d-

ba
se

d 
co

nt
ro

ls
 (

H
ie

be
l a

nd
 V

ol
z 

19
77

; V
ol

z 
19

90
).

L
SM

M
G

R
an

do
m

 b
ud

di
ng

 p
at

te
rn

 a
nd

 te
nd

en
cy

 to
 s

el
f-

ag
gr

eg
at

e 
an

d 
cl

um
p 

in
 r

es
po

ns
e 

to
 L

SM
M

G
 c

ul
tu

re
 in

 c
on

tr
as

t t
o 

no
rm

al
 b

ip
ol

ar
 

bu
dd

in
g 

no
rm

al
ly

 o
bs

er
ve

d 
in

 c
on

tr
ol

s.
 C

or
re

sp
on

di
ng

 c
ha

ng
es

 in
 e

xp
re

ss
io

n 
of

 g
en

es
 im

po
rt

an
t f

or
 p

ol
ar

ity
, b

ud
di

ng
, a

nd
 c

el
l 

se
pa

ra
tio

n 
(P

ur
ev

do
rj

- G
ag

e 
et

 a
l. 

20
06

).
L

SM
M

G
M

ic
ro

ar
ra

y 
an

al
ys

is
 s

ho
w

ed
 d

if
fe

re
nt

ia
l r

eg
ul

at
io

n 
of

 S
. c

er
ev

is
ia

e 
ge

ne
s 

in
cl

ud
in

g 
th

os
e 

im
po

rt
an

t f
or

 e
nv

ir
on

m
en

ta
l s

tr
es

s 
re

sp
on

se
s 

(J
oh

an
so

n 
et

 a
l. 

20
02

; S
he

eh
an

 e
t a

l. 
20

07
).

C
an

di
da

 
al

bi
ca

ns
L

SM
M

G
In

cr
ea

se
d 

fr
eq

ue
nc

y 
of

 fi
la

m
en

to
us

 f
or

m
s 

in
 L

SM
M

G
 c

ul
tu

re
s 

ac
co

m
pa

ni
ed

 b
y 

ch
an

ge
s 

in
 e

xp
re

ss
io

n 
of

 h
w

p1
 a

nd
 y

w
p1

, 
as

so
ci

at
ed

 w
ith

 y
ea

st
-h

yp
ha

l t
ra

ns
iti

on
. T

he
 m

or
ph

og
en

ic
 s

w
itc

h 
fr

om
 r

ou
nd

, b
ud

di
ng

 y
ea

st
 to

 fi
la

m
en

to
us

 f
or

m
 is

 a
ss

oc
ia

te
d 

w
ith

 e
nh

an
ce

d 
vi

ru
le

nc
e 

(A
lte

nb
ur

g 
et

 a
l. 

20
08

).
Sp

ac
e 

Sh
ut

tle
 

ST
S-

11
5

T
he

 fi
rs

t g
lo

ba
l t

ra
ns

cr
ip

tio
na

l p
ro

fil
in

g 
an

d 
ph

en
ot

yp
ic

 c
ha

ra
ct

er
iz

at
io

n 
of

 th
e 

fu
ng

al
 p

at
ho

ge
n,

 C
. a

lb
ic

an
s,

 g
ro

w
n 

in
 

sp
ac

efl
ig

ht
 c

on
di

tio
ns

. E
nh

an
ce

d 
ra

nd
om

 b
ud

di
ng

 o
f 

sp
ac

efl
ig

ht
-c

ul
tu

re
d 

ce
lls

 w
as

 o
bs

er
ve

d 
as

 o
pp

os
ed

 to
 b

ip
ol

ar
 b

ud
di

ng
 

pa
tte

rn
s 

fo
r 

gr
ou

nd
 c

on
tr

ol
s 

(F
ig

. 1
8.

4)
. S

pa
ce

fli
gh

t d
if

fe
re

nt
ia

lly
 r

eg
ul

at
ed

 4
52

 g
en

es
 c

om
pa

re
d 

to
 g

ro
un

d 
co

nt
ro

ls
, i

nc
lu

di
ng

 
th

os
e 

in
vo

lv
ed

 in
 a

nt
if

un
ga

l a
ge

nt
 a

nd
 s

tr
es

s 
re

si
st

an
ce

, e
.g

., 
A

B
C

 tr
an

sp
or

te
rs

, e
rg

os
te

ro
l, 

an
d 

ox
id

at
iv

e 
st

re
ss

 r
es

is
ta

nc
e 

(C
ra

bb
é 

et
 a

l. 
20

13
).

St
re

pt
oc

oc
cu

s 
m

ut
an

s
L

SM
M

G
In

cr
ea

se
d 

se
ns

iti
vi

ty
 to

 o
xi

da
tiv

e 
st

re
ss

. T
ra

ns
cr

ip
to

m
ic

 a
na

ly
si

s 
sh

ow
ed

 d
if

fe
re

nt
ia

l e
xp

re
ss

io
n 

of
 2

47
 g

en
es

 c
om

pa
re

d 
to

 c
on

tr
ol

 
cu

ltu
re

s,
 in

cl
ud

in
g 

th
os

e 
in

vo
lv

ed
 in

 c
ar

bo
hy

dr
at

e 
m

et
ab

ol
is

m
, t

ra
ns

la
tio

n,
 a

nd
 s

tr
es

s 
re

sp
on

se
s 

(O
rs

in
i e

t a
l. 

20
17

).
M

yc
ob

ac
te

ri
um

 
m

ar
in

um
L

SM
M

G
L

SM
M

G
 e

nh
an

ce
d 

se
ns

iti
vi

ty
 to

 o
xi

da
tiv

e 
st

re
ss

 a
s 

co
m

pa
re

d 
to

 c
on

tr
ol

 c
on

di
tio

ns
. T

ra
ns

cr
ip

to
m

ic
 a

na
ly

si
s 

de
m

on
st

ra
te

d 
di

ff
er

en
tia

l g
en

e 
ex

pr
es

si
on

 o
f 

56
2 

ge
ne

s,
 in

cl
ud

in
g 

th
os

e 
in

vo
lv

ed
 in

 m
et

ab
ol

is
m

, l
ip

id
 d

eg
ra

da
tio

n,
 a

nd
 c

ha
pe

ro
ne

 a
nd

 
m

yc
ob

ac
tin

 e
xp

re
ss

io
n.

 R
ol

e 
fo

r 
Si

gH
 id

en
tifi

ed
 in

 L
SM

M
G

 r
es

po
ns

e 
(A

bs
hi

re
 e

t a
l. 

20
16

).
Sa

lm
on

el
la

 
en

te
ri

ca
 (

va
ri

ou
s 

st
ra

in
s)

L
SM

M
G

S.
 e

nt
er

ic
a 

st
ra

in
s 

w
er

e 
ch

al
le

ng
ed

 w
ith

 h
yd

ro
ge

n 
pe

ro
xi

de
 to

 d
et

er
m

in
e 

co
ns

er
va

tio
n 

of
 th

ei
r 

ox
id

at
iv

e 
st

re
ss

 r
es

po
ns

e.
 A

ll 
st

ra
in

s 
di

sp
la

ye
d 

en
ha

nc
ed

 r
es

is
ta

nc
e.

 I
n 

ad
di

tio
n,

 th
e 

de
le

tio
n 

of
 th

e 
ge

ne
s 

en
co

di
ng

 f
or

 th
e 

ca
ta

la
se

s 
K

at
G

 a
nd

 K
at

N
 r

em
ov

ed
 

th
e 

en
ha

nc
ed

 r
es

is
ta

nc
e 

in
du

ce
d 

by
 L

SM
M

g 
cu

ltu
re

. I
nt

er
es

tin
gl

y,
 d

el
et

io
n 

of
 H

fq
, R

po
E

, R
po

S 
or

 O
xy

R
 f

ro
m

 s
tr

ai
ns

 d
id

 n
ot

 
af

fe
ct

 th
e 

en
ha

nc
ed

 r
es

is
ta

nc
e 

ph
en

ot
yp

e 
(P

ac
el

lo
 e

t a
l. 

20
12

).
K

le
bs

ie
ll

a 
pn

eu
m

on
ia

e
L

SM
M

G
K

. p
ne

um
on

ia
e 

gr
ow

n 
un

de
r 

L
SM

M
G

 f
or

m
ed

 th
ic

ke
r 

bi
ofi

lm
s 

an
d 

hi
gh

er
 p

ro
du

ct
io

n 
of

 c
el

lu
lo

se
 c

om
pa

re
d 

to
 c

on
tr

ol
 

or
ie

nt
at

io
n 

cu
ltu

re
s.

 R
N

A
 s

eq
 tr

an
sc

ri
pt

om
ic

 a
na

ly
si

s 
sh

ow
ed

 1
71

 d
if

er
en

tia
lly

 r
eg

ul
at

ed
 g

en
es

 b
et

w
ee

n 
th

e 
tw

o 
gr

ow
th

 
co

nd
iti

on
s 

be
lo

ng
in

g 
to

 1
5 

fu
nc

tio
na

l c
at

eg
or

ie
s 

(W
an

g 
et

 a
l. 

20
16

).

18 Microbial Stress: Spaceflight-Induced Alterations in Microbial Virulence



350

18.7  Importance to Spaceflight and Life on Earth: The Future 
Has Started Now

As humans explore space, microorganisms will travel with them. Thus, under-
standing microbial responses to spaceflight will have a tremendous impact on how 
we design our spaceflight vehicles, build bioregenerative systems, grow food dur-
ing a mission, and mitigate the risk of infectious disease to the crew. While several 
key studies have provided critical mechanistic insight into how microbial responses 
to the spaceflight environment may affect virulence, many questions still remain 
unanswered. Indeed, spaceflight- induced alterations in microbial virulence have 
just begun to be investigated. The impact of these changes on the host–pathogen 
interaction during spaceflight and corresponding clinical implications for a poten-
tially susceptible crew is still unclear. Beyond prevention of exposure, antibiotics 
are the primary countermeasure to microbial infection during a spaceflight mis-
sion. Previous spaceflight experiments have identified increases in antibiotic resis-
tance for organisms such as E. coli (kanamycin and colistin) and S. aureus 
(oxacillin, chloramphenicol, and erythromycin) in response to spaceflight culture 
(Tixador et al. 1985). The lack of conclusive information on changes in antibiotic 
resistance for a broad range of microorganisms and corresponding pharmacokinet-
ics indicates a large knowledge gap in infectious disease control, although recent 
approaches may allow a better prediction (Sommer et al. 2017). Interestingly, the 
use of microgravity and space flight conditions and its distinct effects on microbial 
resistance may serve as an additional tool in this direction. Moreover, understand-
ing the microbiota to which the crew will be exposed, and how spaceflight alters 
the microbial consortia and interactions with the crew, is one of the cornerstones of 
microbiological risk assessment during a mission. While microorganisms associ-
ated with the environment and food supply have been the focus of operational 

a b

Fig. 18.4 Scanning electron microscopy image of Candida albicans cultured under spaceflight 
conditions aboard Space Shuttle STS-115 (a) or in ground control conditions (b). Random budding 
was only observed in cells cultured under spaceflight conditions (white arrows), while bipolar bud-
ding patterns were observed for ground controls (grey arrows). Magnification = 8000× (Crabbé 
et al. 2013)
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monitoring efforts, very little is known about the changes in crew and spacecraft 
microbiome during a mission while multiple new investigations are under way. 
Likewise, little is known about mutation rates and heritable changes in all micro-
organisms associated with the crew and their environment during a mission—and 
nothing is known of long-term spaceflight-induced changes to either the host or 
pathogen. Alone or in combination, these factors could dramatically affect the 
impact of microorganisms on spaceflight mission success since the resistancies and 
the specific antibiotic’ availabilities are unforeseeable variables. As we look to the 
future and introduction of commercial spaceflights with greater civilian participa-
tion, including spaceflight tourism, we need a greater understanding of the unique 
microbial risks associated with human spaceflight. Moreover, lessons learned from 
spaceflight studies have profound implications for the general public, in terms of 
expanding our knowledge of (1) the mechanisms of microbial pathogenesis, which 
hold potential for development of novel strategies to a point of care diagnosis, 
allowing optimized treatments, and—most efficiently—to prevent infectious dis-
ease, and (2) the human microbiome and how stressful environments (see Chap. 
34) alter the relationship between host and commensal that determine the transition 
between normal homeostasis and disease progression (http://commonfund.nih.
gov/hmp/).
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19Stress, Spaceflight, and Latent Herpes 
Virus Reactivation
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19.1  Stress Responses Associated with Spaceflight

Stress responses are controlled through a complex network of neural, humoral, and 
metabolic factors among which the hypothalamic–pituitary–adrenocortical (HPA) 
axis and the sympathetic–adrenal–medullary (SAM) axis play a crucial effector role 
(see also Chaps. 6–8). In brief, while activation of the HPA axis is thought to occur 
during events perceived as more overwhelming and less readily coped with, activa-
tion of the SAM axis is associated with stressful emotions such as anger and fear. 
The neuroendocrine response is extremely complex and involves numerous feed-
back mechanisms. Individuals may manifest different levels of stress hormones due 
to variables such as prior exposure to the stressor, behavior, and coping responses. 
Due to sampling and stowage constraints during spaceflight, most of the data on 
stress hormone changes have been derived from samples taken after landing and 
comparing them to samples taken before launch.

Even before spaceflight, neuroendocrine changes can occur. An increase in 
serum cortisol was found in two cosmonauts 15 days prior to launch as compared to 
2 months before (Caillot-Augusseau et al. 1998). Plasma cortisol was also elevated 
in several Shuttle astronauts 10 days prior to launch as compared to their annual 
medical exams, a period well removed from launch and thought to be a period of 
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low stress (Stowe et al. 2000). More recent studies have confirmed that astronauts 
experience considerable stress just prior to launch (Mehta et al. 2000, 2001; Pierson 
et al. 2005). Thus, timing of biological sample collection relative to launch must 
be considered during the experimental design phase to account for preflight stress.

Although in-flight data are very limited, a pattern has emerged during the early 
phase of flight. A significant elevation in urinary cortisol occurred immediately after 
launch in one mission specialist (Leach 1987). In the Spacelab Life Sciences (SLS) 
missions, urinary cortisol was also significantly increased immediately after launch 
in both crews (Leach et  al. 1996). Cortisol returned to preflight levels on flight 
days 2–9 of SLS-1, whereas in SLS-2 urinary cortisol was significantly elevated 
throughout most of the flight. In the STS-95 mission, plasma cortisol was signifi-
cantly elevated after launch in one crewmember and remained elevated for the first 
4 flight days (Stowe et al. 2001a). Catecholamines generally are not elevated during 
Shuttle spaceflights indicating little or no sympathetic adrenal activation (Smith 
et al. 1997), but as previously stated landing stresses result in significant elevations 
in plasma and urinary catecholamines.

In the later, “adaptive” phase of spaceflight, cortisol has been reported to either 
not change or increase. During Skylab, plasma and urinary cortisol were generally 
increased throughout the flight (Leach and Rambaut 1977). Plasma cortisol was 
increased on days 216–219 of the 237-day Salyut flight; no change was observed in 
urinary cortisol (Gazenko et al. 1988). Urinary cortisol was reduced on flight days 
43–45 but increased on flight day 88 during the Salyut-7 (Vorobyev et al. 1986). 
Plasma cortisol was unchanged from preflight levels toward the end of a 241-day 
Mir mission (Grigoriev et al. 1990). During Mir, samples obtained from two sub-
jects on flight days 88–186 showed an increase in urinary cortisol while four others 
showed a decrease (Stein et al. 1999). It has been proposed that the variability in 
cortisol levels during long-duration missions may be due to mission-specific stress 
(Stein 1999), changes in the steroidogenesis pathway (Vorobyev et al. 1986), dis-
ruption of circadian rhythm (Leach-Huntoon and Cintron 1996), and negative feed-
back loops (Leach et al. 1996).

In summary, multiple factors associated with spaceflight (e.g., hypergravity, 
microgravity, confinement, separation from family, sleep deprivation) elevate stress 
hormones and reflect activation of the HPA axis. There is increasing evidence that 
spaceflight and associated stressors result in a shift toward Th2 cytokine profile 
(see Chap. 12). Glucocorticoids are primarily anti-inflammatory in that they inhibit 
Interleukin (IL)-12 production and increase IL-10 production by monocytes which 
drives the immune response toward a Th2 cytokine profile (IL-4, IL-5, IL-10) and 
away from a Th1 profile (IL-2, IL-12, IFN-γ) (Elenkov et al. 1996). Decreased pro-
duction of Th1 cytokines has been documented repeatedly in astronauts (reviewed 
in Taylor et al. 1997); these findings are underscored by the inhibited delayed-type 
hypersensitivity response observed during short-term (Taylor 1993) and long-term 
missions (Konstantinova et  al. 1993). The hypothesis is also supported by data 
from Stein and Schluter (1997), who showed that IL-10 levels spike immediately 
after launch and correlate with increased levels of cortisol. Moreover, glucocorti-
coids enhance IL-4 and IL-10 synthesis resulting in increased circulating IgE levels 
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in vivo (Zieg et al. 1994; Ramierz et al. 1996), and we have recently noted increased 
IgE levels after short-term spaceflights (Stowe et al. 2001a, 2003). Accordingly, it 
has been proposed that a Th1-to-Th2 shift may increase susceptibility to opportu-
nistic infections such as viral pathogens (Elenkov et al. 1996). The limitation of 
NK functions in space (see also Chap. 13) as well as enhanced T regulatory cell 
function are now under investigation as a key parameters affected and the condi-
tions of space flight and viral replication and infection. To which degree these cell 
effects are challenged by microgravity or cellular stress per se (Chaps. 5, 17 and 
18) or by the work and life conditions (De Lorenzo et al. 2015; also see Chaps. 
6 and 9) remains an open issue and likely the combined effects perpetuate risk of 
viral reactivation.

19.2  Reactivation of Latent Herpes Viruses in Astronauts

Although infectious disease risks associated with most pathogens (i.e., those that 
cause acute infections) may be reduced by a quarantine period before spaceflight, 
latent viruses are not mitigated by a quarantine period and are subject to intermit-
tent reactivation. Herpesviruses, the best known latent viruses, commonly establish 
infections in humans. The family of herpesviridae, which includes herpes simplex 
type-1 and type-2 (HSV-1, -2), cytomegalovirus (CMV), Epstein-Barr virus (EBV), 
varicella-zoster virus (VZV), human herpesvirus-6, -7, and -8 (HHV-6, -7, -8) are 
all double-stranded DNA viruses that may establish a lifelong latent infection in the 
host. These infections are characterized by an acute phase usually associated with 
minor morbidity and mortality: productive viral replication occurs in a sequential 
manner consisting of immediate-early gene expression, transcriptional transactiva-
tion, early gene expression, viral genome replication, late gene expression, nucleo-
capsid assembly, viral genome packaging, and release of enveloped virions from 
the cell. Primary infection is followed by a chronic latent phase reflecting a balance 
between viral replication and the host immune response.

Herpes viruses are medically important viruses; HSV-1 infects 70–80% of all 
adults and is classically associated with oropharyngeal lesions such as cold sores, 
pharyngitis, and tonsillitis. EBV infects over 85% of the adult population and is the 
causative agent of infectious mononucleosis, Burkitt’s lymphoma, undifferentiated 
nasopharyngeal carcinoma, and diffuse polyclonal B-cell lymphoma. Most CMV 
infections in adults are asymptomatic but may result in an infectious mononucleosis- 
like syndrome, central nervous system infections, and febrile illnesses. Notably, 
CMV infections can be severe in immunocompromised individuals such as AIDS 
and posttransplant patients (Komanduri et al. 2001). VZV causes chicken pox on 
primary infection and remains latent thereafter; VZV may reactivate resulting in 
episodes of zoster or “shingles” (Arvin 1996).

Herpes virus reactivation appears to be triggered by stress (Fig.  19.1). Prior 
ground-based studies of chronic stress have demonstrated that reduction or loss 
of cellular immune function results in latent herpes viruses. Glaser and colleagues 
have demonstrated decreased cellular immunity and increased antibodies to EBV 
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in chronically stressed individuals (Glaser et al. 1985, 1991, 1993). Although virus 
reactivation in these individuals was not associated with clinical disease, other stud-
ies have linked psychological stress with onset and severity of infectious mono-
nucleosis (Kasl et al. 1979). Moreover, significant immunosuppression (i.e., organ 
transplant recipients) correlates directly with the development of EBV-related 
lymphoproliferative diseases (Preiksaitis et al. 1992; Rea et al. 1994; Haque and 
Crawford 1997). Given the alterations in the immune system during spaceflight, a 
major concern is the development of an EBV-associated disease or lymphoma dur-
ing long-term spaceflight. In addition, reinfection or transmission to a previously 
uninfected individual (resulting in primary infection) may be another concern.

We have been investigating reactivation of latent herpes viruses in astronauts by 
measuring antiviral antibodies and shedding of viral DNA, most notably to EBV, 
CMV, and VZV.  The results of our studies and interpretation of the results are 
discussed.

19.2.1  Epstein-Barr Virus

EBV infects approximately 90% of the adult population and is closely associated 
with malignancies such as Burkitt’s lymphoma and nasopharyngeal carcinoma 
(Cohen 2000). Following primary infection, EBV remains latent in healthy indi-
viduals and undergoes occasional reactivation. In previously infected (seropositive) 
individuals, antiviral capsid antigen (VCA) and anti-EBV nuclear antigen (EBNA) 
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IgG antibodies are always present. A dysfunction of the immune surveillance sys-
tem against EBV infection permits productive cycles of viral replication, which lead 
to increased production of early antigen (EA) and VCA IgG antibodies. Increased 
viral shedding in saliva can also be detected.

In our initial study on latent virus reactivation, saliva samples were collected 
from 11 EBV-seropositive astronauts before, during, and after spaceflight (Payne 
et al. 1999). EBV DNA was detected more frequently before space shuttle missions 
than during (P < 0.001) or after (P < 0.01) missions; no significant difference in 
frequency was detected between the in-flight and postflight periods (Payne et al. 
1999). In addition to viral DNA, the titers of antibodies to EBV antigens VCA and 
EA were measured in blood samples taken from astronauts at their annual medical 
exams (baseline), 10 days before launch (L − 10), a few hours after landing (R + 0), 
and 3 days after landing (R + 3). The titer of anti-VCA antibodies was greater at 
L − 10 than the baseline value (Stowe et al. 2000, 2001a, b; Pierson et al. 2005; 
Mehta et al. 2014) indicating increased viral replication. Notably, the titer of anti- 
EBNA antibodies (which positively correlates with T-cell function) was less than 
its titer at the baseline reflecting decreased cellular immunity (Stowe et al. 2001b). 
In a subsequent study that used quantitative real-time PCR, the mean EBV DNA 
copy number was significantly greater during flight than either preflight or post-
flight (Pierson et al. 2005). We also found that the amount of EBV DNA shed in 
the saliva of astronauts during spaceflight increased as the number of days in space 
increased. Similar data from two cosmonauts aboard the Russian space station Mir 
showed that EBV shedding in saliva occurred throughout the nearly 3-month mis-
sion, a much longer time than the relatively short (<14 days) duration of the shuttle 
missions. However, the number of EBV copies shed by cosmonauts aboard Mir did 
not increase as a function of days in flight, as observed with astronauts on the space 
shuttle. The maximum number of EBV copies shed by cosmonauts on Mir was 
1130/mL of saliva, and the maximum number of copies shed by astronauts on the 
shorter shuttle flights was 738/mL of saliva.

Because the above results suggested that EBV was productively replicating in 
infected cells, we analyzed EBV gene expression in peripheral blood B lympho-
cytes before and immediately after spaceflight (Stowe et al. 2011). In samples from 
Shuttle astronauts (n = 6), EBV-encoded RNA (EBER)1 and β-actin (all astronaut 
samples; data not shown) were detected in all samples. EBV promotor EBNA1-Qp 
was expressed in 25% of the samples, a rate just slightly higher than in the con-
trols (n = 24). Low-level latent membrane protein (LMP-1) and transcription of the 
transactivator protein BZLF1 was somewhat more frequent than in the controls. 
Unlike the control group, anti-apoptotic protein BHRF1 was frequently transcribed, 
sometimes at high levels. Notably, transcripts of LMP1, BZLF1, and BHRF1 were 
expressed both before (L −  10) and after (R  +  0) spaceflight. Transcription of 
LMP2A, EBNA1-Cp/Wp, EBNA2, EBNA-1-Fp, SM, BALF5 (the EBV DNA poly-
merase), and gp220 (a polymerase-dependent virion envelope glycoprotein) was 
absent from all samples. Altogether, there was a significant increase in the number 
of immediate early and early gene transcripts in Shuttle astronaut samples at L − 10 
and R + 0 as compared to healthy control samples.
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EBER1 was detected in all samples from astronauts (n = 6) from the International 
Space Station (ISS). Fifty percent of samples expressed EBNA1-Qp, which was 
greater than the controls (17%) and the Shuttle astronauts (25%). Transcription 
of the latency III genes (EBNA1-Cp/Wp and EBNA2) was detected in samples 
from two ISS astronauts. Among the replicative EBV genes, early BHRF1 was 
transcribed in 9 of 12 ISS astronaut samples (4 samples were positive at L − 10). 
Transcription of early replicative SM was detected in four of six subjects, including 
two of them prior to flight. Early replicative BALF5 and late replicative gp220 tran-
scripts were evident for the first time in samples from four of the six ISS astronauts, 
and they were found only in samples obtained immediately after spaceflight. The 
co-expression of BALF5 with gp220 in R + 0 samples from three ISS astronauts 
is strong evidence that complete productive EBV replication is occurring in the 
peripheral blood B-lymphocytes of these astronauts. Overall, there was a signifi-
cant increase in the number of immediate early and early gene transcripts in ISS 
astronaut samples as compared to healthy control samples (L − 10 and R + 0) and 
Shuttle astronauts (R + 0 only). In addition, the number of latent and late lytic gene 
transcripts was also significantly increased at R + 0 as compared to healthy control 
samples.

Although the clinical significance of these findings remains to be determined, 
they are potentially significant for the health of astronauts who will spend long 
periods in space. Chronically high levels of latent EBV gene expression and pro-
ductive EBV replication are etiologically linked to the development of a variety 
of EBV-associated diseases. Latent herpesvirus reactivation, in light of immune 
dysregulation in astronauts, could pose a health risk for crewmembers following 
prolonged interplanetary space travel, in particular due to the lack of specialized 
medical facilities in case of injury or illness.

19.2.2  Cytomegalovirus

Another latent herpesvirus, human CMV, may pose a similar kind of risk to astro-
nauts’ health during spaceflight. CMV infection is typically acquired asymptom-
atically during childhood. However, in individuals whose immune system is either 
immature or immunocompromised such as HIV infection (Dittmer et  al. 2017), 
CMV can cause multiple diseases such as encephalitis, gastroenteritis, pneumo-
nia, and chorioretinitis (Fiala et al. 1975). Moreover, several studies have suggested 
that CMV infection may contribute to preexisting immunosuppression by directly 
infecting leukocytes as well as hematopoietic cells (Carney and Hirsch 1981; De 
Pelsmaeker et al. 2018; Rice et al. 1984; Simmons et al. 1990). We therefore exam-
ined the effects of spaceflight on CMV reactivation and shedding.

In our first study of CMV in astronauts, CMV reactivation and shedding was 
examined in urine samples collected from 71 crew members from short-term space 
missions (Mehta et al. 2000). The frequency of CMV DNA shedding in either pre- 
or postflight urine samples from astronauts was significantly higher than that of 
the control population (P < 0.05). CMV DNA was detected in 27% of the crew 
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members studied during the mission monitoring period. By contrast, only 1 of the 
61 control subjects shed CMV during one sampling period. We had an opportunity 
to sample both blood and urine from two astronauts during a subsequent flight. 
Consistent with the earlier study (Mehta et al. 2000), CMV was shed in urine of one 
crew member before, during, and after flight, and in urine of the other crew member 
only during flight (on 2 days) (Stowe et al. 2001a).

Of the 71 crew members, 55 (77%) were seropositive. As a group, no significant 
changes in anti-CMV antibodies were found postflight. However, upon dividing 
these subjects between 40 nonshedders and 15 CMV shedders, an interesting differ-
ence was found. No significant change in CMV IgG antibody titer of nonshedders 
was found at any time point compared to the baseline values. In contrast, the anti- 
CMV antibody titer of the 15 shedders was significantly increased at all time points 
compared to their baseline values. Furthermore, anti-CMV antibodies was signifi-
cantly increased at R + 3 compared to L − 10. The anti-CMV antibody titers of the 
control subjects did not differ significantly from the baseline levels of astronauts, 
and no changes in anti-CMV IgG antibody titer from 11 CMV-seropositive control 
subjects were found across three sampling times (Mehta et al. 2000). Overall the 
results of our CMV studies demonstrated that CMV reactivation occurred in astro-
nauts and may pose another health problem during longer-duration missions.

19.2.3  Varicella Zoster Virus

VZV is a highly successful human pathogen. Primary VZV infection typically 
results in childhood varicella (chickenpox). Varicella is characterized by mal-
aise, fever, and an extensive vesicular rash. Varicella is normally self-limiting and 
resolves with the development of humoral and cell-mediated immunity. VZV is 
transmitted by direct contact with vesicle fluid or aerosolized respiratory tract secre-
tions (Kavaliotis et al. 1998). VZV DNA is present in the air in hospital rooms of 
varicella or zoster patients (Sawyer et al. 1994). While the air and even remote sur-
faces around zoster patients can contain VZV DNA (Yoshikawa et al. 2001), only 
recently has infectious virus been recovered in saliva from a zoster patient (Mehta 
et al. 2008). VZV is highly contagious with a secondary attack rate approaching 
100% (Asano et al. 1977) that can lead to epidemics in places of close confinement.

While widespread aggressive vaccination has greatly lessened the morbidity and 
mortality associated with varicella (Arvin and Gershon 1996), in countries where 
vaccination is not mandatory, deaths still occur (Rawson et al. 2001).VZV reactiva-
tion, predominately in the elderly, most often results in zoster (shingles), but virus 
may spread to the spinal cord to cause myelitis or to blood vessels of the brain to 
cause vasculopathy. VZV reactivation often produces prolonged pain after zoster 
(postherpetic neuralgia). While the clinical features of VZV reactivation are well 
recognized, subclinical VZV reactivation and shedding has recently been reported 
in astronauts. Physical and physiological stressors associated with spaceflight 
(Taylor and Janney 1992; White and Averner 2001; Williams 2003) appear to induce 
virus reactivation and subsequent shedding of VZV in saliva (Mehta et al. 2004; 
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Cohrs et al. 2008). Herein, asymptomatic VZV reactivation during spaceflight, in 
ground-based spaceflight analogs, and in the astronauts before, during, and after 
short-duration spaceflight is reviewed.

19.2.3.1  Asymptomatic VZV Reactivation and Virus Transmission
Prolonged maintenance of anti-VZV antibodies in small, isolated populations 
supports the notion of subclinical reactivation; however, this finding equally sup-
ports periodic boost in anti-VZV titer due to subclinical reactivation of latent VZV 
(Hope- Simpson 1965; Black et al. 1974). The eyes are a likely site to demonstrate 
subclinical VZV reactivation since, both HSV-1 and VZV become latent in trigemi-
nal ganglia (Cohrs et al. 2005) and even within the same neuron (Theil et al. 2003), 
both viruses cause keratitis following reactivation (Reijo et al. 1983; Cook et al. 
1986; Kaye et al. 2000). However, using equally sensitive PCR technology, VZV 
DNA was not detected in tear film from 35 normal subjects (Yamamoto et al. 1994; 
Willoughby et  al. 2002) or conjunctival scrapings from 30 individuals with eye 
trauma or unrelated disease (Lee-Wing et  al. 1999). Thus, unlike HSV-1, where 
asymptomatic virus reactivates often and can be detected frequently in tear film, 
asymptomatic VZV reactivation is either a rare event or does not progress to yield 
virus in the eyes. The most obvious signs of VZV reactivation are the vesicular 
rash and the pain associated with zoster; however, even in the absence of rash, the 
virus is active and can spread to the retina causing blindness, to the spinal cord 
causing paralysis and incontinence, and to cerebral arteries resulting in stroke 
(Kleinschmidt- DeMasters and Gilden 2001; Orme et al. 2007). Associating VZV 
with a disease asymptomatically can be challenging. For example, when stroke 
occurs in the elderly, especially many months following zoster, the association with 
VZV reactivation requires cerebral spinal fluid (CSF) analysis for VZV antibodies 
(Nagel et al. 2007). Likewise, detection of asymptomatic VZV reactivation, which 
often is only seen as an increase in antibody titer against VZV (but may also result 
in virus transmission), is difficult to detect. In such instances, virological verifica-
tion of VZV disease has relied on the detection of VZV DNA or anti-VZV IgG 
antibodies in CSF or, less often, the presence of VZV DNA in blood mononuclear 
cells or anti-VZV IgM antibodies in serum.

In an effort to understand the prevalence of virus reactivation in the unique envi-
ronment of space, DNA extracted from 312 saliva samples were collected from eight 
astronauts (two short-term shuttle missions). VZV DNA was detected in only 1 of 
112 saliva samples taken 234–265 days before flight, whereas during and shortly 
after spaceflight 61 of 200 saliva samples were positive for the virus DNA (Mehta 
et al. 2004). No VZV DNA was detected in saliva from 10 age-matched control sub-
jects (88 samples). Subsequently, VZV DNA was again detected in saliva samples 
from two of three space shuttle astronauts during and within days following space-
flight, but not before launch (Cohrs et al. 2008). Importantly, infectious VZV was 
isolated in saliva samples following landing from the two astronauts whose saliva 
contained VZV DNA. These results suggest asymptomatic VZV reactivation does 

R. P. Stowe et al.



365

occur, and saliva is a convenient source material for its detection. While it is impos-
sible to determine if the virus in both astronauts resulted from simultaneous reacti-
vation, or if a single reactivation and shed in one subject resulted in asymptomatic 
infection of the second subject, the presence of a rare restriction endonuclease rec-
ognition site in the VZV DNA isolated from both subjects argues for the latter case.

19.2.3.2  Clinical Importance of Asymptomatic VZV Shedding
The most obvious sign of VZV reactivation is vesicular rash and pain associated 
with zoster (Fig. 19.2); however, in the absence of rash, the virus can also spread 
to the retina causing blindness, to the spinal cord causing paralysis and inconti-
nence, and to cerebral arteries resulting in stroke (Kleinschmidt-DeMasters and 
Gilden 2001; Orme et al. 2007). While associating VZV with disease is straight-
forward when rash and vesicles are present, correlating VZV with disease is dif-
ficult when the outward signs are absent. For example, when stroke occurs in the 
elderly, especially many months following zoster, the association with VZV reac-
tivation requires cerebral spinal fluid analysis for VZV antibodies (Nagel et al. 
2007). Likewise, detection of asymptomatic VZV reactivation which often is only 
seen as an increase in antibody titer against VZV (but may also result in virus 
transmission) is difficult to detect.

Fig. 19.2 The characteristic 
painful rash of shingles
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19.2.4  Viral Reactivation in Long Duration Spaceflight

Recently, reactivation of latent herpes viruses, EBV, VZV, and CMV was reported 
in 23 astronauts (18 male and 5 female) before, during, and after long-duration (up 
to 180 days) spaceflight onboard the ISS (Crucian et al. 2016; Mehta et al. 2017). 
These viruses reactivated independently of each other. Reactivation of EBV, VZV, 
and CMV increased in frequency, duration, and amplitude (viral copy numbers) 
when compared to short duration (10–16  days) Space Shuttle missions. No evi-
dence of reactivation of HSV-1, HSV-2, or human herpes virus 6 was found. The 
mean diurnal trajectory of salivary cortisol changed significantly during flight as 
compared to before flight (P = 0.010). There was no statistically significant differ-
ence in levels of plasma cortisol or DHEA concentrations among time points before, 
during, and after flight for these ISS crew members, although observed cortisol 
levels were lower at the mid- and late-flight time points. The data confirm that astro-
nauts undertaking long-duration spaceflight experience both increased latent viral 
reactivation and changes in diurnal trajectory of salivary cortisol concentrations. 
Moreover cumulative case reports indicate also that other immunotropic stress 
response systems are activated in space and might have aggravated such steroid hor-
mone compound related changes. Here it was observed that endogenous peripheral 
endocannabinoids (see Chap. 10) are increasingly produced during long-duration 
mission on the ISS (Strewe et al. 2012).

Spaceflight Analog Studies: In a recent collaborative study with Alexander 
Choukér (physician researcher and PI in ESA lead projects), 19 subjects at 
Concordia Station in Antarctica were examined during overwintering for their latent 
viral reactivation and shedding patterns in their saliva samples collected each month 
for before, during, and after winter-over period. VZV DNA was found by real time 
polymerase assay in 10 out of 19 subjects (52%) (Fig. 19.3) with most of the shed-
ding occurring during the study than before or afterwards. This is about the same 
rate of VZV shedding as we have found in astronauts during short and long dura-
tion spaceflights (50–65%) (Mehta et al. 2004). These data suggest that “wintering 
over” in Antarctica is an excellent analog to spaceflight for studying the efficacy of 
a countermeasure against viral shedding.

19.2.5  Clinical Application of NASA-Developed Technology

The PCR assay is specific, sensitive, and rapid (same day results), but a skilled 
operator and an expensive equipment are required. We developed a new kit for phy-
sicians that can detect the presence of VZV DNA in saliva (or urine) in ∼15–20 min 
with no additional equipment needed (Provisional Patent Application). This tech-
nology is especially useful for an individual with dermatomal pain of unknown 
origin. The primary application for this technology is for early diagnosis of shingles 
patients. Typically, individuals destined to develop shingles experience pain in a 
dermatomal region with no apparent cause. If the pain is due to the onset of shin-
gles, early diagnosis with this technology allows early intervention with prevention 
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or blunting of the zoster rash and less nerve damage. Early treatment will likely 
reduce the number of postherpetic neuralgia patients.

The PCR protocol developed from spaceflight flights at NASA was used for 
detection of VZV in saliva to diagnose a case of varicella (chicken pox) in an older 
adult (Mehta et al. 2012). This patient presented with a single vesicle on her back. 
The next day, the lesions had spread, and both vesicles and saliva were analyzed 
for VZV DNA. Although a clinical diagnosis was uncertain on the third day, PCR 
revealed a high copy number of VZV DNA in both vesicles and saliva. Importantly, 
immediate antiviral treatment was followed by a quick recovery without the com-
plicating prolonged fatigue and weakness that is characteristically seen in adults 
with varicella. This is the first case of varicella in an adult in which PCR was used 
to diagnose disease and in which genotyping of VZV DNA recovered from a patient 
and her spouse, who had zoster 1 week earlier, confirmed spouse-to-patient trans-
mission. Similarly, this assay was used to diagnose a case of zoster in a 21-year-
old female patient before the full blown symptoms appeared (Mehta et al. 2008). 
This study demonstrated the practical application of NASA-developed technology 
to everyday life.

VZV DNA has been detected in the saliva samples from patients with acute 
zoster (Mehta et  al. 2008), zoster sine herpete, chickenpox (Mehta et  al. 2013) 
and PHN even in the absence of clinical symptoms, which now makes diagnosis 
less invasive and less time consuming. In fact, a rapid and sensitive virus detection 
method has been developed and used to detect virus in saliva samples taken from 
asymptomatic patients with neurologic and other VZV related disease (Mehta et al. 
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2013). Figure 19.4 illustrates VZV copy numbers in saliva from shingles patients 
before antiviral treatment. For this method, the saliva is collected by passive drool 
or by way of a synthetic swab and then processed for DNA within an hour from 
sample collection. The results from a few studies using this technique have shown 
that VZV DNA is present in 100% of patients tested before antiviral treatment and 
is exclusively in the cell pelleted fraction of saliva. These studies further showed 
that VZV, isolated from zoster patient saliva, was primarily associated with the epi-
thelial cell membrane but could also be inside the cell. Epithelial cells with VZV 
continued to be present in the saliva of a single zoster patient up to 10 months after 
recovery. These kinds of studies are ongoing and our spaceflight-developed tech-
nology for rapid viral detection continues to be used locally and around the world 
for patients with zoster (Mehta et al. 2013), chicken pox (Mehta et al. 2008), PHN, 
multiple sclerosis (Ricklin et  al. 2013), and various other neurological disorders 
(Gilden et al. 2010).

19.3  Summary

Spaceflight represents a unique environment that is comprised of multiple stresses 
before, during, and after flight and result in activation of the HPA and SAM axes 
and subsequent increased circulating concentrations of cortisol, catecholamines, 
and neuropeptides. Many immune functions are consistently diminished in astro-
nauts immediately after spaceflight, and a spaceflight-induced shift to a Type 2 
cytokine pattern is becoming evident. Alterations in immunity and stress hormone 
levels result in reactivation of latent herpes viruses. The medical significance of 
altered immunity and increased, but asymptomatic viral reactivation in astronauts 
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is unknown, but it is possible that spaceflight-induced changes in immunity may 
increase during the exploration missions, some of which will have much longer 
durations than current ISS missions. Further decreases in immunity may result in 
greater risks of active infection by opportunistic pathogens, including latent herpes 
viruses. These studies of asymptomatic reactivation of latent herpes viruses in an 
extremely healthy group of subjects may provide new insight into stress, immunity, 
and viral disease in the general population.
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20Stress and Radiation Responsiveness

Marjan Moreels, Bjorn Baselet, Olivier Van Hoey, 
Filip Vanhavere, and Sarah Baatout

20.1  The Space Radiation Environment

20.1.1  Introduction

Ionizing radiation is radiation having enough energy to induce cell damage through 
ionization. This can be in the form of photons such as gammas or X-rays or sub-
atomic particles such as electrons, muons, neutrons, protons, and heavier nuclei. 
A first important characteristic of radiation is its energy, which is typically in 
mega- electronvolt (MeV). One electronvolt is the energy an electron gains during 
acceleration by a one volt potential difference. A second important characteristic of 
radiation is the linear energy transfer (LET), typically in keV/μm. The LET specifies 
the amount of energy deposited per unit of length. The higher the LET of the radia-
tion, the more complex the cell damage it creates and the more harmful the radia-
tion is. The LET increases with increasing mass and increasing charge. Therefore, 
heavy nuclei have high LET and are a very harmful radiation type (Fig. 20.1). A 
third important characteristic of radiation is its intensity. For radiation protection 
purposes the radiation intensity is expressed in terms of the effective dose rate, 
typically in microsievert per hour (μSv/h) (ICRP 2007). The effective dose takes 
into account the amount of energy the radiation deposits in the different tissues, the 
harmfulness of the radiation type and the sensitivity of the exposed tissues and is 
proportional to the chance for developing radiation-induced cancer. Based on epide-
miological studies this chance is estimated at about 5% per sievert.
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Ionizing radiation is omnipresent. Even on Earth we are continuously exposed to 
gamma radiation from natural radionuclides in the soil and to neutrons and muons 
created in the atmosphere by cosmic radiation from the sun and supernova rem-
nants. The typical dose rate on Earth is about 0.1 μSv/h. This gives rise to a yearly 
dose due to natural background radiation of about 1 mSv/year. Radiation workers 
in hospitals and nuclear power plants are exposed to artificial radiation sources with 
dose rates up to a few μSv/h. However, their yearly dose should remain below the 
legal effective dose limit of 20 mSv.

In space the dose rate is much higher than on Earth because the protection by 
the Earth’s atmosphere and the geomagnetic field against cosmic radiation is very 
limited in Low Earth Orbit (LEO) or even absent in deep space (Hassler et al. 2014; 
Kleiman 2012). In the International Space Station (ISS) the dose rate is typically 
about 20 μSv/h or 200 times higher than on Earth. For a typical stay of 6 months 
this leads to a dose of about 100 mSv, which is five times higher than the yearly 
legal dose limit for radiation workers on Earth. The dose rate on the surface of Mars 
is slightly higher, about 25 μSv/h or 250 times higher than on Earth. In deep space 
the dose rate is about 75 μSv/h or 750 times higher than on Earth. A typical manned 
Mars mission scenario with 180 days transit to Mars, 500 days on the Mars surface 
and 180 days transit back to Earth would lead to a total dose of about 1 Sv and 
thus about 5% risk of radiation-induced cancer (Hassler et al. 2014; Cucinotta et al. 
2017). During strong solar storms the dose rate in space can temporarily increase a 

HZE - particle track

Low-LET irradiation High-LET irradiation

Fig. 20.1 Comparative diagram on DNA damage induced by low- and high-LET radiation. HZE 
particles, also called “densely ionizing radiation” typically deposit a large amount of their energy 
along linear tracks referred to as cores, while the remaining energy is deposited radially and uni-
formly by secondary electrons (i.e. Delta-rays). In contrast, low-LET radiations deposit their 
energy uniformly and are often referred as “sparsely ionizing radiation” (Cortese et al. 2018)
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few orders of magnitude. Without adequate shielding astronauts on the surface of 
the moon or Mars or in transit could be exposed to doses leading to serious health 
effects or even death (Benton and Benton 2001).

The radiation environment in space is also very different from that on Earth 
(Fig. 20.2) (Benton and Benton 2001). It consists of electrons, muons, neutrons, 
protons, and heavier nuclei up to extremely high energies. Furthermore, the radia-
tion environment depends strongly on the solar activity, local shielding, and the 
location in space. This makes it very challenging to predict and monitor radiation 
doses received by astronauts. There is also much more uncertainty on the radiation- 
induced health effects because the epidemiological data for exposure to this type of 
radiation is very scarce.

20.1.2  Primary Cosmic Radiation

There are two primary sources of cosmic radiation: the sun and supernova remnants 
(Benton and Benton 2001). The sun is continuously emitting energetic electrons, 
protons, and a limited amount of heavier nuclei. This continuous flux of charged 

Fig. 20.2 Major sources of space radiation. The space radiation comes from three major sources 
including galactic cosmic rays, sun radiation, and Van Allen radiation belts of the Earth (Cortese 
et al. 2018)
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particles is called the solar wind. Fortunately, the fluence rate and energies of the 
charged particles in the solar wind are very limited. Therefore, the solar wind is not 
of concern from radiation protection point of view. Even a small amount of shield-
ing provides sufficient protection against the solar wind. However, the sun is a very 
turbulent object. Sometimes very energetic events at the surface of the sun such as 
solar flares and coronal mass ejections (CMEs) lead to temporary strong emissions 
of very energetic electrons and protons up to typically 100 MeV. Such events are 
commonly known as solar particle events (SPEs). The solar activity describes an 
11-year cycle during which the activity goes from a minimum to a maximum. This 
can be observed by counting the sun spots. These dark spots on the surface of the 
sun are a good measure for the solar activity. During solar maximum the chance 
for an SPE is the highest. But even during solar minimum an SPE can happen. 
Currently, scientists do not yet fully understand how SPEs develop. Therefore, one 
cannot really predict SPEs. The best one can do is observe the sun with satellites and 
look for solar flares and CMEs. In that way one can at least send out a warning to the 
astronauts several minutes up to a few tens of minutes before the energetic electrons 
and protons reach them. But even then it is not possible to accurately predict the 
impact of the SPE. This can range from minor SPEs that will cause no harm up to 
dramatic events that can kill astronauts in deep space without adequate shielding. 
Hence, for manned missions to the moon or Mars the SPEs are an important issue. 
In LEO such as at ISS the dose due to SPEs is very limited due to partial protection 
by the Earth’s magnetic field.

The second source of primary cosmic radiation is supernova remnants. Some 
stars undergo a very energetic explosion by the end of their life. After such an 
explosion or supernova very strong electromagnetic fields remain. In these elec-
tromagnetic fields charged particles can be accelerated up to extremely high ener-
gies. This is probably the most important source of the galactic cosmic radiation 
(GCR) coming from outside of our solar system. The GCR is a continuous flux of 
energetic charged particles coming isotropically from all directions. It is composed 
mainly of protons (85%) and 4He nuclei (12%) and smaller amounts of heavier 
nuclei (1%) and electron and positrons (2%). The heavier nuclei are also called 
high-atomic number (Z), high-energy, or HZE particles. Although they are not so 
numerous, they are important from radiation protection point of view because of 
their high LET. The GCR energies are extremely high up to 1012 MeV with a peak 
around 1000  MeV.  These high energies make it extremely challenging to shield 
from GCR. The most energetic particles can even penetrate the geomagnetic field. 
Proper shielding requires a material shield of at least a few meters thick. On Earth 
our atmosphere provides this protection. In spacecraft it is impossible to shield from 
GCR because of the weight limits. At ISS about 75% of the radiation dose is coming 
from GCR. In possible future habitats on the surface of the moon or Mars adequate 
protection could be provided by using local soil material. The GCR contribution to 
the dose is easy to predict. It is fairly constant in time. There is only a slight modula-
tion of the GCR due to shielding by the magnetic field carried by the solar wind. The 
GCR dose rate is highest during solar minimum and lowest during solar maximum.
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20.1.3  The Geomagnetic Field and the Van Allen Radiation Belts

Convection currents of molten iron in the Earth’s outer core lead to electric cur-
rents and the generation of the geomagnetic field. This field is almost a magnetic 
dipole. The dipole axis is tilted about 11° with respect to the Earth’s rotational 
axis. Also the dipole centre is slightly displaced with respect to the Earth’s gravi-
tational centre. The geomagnetic field shields the Earth and its close environment 
efficiently from cosmic radiation. Charged particles follow the magnetic field lines 
while gyrating around them with a certain radius. The more energetic the particle, 
the larger this gyration radius. Only the most energetic particles manage to reach the 
Earth’s atmosphere. Less-energetic particles are captured by the magnetic field lines 
and diverted towards the poles. The equatorial region is best protected because the 
magnetic field lines there are parallel to the Earth’s surface, while the polar regions 
are least protected because the magnetic field lines there intersect the Earth’s sur-
face. Therefore, the GCR dose rate is higher around the poles and the dose received 
by spacecraft in LEO increases with the inclination of the orbit.

A second important effect of the geomagnetic field is the creation of the Van 
Allen radiation belts. Some of the energetic charged particles of the SPEs and the 
GCR are trapped in the geomagnetic field. These trapped particles form two belts 
around the Earth that are called the Van Allen belts. The inner belt has its centre 
around 3000 km above the Earth’s surface and contains electrons with energies up 
to 5 MeV and protons with energies up to 700 MeV. This belt is mainly filled by 
GCR. Therefore, its size and dose rate are inversely proportional to the solar activ-
ity. When spacecraft pass through this belt they are exposed to relatively high dose 
rates mainly due to the energetic protons. In LEO spacecraft are normally below the 
inner belt. Only above the coast of Brazil there is a region that is called the South 
Atlantic Anomaly (SAA) where the inner belt reaches down to 200 km above the 
Earth’s surface. This is caused by the fact that the magnetic axis is not coincident 
with the rotational axis and does not go through the gravitational centre of the Earth. 
The ISS has an orbit with a typical altitude of 400 km and thus crosses the inner 
belt significantly in the SAA. These SAA crossings lead to about 25% of the radia-
tion dose received by the astronauts in the ISS. Therefore, increasing the altitude of 
the ISS leads to increase of the radiation dose. The total radiation dose received in 
the ISS is also increasing for decreasing solar activity because both the GCR and 
SAA contributions are inversely proportional to the solar activity, while the SPEs 
do not contribute significantly to the radiation dose. Figure 20.3 shows a map of 
the absorbed dose rate measured in the Columbus module onboard the ISS with the 
DOSTEL detector in the framework of the DOSIS experiment during solar mini-
mum in 2009 (Berger et al. 2017). This map clearly illustrates the increased dose 
rate in the SAA and the polar areas. The outer radiation belt has its centre around 
22000  km above the Earth’s surface and contains electrons with energies up to 
7 MeV. This belt is mainly filled by SPEs. Therefore, its size and dose rate are pro-
portional to the solar activity. This belt is only crossed for missions to the moon and 
Mars and is less of an issue because it only contains relatively low-energy electrons.
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20.1.4  Shielding and Secondary Cosmic Radiation

Shielding is one of the primary methods to decrease radiation doses. However, 
interaction of cosmic radiation with shielding materials does not only attenuate the 
incoming radiation. Collisions of the very energetic GCR charged particles with the 
atoms of the shielding also create secondary cosmic radiation by nuclear reactions. 
This secondary cosmic radiation consists of neutrons, muons, pions, gammas, elec-
trons, protons, and heavier nuclei and thus makes the radiation environment in space 
even more complex. Especially the secondary heavy nuclei and neutrons typically 
represent a substantial contribution to the radiation dose of the astronauts. The cre-
ation of the secondary cosmic radiation depends strongly on the shielding material 
composition. Ideally one should use shielding materials containing atoms with low 
atomic number such as hydrogen. Such materials give the best shielding per unit of 
mass and create the least secondary cosmic radiation. Constructive materials such 
as aluminium are thus not optimal with respect to radiation shielding. Using only 
a few millimetre of aluminium shielding can even increase the radiation dose. So, 
shielding could be optimized by using also low-atomic number materials. For habi-
tats on the surface of the moon or Mars one could use several meters of soil material 
to get proper shielding.

20.2  Space Radiation Dosimetry

20.2.1  General Methodology

Radiation dosimetry for astronauts is very different from radiation dosimetry 
for radiation workers on Earth. Astronauts are exposed to much higher radiation 
doses and the type of radiation is also very different from the radiation typically 
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encountered by radiation workers on Earth. Therefore, the very approximate con-
cept of the effective dose is not applicable for astronaut risk assessment. A more 
precise and personalized risk assessment has to be performed (Dietze et al. 2013).

A detailed risk assessment should be performed before each mission. This risk 
assessment is based on the expected radiation energy deposition in the different 
organ in terms of the organ absorbed dose in joule per kilogram (J/kg) or gray (Gy). 
These organ absorbed doses should be assessed separately for different radiation 
particles and energies and multiplied with the appropriate quality factors taking 
into account the radiation harmfulness, the organ sensitivity and the age and sex 
of the astronaut. This product of the organ absorbed dose with the quality factor is 
called the organ dose equivalent. For assessing the organ absorbed doses one starts 
from models of the GCR, Van Allen belts and worst case SPEs. These models are 
used as input for radiation transport simulations with Monte Carlo codes such as 
MCNP (MCNP website), FLUKA (FLUKA website), GEANT (GEANT website) 
and PHITS (PHITS website). These codes simulate how the primary cosmic radia-
tion interacts with the spacecraft structure and the human body and eventually how 
much energy is deposited in each of the organs by the different radiation types.

However, these calculations should be accompanied by radiation measurements. 
There are still significant uncertainties in the cosmic radiation models and the inter-
action cross sections used in the Monte Carlo codes. So, measurements are required 
to validate and improve the models and the Monte Carlo codes. This can be done by 
placing radiation detectors in manned and unmanned spacecraft, satellites, and rov-
ers on the moon and Mars. Furthermore, SPEs still cannot be predicted and the radi-
ation dose also depends strongly on the local shielding inside spacecraft. Therefore, 
ambient radiation detectors and personal dosimeters for astronauts are required to 
alert in case of abnormally high dose rates due to SPEs and to accurately monitor 
the actually received dose.

20.2.2  Space-Related Constraints for Radiation Detectors

Radiation detectors used for radiation dosimetry in space are bound by several con-
straints (Benton and Benton 2001). Because of the high cost of launching equip-
ment into orbit, radiation detectors must be small and of low mass. Furthermore, 
they should be of a robust design and able to withstand a long period of use with-
out failing. Finally, they need to consume as little power as possible. The types of 
materials that can be used are also bound by constraints on crew safety, such as the 
possible outgassing of certain polymers and the limited bandwidth available for the 
transmission of data to Earth. From a technological point of view it is very challeng-
ing to measure the large dynamic range of energies, fluence rates and particle types. 
During SPEs the fluence rates can increase by several orders of magnitude. Ideally, 
the detector should be able to distinguish different particles and energies. Currently 
there is no detector that can fulfil all these requirements. Therefore, the results from 
different detectors need to be combined with simulations. Measurements are neces-
sary to validate simulations and to allow personalized dose assessment. But also 
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the other way around, simulations are necessary to interpret radiation measure-
ments. The design and development of space radiation detectors is also assisted 
by simulations. Furthermore, space radiation detectors are tested and characterized 
extensively at reference ion beam facilities on Earth such as the Heavy Ion Medical 
Accelerator in Chiba (HIMAC) in Japan before sending them into space.

20.2.3  Radiation Detectors Used in Space

Radiation cannot be observed directly. Therefore, radiation detectors rely on ioniza-
tion and excitation effects induced by radiation in the detector material (Knoll 2010). 
Most radiation detectors are based on collection of radiation-induced charges such 
as gas ionization chambers and semiconductor detectors or on collection of vis-
ible light emitted by radioluminescent materials such as scintillators and optically 
or thermally stimulated luminescence detectors. There are also detectors in which 
radiation creates visible changes such as film, plastic nuclear track, and superheated 
emulsion or bubble detectors.

Different types of radiation detectors are used in space, depending on their pur-
pose. There are active detectors providing real-time dose information and passive 
detectors that accumulate the dose until they are read out at a certain moment. Some 
detectors are mounted as ambient monitors somewhere fixed inside or outside a 
spacecraft or rover to monitor the radiation environment, while other detectors are 
carried by astronauts as personal dosimeter to monitor their personal dose.

Active detectors typically give the most detailed information because the data are 
time resolved and typically also give information on the radiation type. However, 
active detectors require power supply, are typically relatively bulky and expensive 
and require complex analysis. The oldest active detectors are based on simple gas 
ionization chambers. The R-16 (Tverskaya et al. 2004) is a combination of two such 
gas ionization chambers with different shielding. It was used already on board the 
Mir space station and is still used inside the Russian segment of the ISS. It cannot 
provide information on the radiation type. A more advanced type of gas ionization 
chamber used in space is the Tissue Equivalent Proportional Counter (TEPC). It 
is composed of a chamber of tissue equivalent wall material containing a tissue 
equivalent gas. The TEPC simulates the radiation energy deposition in a typically 1 
or 2 μm diameter sphere of tissue. After appropriate analysis an approximate LET 
spectrum of the radiation can be derived. With the ISS-TEPC (Badhwar et al. 1996) 
and the updated version IV-TEPC, NASA currently has two TEPCs operational in 
the ISS. The newer active detectors are based on telescopes containing several semi-
conductor silicon diodes. Examples are the MSL-RAD (Mars Science Laboratory—
Radiation Assessment Detector) (Hassler et al. 2014) on board the Curiosity rover 
on the surface of Mars and the DOSTEL (Berger et al. 2017), CPDS (Lee et al. 
2007), ISS-RAD (similar to MSL-RAD) and Liulin (Dachev et al. 2015) detectors 
on board ISS. Such detectors provide more precise LET spectra and give also direc-
tional information. Both the gas ionization chambers and silicon telescopes are rela-
tively bulky. Currently, there is a transition towards smaller active detectors. NASA 
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has the ISS-REM monitoring network on board ISS and is working on the BIRD and 
HERA detectors for the Orion missions (Kroupa et al. 2015). These detectors are 
all based on the Timepix technology which consists of a compact pixelated silicon 
detector that requires limited power and is able to provide even more information 
on radiation type and angle. Both ESA and NASA are also developing very compact 
active personal dosimeters to replace the current passive personal dosimeters of 
the ISS astronauts. These are based on silicon diodes and Direct Ion Storage (DIS) 
detectors, which are miniature ionization chambers storing the liberated charges on 
a nonvolatile semiconductor memory cell. However, these active personal dosim-
eters do not provide detailed information on the radiation type. So, they still need to 
be complemented with more sophisticated active ambient monitors.

Passive detectors typically give less information because they provide a mea-
surement integrated over time and radiation type. However, they are very compact, 
cheap and don’t require any power. This makes them very complementary to active 
detectors. They are used for instance to perform detailed mapping of the dose rate 
such as inside the Columbus module of the ISS in the DOSIS 3D experiment (Berger 
et al. 2016), to measure inside anthropomorphic phantoms to experimentally assess 
organ absorbed doses such as in the MATROSHKA experiment (Berger et al. 2013), 
to monitor radiation doses for biological experiments in space (Vanhavere et  al. 
2008) and as personal dosimeter for the ISS astronauts. There are three main types 
of passive radiation detectors used in space. The first type are the optically stimu-
lated luminescence detectors or OSLDs (e.g. Al2O3:C) and the thermoluminescent 
detectors or TLDs (e.g. LiF:Mg,Ti, LiF:Mg,Cu,P, CaSO4:Dy). These detectors 
absorb the radiation energy and emit it as visible light when stimulated with heat or 
visible light during read out. The amount of light emitted is proportional with the 
received dose. There is also the Pille system (Szanto et al. 2015) which allows read 
out of CaSO4:Dy detectors inside the ISS. It is used by the Russians for dose map-
ping and personal dose monitoring during Extra Vehicular Activities (EVAs). The 
disadvantage of the stimulated luminescence detectors is that their sensitivity drops 
rapidly for radiation with LET above 10 keV/μm. But limited information on the 
high LET part of the radiation can be obtained by combining different OSLDs and 
TLDs and by looking at the high temperature signal of the TLDs (Parisi et al. 2017). 
The second type of passive detectors are Plastic Nuclear Track Detectors (PNTDs). 
These detectors are based on a polymer, typically polyallyl diglycol carbonate or 
CR-39. Radiation with high LET creates tracks in this detector that can be visual-
ized under a microscope after chemical etching. The number of tracks, their size, 
and shape can be used to calculate the dose and even an LET spectrum. The PNTDs 
are only sensitive for radiation with LET above 10 keV/μm. Therefore, the OSLDs 
and TLDs are typically combined with the PNTDs such as in the passive dosimeter 
of the ISS astronauts and the DOSIS 3D experiment. Finally, there are also the 
superheated emulsion or bubble detectors. These detectors contained small droplets 
of superheated liquid dispersed in a polymer. Radiation with high LET can deposit 
enough energy in these droplets to evaporate them into gas bubbles. The number of 
bubbles is a measure of the dose. The bubble detectors are typically used for neutron 
measurements (Smith et al. 2016).
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20.3  Radiobiology

20.3.1  Introduction

All biological consequences of ionizing radiation on living tissues are a result of 
the interaction with atoms in a process called ionization. Ionizing radiation has suf-
ficient energy to remove one orbital electron from an atom, thereby creating an ion 
pair. There are two mechanisms by which radiation ultimately affects cells: either 
by direct ionization of the target molecule, or indirectly by the production of free 
radicals which may ultimately affect the target molecule (Fig. 20.4). During direct 
ionization, radiation transfers energy directly to the atoms of cellular components 
such as deoxyribonucleic acid (DNA), proteins, and lipids. If a cell is exposed to ion-
izing radiation, the probability of directly interacting with DNA is low, as it makes 
up only a small part (1%) of the cell. The main constituent of all cells of the human 
body is water (up to 80%). Therefore, most of the energy produced by ionizing radia-
tion (particularly photon irradiation) leads to water radiolysis, which results in free 
radical production that ultimately can lead to indirect DNA damage. Free radicals are 
highly reactive compounds, such as hydroxyl radicals and superoxide anions, which 
are characterized by an unpaired electron. In addition, other reactive compounds 
including hydrogen peroxide and hydroxyl ions can also be produced.

Radiation induces a large spectrum of DNA lesions, including single-strand 
breaks (SSB), double-strand breaks (DSB), base loss, base changes, and cross-links. 
The DSB constitute the principle cytotoxic lesion in response to both photon and 
particle radiation, and is considered to be the critical primary lesion in the formation 
of chromosomal aberrations. The quantification of DSBs as well as chromosomal 
aberrations after radiation exposure is frequently used as a biological dosimeter or 
to evaluate radiosensitivity of individuals (see Chap. 28). DSBs are detected in the 
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Fig. 20.4 Ionizing radiation 
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cell by sensing molecules which activate a signaling cascade by phosphorylating 
the histone H2AX (γ-H2AX) (Kinner et  al. 2008; Rogakou et  al. 1998). Repair 
enzymes will be attracted to the damaged site and the cell will go into cell cycle 
arrest to allow time for repair. It is well known that the number of γ-H2AX foci is 
proportional to the amount of DSBs. By immunofluorescent staining of the γ-H2AX 
foci, quantitative and qualitative evaluation of the amount of DSBs as well as sub-
sequent DNA repair kinetics can be performed (Fig.  20.5) (Ghardi et  al. 2012). 
Substantial evidence indicates that particle radiation such as protons or heavy ions 
induces DNA damage that is quantitatively and qualitatively different from that 
caused by photons (Fakir et al. 2006). Particle radiation (especially high-LET) pro-
duces dense ionization tracks, thereby inducing a greater number of, and more com-
plex, “clustered” DNA lesions than photon radiation (Hada and Georgakilas 2008; 
Terato et al. 2008). These clusters contain various types of DNA damage (e.g., SSB, 
DSB) within a localized region of the DNA molecule and are associated with the 
increased relative biological effectiveness (RBE) of particle radiation beams (Fakir 
et al. 2006; Hada and Georgakilas 2008; Cortese et al. 2018).

The global response of a cell to DNA damage triggers multiple pathways 
involved in sensing DNA damage, activating cell cycle checkpoints, and inducing 
DNA repair (Su 2006).

However, when the damage is severe, cellular apoptosis can be induced. Failure 
of DSB repair or misrepair can initiate genomic instability, causing chromosome 
aberrations and genetic mutations, and may eventually lead to cancer. Besides dam-
aging the DNA molecule, ionizing radiation can cause a number of lesions in other 
macromolecules as well (e.g., lipid peroxidation, reactive oxygen species). These 
non-DNA lesions trigger multiple signaling pathways including Protein Kinase 
C (PKC), Mitogen-activated protein Kinase (MAPK), and c-Jun NH2-Terminal 
Kinase (JNK), which are involved in cell cycle control, DNA repair, and apoptosis. 
In addition, other radiation-induced phenomena have been described. These include 
nontargeted and delayed effects such as bystander effects, genomic instability, and 
adaptive response (Averbeck 2010). Bystander effects occur in cells that are not hit 
directly, but which are affected by signals derived from neighboring irradiated cells. 
Genomic instability is characterized by the increased rate of acquisition of genomic 
alterations (e.g., chromosomal aberrations, mutations) of the progeny of an origi-
nally irradiated cell appearing several generations after irradiation. On the other 
hand, the adaptive response model postulates that certain doses of low-dose radia-
tion may be beneficial, and renders cells less susceptible to the damaging effects of 
radiation.

20.3.2  Biological Effects of Radiation

20.3.2.1  Tissue Reactions and Stochastic Effects of Ionizing 
Radiation

Radiation risk assessment by advisory bodies such as ICRP (International 
Commission on Radiological Protection) and NCRP (National Council on 
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Radiation Protection & Measurements) have classified biological effects of 
radiation as either tissue reactions or stochastic (ICRP 2012). Tissue reac-
tions, previously called deterministic effects, are associated with high doses 
of radiation exposure over a short period of time. The severity of the effects in 
affected individuals depends on the dose and increases with the magnitude of 
the radiation. There is a threshold radiation dose, below which the tissue reac-
tions has, so far, not been detected clinically (Fig. 20.6a). Stochastic effects are 
usually associated with exposure to low doses of radiation over a longer period 
of time, typically like those encountered by astronauts on board the ISS. The 
probability of inducing the effect, but not the severity of the effect, is dose-
related (Fig. 20.6b). Dose-effect curves for these changes are considered to be 
nonthreshold in type. It is assumed that there is always a small probability of an 
effect even at very low doses. Low doses can be defined as a dose, and dose rate, 
at which, on the average, only a fraction of all targets (cell nuclei) is affected 
by an energy deposition event. In this dose range, the risk for one cell to be 
transformed is very low. However, the risk to the organism of having one trans-
formed cell depends on the number of cells being hit. The upper limit according 
to this criterion is 0.020 Gy (ICRP). Increased incidence of cancer after low- 
dose radiation is an example of a stochastic effect. For the induction of tumors, 
doses below 0.1 Gy are considered as low doses. The linear nonthreshold model 
presupposes that the damage caused by ionizing radiation linearly increases in 
response to the dose. Furthermore, nontargeted as well delayed effects including 
bystander effects, genomic instability, and adaptive response might be involved 
in the response to low doses.

Severity 
of effect

Tissue reactions of 
radiation exposure

Dose Dose

Threshold below which 
no effect is observed

Background radiation

% Risk

Stochastic effect of
radiation exposure

a b

Fig. 20.6 Biological effects of ionizing radiation: (a) tissue reactions and (b) stochastic effect
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20.3.2.2  Early and Late Effects
Radiation effects can appear rapidly, but also after a delay. Early or acute effects 
are those occurring within hours, days, or a few weeks following high-dose expo-
sure (>1 Gy) in a short period of time. These effects appear to be threshold phe-
nomena and are classified as tissue reactions. Exposure to high doses of ionizing 
radiation can cause a rapid whole-body response, often referred to as acute radia-
tion syndrome (ARS) or radiation sickness. These high doses tend to kill cells 
in such a way that tissues and organs become damaged and their functioning 
impaired. The principal sites of biological action are rapidly proliferating cells 
from the bone marrow, gastrointestinal cells, skin, and testes. These tissues and 
organs are classified as radiosensitive organs. ARS is characterized by a sequence 
of phased symptoms in which the clinical effects develop proportionally to the 
dose amount (Xiao and Whitnall 2009). Moderate doses (1–7  Gy in humans) 
induce depression of bone marrow function, known as hematopoietic syndrome. 
This syndrome leads to decreased resistance to infections and hemorrhage. Higher 
single doses (about 8 Gy or more) will result in gastrointestinal syndrome lead-
ing to small intestinal cell killing. Very severe whole-body exposure (20–40 Gy) 
is characterized by a deteriorating state of consciousness with eventual coma and 
death (neurovascular syndrome).

Late or long-term effects usually occur after a number of months or years fol-
lowing radiation exposure. For radiation protection purposes, these late effects are 
classified as being stochastic or tissue reactions in nature. Epidemiological studies 
have clearly identified an increased risk of several types of cancers induced by ion-
izing radiation (Preston et al. 2007), rendering carcinogenesis as the main somatic 
stochastic late effect. It is generally agreed that DNA damage, including DSB, 
mutations, and chromosomal rearrangements are the initiating event in the multi-
step process leading to malignant transformation. In this context, radiation-induced 
chromosomal aberrations in peripheral blood lymphocytes are considered as a 
validated biomarker of cancer risk estimation (Durante 2005; Norppa et al. 2006; 
Boffetta et al. 2007). In addition to an increased risk of carcinogenesis, long-term 
immune dysfunction should also not be underestimated (Kusunoki and Hayashi 
2008). A classic example of a late tissue reaction induced by ionizing radiation 
exposure is cataract formation (reviewed in Kleiman 2012). The eye, and more spe-
cifically the crystalline lens, is one of the most radiosensitive organs of the human 
body. Ocular ionizing radiation exposure causes dose-related, progressive changes 
in the lens, finally leading to cataract. Since 2012 and 2016, respectively the ICRP 
and NCRP have reported threshold values for visually disabling cataracts of 0.5 Gy. 
Furthermore, apart from lens opacity, it has long been realized that high-radiation 
doses also have the potential to cause effects such as cardiovascular diseases as 
well as cognitive impairment and that such non-cancer effects at low doses cannot 
be readily explained by the extrapolation of cancer risk from high to low doses 
(LNT model), pointing out the need for more experimental (mechanistic) and epide-
miological studies to address this particular extrapolation issue to radiation-induced 
non-cancer effects.
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20.4  Biological Effects of Cosmic Radiation

Compared to individuals on Earth, astronauts receive much higher doses of ionizing 
radiation during spaceflight. Dose estimates for interplanetary space travel indicate 
that astronauts receive 0.5–1.4 Gy/year. Recently, estimates for a round-trip to Mars 
show that total cumulative doses of up to 0.662 ± 0.108 Sv are likely (Zeitlin et al. 
2013). However, these doses are not expected to result in significant acute radia-
tion effects (thereby assuming no significant SPEs during the mission), but they 
may increase the long-term health risks that are associated with radiation exposure. 
Besides this, the type of radiation in space differs from the typical terrestrial radia-
tion (e.g., X-rays, γ-rays), and consists mainly of protons and HZE particles (e.g., 
iron, oxygen, carbon, and silicon ions). Although protons account for >90% of deep 
space radiation, charged particles are predicted to account for most of the biological 
consequences of cosmic radiation exposure, due to their high-LET and their linear 
track structure (Swenberg et al. 1991; Green et al. 2001). Unfortunately, shielding 
against this type of ionizing radiation is not feasible. Exposure to high-LET radia-
tion is therefore considered as a major health risk for astronauts and is of major 
concern during long-term spaceflights.

Cataract formation was the first proven late tissue reaction of space radiation on 
astronauts. Previous studies showed that an increased risk of cataract with lens doses 
greater than 8 mGy was observed in astronauts (Cucinotta et al. 2001; Rastegar et al. 
2002; Chylack et al. 2009). In addition, a significant association was found between 
the space radiation doses received by US astronauts, and the progression rate of 
cortical cataracts (Chylack et al. 2012). The induction of late stochastic effects such 
as cancer risk after cosmic radiation exposure is so far unknown (Cucinotta and 
Durante 2006; Durante and Cucinotta 2008). Estimations of cancer risk for space 
missions are mainly based on epidemiological settings from data obtained from 
atomic bomb survivors and patients exposed to radiation therapy (Little 2009). 
However, most of these studies are related to photon radiation types (e.g., X-rays, 
γ-rays), and do not take into account the important biological differences that exist 
between photons and particles. As a result, extrapolation of photon data for radia-
tion risk assessment on astronauts can lead to wrong conclusions (Cucinotta and 
Durante 2006). Therefore, at present, prediction of cancer risk for humans exposed 
to heavy ions during deep space mission has very large uncertainties since there are 
no data available that address the risk from extended exposure to complex radiation 
fields. For this reason, NCRP recommended age and gender- dependent career dose 
limits based on a 3% excess cancer fatality risk. In order to improve the risk mod-
eling during deep space missions, calculations should be based on biological and 
mechanistic studies on the effects of different radiation qualities on carcinogenesis 
(Barcellos-Hoff et al. 2015). Estimation of cancer risk following occupational deep 
space ionizing radiation exposure could be based on studies performed on cancer 
patients treated with charged particles including protons and carbon ions (hadron 
therapy). However, recent studies on patients treated with particle irradiation only 
reported a few cases of secondary tumors and suffer from a limited follow-up time 
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and inadequate statistics (Kamran et al. 2016; Eaton et al. 2015). Nevertheless, the 
increased use of charged particles (protons and carbon ions) for radiotherapy pur-
poses can increase our general knowledge about the biological effects of particles 
in general. Recently, ground-based studies on animals showed that exposure to par-
ticle radiation has a higher carcinogenic effect compared to photon exposure (Weil 
et al. 2014; Suman et al. 2015; Trani et al. 2010). In addition, our lab performed 
many in vitro experiments with cancer cells exposed to carbon ions (Suetens et al. 
2016, 2014, 2015). Further studies in this field will definitely contribute in reducing 
the present uncertainties associated with cancer risk estimates on astronauts.

Chromosomal abberations have been used as surrogate endpoints to investi-
gate radiation quality effects related to cancer risk estimation. Caution should be 
given, however, when extrapolating the number of chromosomal abberations to a 
cancer risk as it has been observed that the dose response for chromosomal aberra-
tions following particle exposure is nonlinear at lower (<0.1 Gy) doses (Hada et al. 
2014). As mentioned before, measurement of chromosomal aberration frequencies 
in lymphocytes after radiation exposure have been proposed as an indicator of can-
cer risk (Durante 2005). So far, several papers have described radiation-induced 
chromosomal damage in astronauts’ lymphocytes after missions in low-Earth orbit 
(Testard et al. 1996; Obe et al. 1997; Yang et al. 1997; George et al. 2001; Durante 
et al. 2003; Greco et al. 2003; George et al. 2005). Short-duration missions did not 
result in significant detectable differences in chromosome abnormalities measured 
before and after flight. In contrast, an increase in post-flight aberrations was found 
in the case of long-term flights. However, in another study no correlation was found 
between aberration frequencies and total mission duration or in the cumulative dose 
equivalent in space for 13 crew members involved in multiple spaceflights (Durante 
et  al. 2003). In addition, it appeared that the post-flight decline in time of chro-
mosomal aberrations was faster than expected and significant heterogeneity was 
observed among individuals. Besides differences in individual radiosensitivity, the 
adaptive response mechanism to space radiation might explain these observations. 
This adaptation might take place after the first exposure, leading to an increased 
radioresistance in exposed individuals. Recently, the effect of repeated space flight 
on the yield of translocations in individual crewmembers was analyzed (George 
et  al. 2013). All crewmembers showed a consistent increase in total exchanges 
and translocations after both the first and second flight. These results support the 
assumption of addividity of biological doses for ISS crew exposures. The long-term 
consequences of these persistent chromosomal rearrangements are not well under-
stood so far, and further investigation in this field is definitely needed.

20.4.1  Immune Dysfunction in Space: Impact of Cosmic 
Radiation?

Immune dysfunction during spaceflight is of paramount concern and can lead to 
serious health problems. The first study about immune abnormalities in space dates 
back to the 1970s, where reduced reactivity of peripheral blood lymphocytes in 
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crew members was observed (Konstantinova et  al. 1973). Currently, numerous 
immune aberrations have been reported in astronauts, cosmonauts, and animals 
flown in space (reviewed in Gueguinou et al. 2009). Some of these observed altera-
tions include variations in peripheral blood leukocyte populations, changes in func-
tion of cells involved in innate immunity, decreased cytokine expression, depression 
of T cell activation and proliferation, and many others. So far, the precise nature of 
immune dysregulation related to spaceflight is unknown (see Chaps. 11–19) and 
multiple underlying causes might be involved. In this context, the impact of cosmic 
radiation, which is always present during spaceflight, should not be underestimated.

To gain more insight into the specific influence of radiation on the immune sys-
tem, Earth-based experiments are increasingly used and represent a more repro-
ducible alternative to in-flight experiments. To date, several ground-based studies 
in animals demonstrated that ionizing radiation influences many aspects of the 
immune system and can cause immune dysfunction. Until recently, the majority 
of radiobiology studies were related to photon radiation such as X- and γ-rays 
(Harrington et al. 1997; Shankar et al. 1999; Gridley et al. 2001; Pecaut et al. 2001; 
Shearer et  al. 2005). However, due to the recent worldwide increase in particle 
accelerator facilities, several studies investigated the effect of whole-body exposure 
to particle radiation including protons and heavy ions. In this way, it is possible to 
expose cells and animals to types of radiation encountered by astronauts during 
interplanetary space travel. Laboratory studies have shown that whole-body radia-
tion of rodents can result in significant acute and long-term effects on the immune 
system. Table 20.1 gives a summary of the main papers describing ground-based 
experiments that investigate acute and chronic immune changes after exposure to 
photon and particle radiation.

20.4.1.1  Acute Effects
In general, when mice are exposed to a single exposure of up to 3 Gy of protons, 
photons, or high-LET particles, a clear effect on different immune cell populations 
is observed. There is a large dose response on day 4 followed by general recovery 
over the following 2–3  weeks. Independent of the radiation type, relative radio-
sensitivities of the various lymphocyte populations (B cells > T cells > NK) and T 
cell subsets (CD8+ > CD4+) are observed (Kajioka et al. 1999, 2000; Gridley and 
Pecaut 2006; Pecaut et  al. 2006; Gridley et  al. 2008; Pecaut and Gridley 2008). 
Lower doses of high-LET particles (<2 Gy) were shown to induce acute damage to 
the hematopoietic stem cells and their progenitor cells (Chang et al. 2016, 2017a, 
b). To better mimic the space radiation environment, experiments with simulated 
solar particle event (sSPE) were performed (Gridley et al. 2008). For this purpose, 
mice were exposed to a high dose of sSPE protons over a period of 36 h. The results 
obtained were compared to γ-ray and proton exposure with the same dose. Acute 
effects including general immune depression and leukocyte abnormalities were 
present; however, the damaging effects of sSPE on leukocytes were generally less 
pronounced compared to the acute photon and proton radiation. Furthermore, it has 
been demonstrated that inhomogeneity of the proton dose distribution (30–74 MeV) 
does not affect white blood cell counts (Sanzari et al. 2014). Besides the risk of 
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relatively high-dose exposure (e.g., during an SPE), low dose/low-dose-rate (LDR) 
radiation must be taken into account when performing research in the context of 
radiation risks for astronauts. Rizvi et al. (2011) and Luo-Owen et al. (2012) dem-
onstrated that total body LDR γ-radiation can modify the response of leukocytes 
exposed to simulated SPE protons, thereby increasing cellular tolerance.

In the context of individual radiosensitivity, the potential impact of mouse 
strains with a genetic background on various immune parameters after acute iron 
ion exposure was compared. These results showed that the impact of the genetic 
background on radiation-induced immune aberrations appeared to be minimal, and 
only included changes in circulating phagocytic populations, erythrocytes, and liver 
mass (Pecaut and Gridley 2010).

20.4.1.2  Chronic Effects
So far, knowledge about the long-term effects on the immune system after exposure 
to different types of radiation is limited (Gridley et al. 2002b, 2008, 2013; Pecaut 
et al. 2003; Gridley and Pecaut 2006, 2016). Summarized in Table 20.1, these studies 
investigated the potential chronic effects on lymphoid cells 4 months after exposure 
to a single high dose of photons, protons, iron, silicon, or carbon ion whole-body 
irradiation (Gridley et al. 2002a, b; Pecaut et al. 2003; Gridley and Pecaut 2006). 
The first study in this field investigated long-term effects (3 months) after iron and 
silicon irradiation (Gridley et al. 2002b). In response to Fe ion irradiation animals 
had significantly increased total lymphocyte and B cell numbers, whereas CD8+ T 
cell proportions were low, compared with nonirradiated controls. However, whether 
these changes result in abnormal/compromised immune responses is not clear. 
Interestingly, these changes could not be observed after exposure to Si ion beams. 
Long-term changes in mice exposed to Si beams resulted in a lower number of 
NK. After whole-body exposure to proton irradiation at doses of the order of large 
SPE, dose-dependent decreases in CD8+ and NK were observed (= depression of 
peripheral white blood cell count) (Pecaut et al. 2003). In contrast, B and T helper 
cell numbers in the spleen were significantly elevated following total body irradia-
tion with iron ions (Gridley and Pecaut 2016). Another study showed increases in 
the number of T cells and a decrease in NK in response to proton and carbon ions 
(Gridley and Pecaut 2006). Gridley et al. (2008) focused on the impact of a single 
iron ion 9 months after whole-body irradiation in rats and showed lower numbers 
of circulating lymphocytes and monocytes, indicating that the intrinsic quality of 
a particle beam is of importance as well, and can evoke different long-term effects 
on the immune system. When investigating the priming effect of low-dose radiation 
on the sensitivity to a subsequent high proton dose, expression of apoptosis and 
inflammation related genes was still affected on day 56 post-exposure (Gridley et al. 
2013). Furthermore, high LET irradiation has been demonstrated to induce a per-
sistent reduction in murine bone marrow hematopoietic stem cells via mechanisms 
related to oxidative stress, DNA damage and stem cell quiescence (Chang et  al. 
2015, 2016; Wang et al. 2017).

In summary, several ground-based studies clearly demonstrated acute and 
long- term changes in the immune system status of whole-body irradiated animals 
exposed to photon and/or particle radiation. Some of these observed alterations 
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include changes in the numbers of T- and NK which are important cellular com-
ponents to suppress infections and kill virus-infected or neoplastic cells. Prolonged 
deficiency in any of these lymphocyte populations can have serious consequences 
for astronaut health. In addition this immune cell deficiency can even be exagger-
ated as a persistent reduction in bone marrow hematopoietic stem cell after radiation 
exposure has also been observed. However, it still needs to be determined whether 
these observed immunological aberrations will actually result in impaired immune 
function.

Another important observation in this field is that results obtained with high-LET 
are not always similar to those obtained after photon radiation such as X-rays and 
γ-rays. This clearly demonstrates that caution is important when extrapolating to 
photon results. In addition, long-term immune changes differ significantly between 
the various high-LET particles, thereby indicating that the intrinsic quality of the 
particle beam may be important as well.

Ground-based experiments are increasingly being used and represent a more 
reproducible alternative to inflight experiments. Although these experiments are a 
good model to investigate the impact of radiation on the immune system, they most 
often evaluate the effect of exposure from a single source of radiation. In this con-
text, simultaneous exposure to radiation of different types, thereby better simulating 
the radiation spectrum to which astronauts are exposed to, might be interesting to 
decipher whether this might affect a broader range of immunological parameters.

20.4.1.3  Spaceflight-Associated Immune Changes: Examples 
of Tentative Interaction Between Radiation and Other 
Space Flight Stressors

To date, it is beyond doubt that spaceflight can induce changes in the immune sys-
tem. Most, if not all, of these immune alterations have been attributed to both psy-
chological stress and the microgravity (μg) environment. In the context of cosmic ray 
exposure, it is only after long-term missions that increased levels of cosmic radiation 
may play a more significant role in this immune dysfunction. However, it is likely 
that several of the space stressors can interact with one another. These interactions 
may be additive or synergistic, but can be antagonistic as well, thereby resulting in a 
final common effect on the immune system that might compromise astronaut resis-
tance to infections and other diseases (see Chap. 3). In the next paragraph an example 
of a tentative interaction between two spaceflight specific stressors is given.

20.4.1.4  The Combined Effects of μG and Radiation
During spaceflight, μg induces numerous systemic effects including alterations in the 
musculoskeletal system, cardiovascular system, sensory-motor system, and immune 
system. With regard to the latter, changes such as decreased number and responsive-
ness of T lymphocytes, reduced cytotoxic activity of NK, and alterations in cyto-
kine and chemokine activity have been reported (reviewed by Frippiat et al. 2016). 
However, one might ask whether this reduced gravity can alter the cellular response 
to ionizing radiation. Experiments performed on living embryonic systems in space 
showed a synergistic interaction between both space stressors, thereby decreasing cell 
survival and inducing chromosomal aberrations (Reitz et al. 1989; Horneck 1999). 
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However, further studies demonstrated that the interplay between both could not be 
explained by a decreased capacity to repair damaged DNA (Kiefer and Pross 1999; 
Pross et al. 2000). Therefore, other mechanisms have to be postulated for this syner-
gism. One may hypothesize that immune cells respond to decreased gravity as well 
as to radiation challenges by activating similar cell signaling pathways (see Chap. 
28). In the context of μg, “gravi-sensitive” signal transduction components are pres-
ent in different cell compartments of immune cells such as on the cell surface (e.g., 
IL-2 receptor, which can result in a diminished proliferative response of T cells), in 
the cell cytoplasm (e.g., intracellular signaling pathways), and in the nucleus (e.g., 
expression of the genes regulating a number of cellular processes including differ-
entiation and proliferation) (Ullrich et al. 2008; Tauber et al. 2015). With regard to 
intracellular signaling pathways, various kinases such as tyrosine, PKC, and MAPK 
play important roles in response to μg. Besides μg, it has been shown that radiation 
also induces changes in the activation of different kinases in immune cells (Varadkar 
et al. 2003; Varadkar and Krishna 2004; Mitra et al. 2007). Tyrosine kinase, PKC, 
and MAPK activity increase with increasing dose after irradiation in lymphocytes 
in vivo. However, in contrast, MAPK activity decreased with an increasing dose in 
ex  vivo irradiated lymphocytes. The effect might become even more complicated 
when comparing photon data with results obtained after high-LET radiation (Narang 
et al. 2009). In this context, the hindlimb unloading mice model was used to inves-
tigate the combined impact of microgravity and proton radiation on several immune 
parameters (Sanzari et al. 2013a). Results demonstrated that exposure to combined 
stressors decreased leukocyte numbers and function. In addition, whole-body proton 
or γ-ray radiation in a ferret model resulted in a significant reduction in circulating 
white blood cells (Sanzari et al. 2013b). The importance of the radiation-counterpart 
in cellular changes in response to physical space stressors such as μg is still not clear, 
and more research is definitely needed to gain additional insight into this complex 
matter. Moreover, the differences between the response of a single cell and the one of 
the whole animal must be considered as well. Once again, several studies underscore 
that in vitro data cannot be extrapolated indiscriminately to in vivo conditions.

Besides similar cell signaling pathways, μg and radiation can indirectly affect 
inflammation by influencing components that are essential in mediating the inflam-
matory response. A crucial step in inflammation is the trafficking of leukocytes 
from the blood stream into the tissue. This leukocyte–endothelial adhesion involves 
dynamic interactions between leukocytes and endothelial cells, and is mediated by 
several families of cell adhesion molecules (CAMs). CAMs that are expressed on 
the surface of vascular endothelial cells include the selectin family (E-selectin and 
P-selectin) and the Ig superfamily (e.g., ICAM-1). These CAMs interact with leu-
kocytes to initiate cell extravasation and migration. The impact of both radiation and 
μg on the induction of cell adhesion molecules on endothelial cells has been studied 
(Zhang et al. 2008; Hallahan et al. 1996; Romanov et al. 2001). Both E-selectin 
and ICAM-1 are increased after X-irradiation, whereas VCAM and ICAM-1 also 
increase under hypogravity conditions. These experiments indicate that leukocyte 
adhesion (and consequently inflammation) might be promoted both by radiation 
and μg. Additional experiments are needed to gain more insight into the combined 
effects of both physical spaceflight stressors.
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To gain more fundamental insight into the potential interplay between these two 
physical space stressors in immune cells, Earth-based experiments that simulate 
space conditions can be useful. In this light, μg-simulating devices such as rotating- 
wall bioreactors (clinostat) or the Random Positioning Machine (RPM) are currently 
used to perform in vitro experiments under hypogravity conditions. Ideally, cells 
should be exposed to μg and different radiation qualities at the same time. However, 
only a limited number of studies have yet been performed in which cells are simulta-
neously exposed to both these physical space stressors (Beck et al. 2014; Pani et al. 
2016; Fernandez-Gonzalo et al. 2017). In a recent study simulated μg was found 
to increase particle radiation-induced apoptosis in B lymphoblast cells (Dang et al. 
2014). The combined impact of space radiation and microgravity on DNA integrity 
is also of a major concern for their impact on astronaut health. Unfortunately, results 
from either ground-based or inflight studies are ambiguous and require validation in 
the true space environment (reviewed in Moreno-Villanueva et al. 2017).

20.5  Conclusion

It has become clear that several aspects of the spaceflight environment lead to acute 
and long-term changes in the immune system. Therefore, to reduce the health risks 
for astronauts, it is important to better understand the mechanisms responsible for 
the changes observed in the immune parameters (Dang et al. 2014). Ideally, to dis-
criminate between different factors and their impact on the immune system, data 
should be obtained e.g., from the same cohort of animals that are exposed simul-
taneously to different spaceflight stressors. However, various experimental set-
ups (space vs. Earth-based models) are concomitant with different uncontrolled 
stressors e.g., shipping animals, housing. These conditions may elicit immune 
system alterations that always make direct comparison problematic. In addition, 
to study the effect of space radiation on ground-based models, radiation should 
be delivered at a very low dose rate for extended periods in order to be as relevant 
as possible to spaceflight. Unfortunately, these conditions are not easy to achieve 
on Earth due to facility limitations and high demand for beam time. Currently, 
researchers are starting to elucidate the different effects of cosmic radiation on the 
immune system. Nevertheless, several important questions remain: Which path-
ways are responsible for repairing radiation-induced changes? How capable is the 
irradiated immune system of responding to an immune challenge? How are other 
metabolic cofactors (see Chaps. 5, 16, 28, 32 and 33), hormones and transmitters 
affecting this process?

In conclusion, gaining more insight into changes in immune responses after 
radiation exposure is needed to more accurately predict health risks associated with 
long-duration spaceflight. This knowledge might not only be relevant to extended 
ISS missions (more than 1 year) and to future exploration and colonization missions 
in space but also of significant importance to life on Earth and to patient care, e.g., 
during cancer radiation therapy, when metabolic effects, the immune system, and 
the radiation effects are interacting closely on the therapeutic goals of curing and 
limiting cancer growth, respectively.
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21.1  Introduction

Maintaining astronauts’ health is one of the most important strategic objectives dur-
ing manned space mission which is necessary to attain versatile mission goals. For 
astronauts, the next physician is far away and problems in radiocircuits with delay 
or loss of communication will likely occur. Therefore, it is of great interest to 
develop innovative health care screening tools for astronauts affording to appreciate 
the certainty of the presence or absence of diseases and to judge the demand for 
therapeutic strategies. In space, diseases like acute or chronic infections of bacterial, 
fungal, and viral nature as well as cancer development are likely to occur and are 
strongly linked to the adequate performance of the immune system. Moreover, the 
latter is eminently modified and compromised as a consequence of stressors in 
space. Accordingly, monitoring of health in space is also a monitoring of stress and 
changes of organ functions like immunity.

The pace of development of new diagnostic techniques and lab-on-a-chip 
microtechnologies has greatly accelerated over the past decades (Sackmann et al. 
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2014). Since quality of the diagnostic procedure largely determines quality of 
care, overcoming deficiencies in standards and methodology deserves high prior-
ity. It is self-understanding that it is important to test and to further evaluate the 
benefits of diagnostic tools on Earth — under laboratory and field conditions —
before considering its use in space. This is critical not only because of the limited 
number of astronauts but also of the high costs of developing the specifically 
certified hardware for space crafts. The most important challenges result from the 
fact that after detecting changes in a promising parameter/variable, the descrip-
tion and definition of the latter as a biomarker (Baumgartner et al. 2010) requires 
an adequate sample size for either the “sick” or their controls in order to provide 
the desired information and certainty. However, there is a big ambiguousness and 
uncertainty regarding biomarker- guided adaptive designs of clinical trials which 
should be taken into consideration because they can get an appealing character. 
The main reason is their application to real clinical practice and their ability to 
evaluate both multiple experimental treatments and biomarkers simultaneously 
(Antoniou et al. 2016). The number of patients in a trial can be adjusted to the 
results from an interim analysis and the duration of the study is allowed to become 
minimized. However, both procedures require a precise detailed data analysis 
with the right conclusions under careful attention of the study issue and the key 
questions which have to be answered. Hence it is absolutely necessary to evaluate 
a diagnostic procedure accurately and extensively with respect to the Good 
Clinical Practice Guidelines (GCP Guidelines) on Earth before taking into account 
the use in astronauts during space missions.

21.2  The Ideal Diagnostic Tools for Space

21.2.1  Definitions

Diagnostic investigations collect information to clarify the individual health status. 
The “ideal” diagnostic tool is able to elevate certainty of the presence or absence of 
disease—meaning to have high sensitivity and specificity—to support treatment of 
pathophysiological conditions, to assess prognosis, and to monitor the clinical 
course (Kottnerus et al. 2002).

Diagnostic procedures to monitor stress effects and health-relevant changes must 
be evaluated not only in accordance with their intended objectives but also taking 
into account possible discomfort and complications. The guiding principle for 
application should be: “Minimize astronauts’ risk. Maximize astronauts’ care.” 
With regard to the risks and invasiveness of medical procedures, there are three 
main categories (Table 21.1):

 (a) Noninvasive procedures,
 (b) Minimally invasive procedures,
 (c) Invasive techniques.
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21.2.2  Examples

Medical techniques which do not penetrate the mucosa, skin, or body cavity beyond 
a natural or artificial body orifice are called noninvasive. For centuries, physicians 
have used many ordinary noninvasive methods rested upon physical parameters. For 
example, they auscultated heart and lung sounds, percutated or palpated in order to 
assess organ functions. The discovery of the first modern noninvasive procedures 
dates back to the end of the nineteenth century: In 1895, the German Physicist 
Conrad Röntgen discovered a new form of radiation; he called this radiation 
“X-rays” to denote its unknown structure. X-radiation had the unique property to 
penetrate through many materials that absorb visible light and to knock electrons 
loose from atoms. For first time, it was possible to depict anatomical structures and 
to make a diagnosis in ill patients without exploratory surgery. This was the begin-
ning of a new era. Since then, noninvasive methods have continuously enlarged and 
have been tested to provide important information on the health of patients in remote 
areas using real-time telemedicine devices, e.g., an electrocardiogram and ultra-
sound (Kirkpatrick et al. 2013; Nicogossian et al. 2001; Otto et al. 2009, 2010). 
Noninvasive methods permit accomplishment of diagnostic procedures without 
extravagant expenses and with a minimal risk for the individual. They are of out-
standing impact for observation of strain and its consequences in individuals under 
extreme living conditions by considering stress-associated neurocognitive changes 
(see for details Chap. 7), by using strategies for psychological (Chap. 22), vegeta-
tive (Chaps. 6 and 23) and circadian rhythm (Chaps. 9 and 26) and sleep changes, 

Table 21.1 Examples for noninvasive, minimally invasive, and invasive procedures

Noninvasive procedures
    – Cognitive tests
    – Monitoring group interaction (see Chap. 22)
    – Electrocardiography (ECG, see Chap. 23)
    – Electroencephalography (EEG)
    – Temperature (double sensor, see Chap. 26)
    – Breath gas analysis (e.g., E-NOSE, see Chap. 24)
    – Saliva and urine analyses
    – Hair analyses for stress hormones (see Chap. 29)
    –  Wearables with flexible sensors detecting several vital data, e.g., the blood pulse wave, 

electrocardiogram, blood pressure, breathing rate/volume, skin temperature, oxygen 
saturation, and other physical activity levels

    – Sleep monitoring by new devices (e.g., SomnoART)
Minimally invasive procedures
    – Lab-on-a-chip technologies
    – Capillary blood analyses (e.g., analyses by flow cytometry, see Chap. 27)
Invasive procedures
    – Invasive catheterization
    – Surgical procedures
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respectively. Easily collectable specimens allow the analyses of particular hor-
mones, pharmaceuticals, or contaminants in body fluids (saliva, urine). Fibrous 
keratin structures (e.g., hair, see Chap. 29) can also serve as appropriate material to 
monitor the stress effects (Ballantyne 2007; Gidlow et al. 2016; Stalder et al. 2017). 
Moreover, the analyses of volatile organic and inorganic compounds in exhaled air 
may become an emerging tool (Chap. 24) for maintenance of “crew health,” their 
“system performance” as well as “environmental integrity in space” (Nicogossian 
et al. 2001), which involves the regular assessment of the microbial environment 
(Chap. 25) as well. A new wearable device consisting of a shirt and dedicated tablet 
application is able to measure continuously physiological data including pulse 
wave, electrocardiogram, blood pressure, breathing parameters, skin temperature, 
oxygen saturation, and other physical activity levels thereby simplifying the process 
by combining numerous devices into one wireless article of clothing. This easy-to- 
use garment has been launched into space in December 2018 (http://www.asc-csa.
gc.ca/eng/sciences/bio-monitor.asp). Sleep recording can be made by a novel 
approach which is placed within a few seconds on one forearm and the person can 
be self-recorded in this environment. It is based on instantaneous heart rate, body 
movement recordings and also combine with more than 40 sleep experts’ rules to 
assess all sleep parameters instead of polysomnography (Muzet et  al. 2016). In 
comparison to minimally or more invasive procedures noninvasive techniques will 
be the “winners” if they are based on clear data in terms of accuracy, safety, and 
reproducibility.

Minimally invasive procedures are characterized by minimizing potentially det-
rimental diagnostic and/or surgical trauma to the individual. This includes, as an 
example, peripheral venous or capillary blood withdrawal from the finger tip. 
Weighing the risks against the benefits of blood draws the benefits will significantly 
rise, when the number, reliability, and the impact of the readout parameters can sup-
port the definition of the individual health status and may direct to appropriate mea-
sures for counterbalancing of unfavorable changes (Chaps. 30–35). Analytical tools 
can involve flow cytometric measurements (Chap. 27).

An invasive procedure penetrates or breaks through the skin barrier or enters a 
body cavity, e.g., the mouth, and includes techniques that comprise relevant perfora-
tion, an incision, a transection, a catheterization, or another entry into the human 
body. Invasive techniques are mostly well validated. Their disadvantages are the 
time-consuming and cost-intensive application requiring the presence of an on-site 
expert which, however, can be assisted by telemedicine and robotics in the future as 
well (Ushakov et al. 2015).

21.2.3  The Next Stage of Monitoring: Bio-microdevices

21.2.3.1  The Need for Molecular Analytics
Fueled by their potential for diagnostics and personalized therapy methods for iso-
lation and on-site analysis of blood components, such as plasma, red blood cells, 
white blood cells, extracellular vesicles (EV, e.g., exosomes, microvesicles), and 
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circulating nucleic acids (cfDNA, miRNA) are developing rapidly (Andaloussi 
et al. 2013; Nagrath et al. 2007; Ratajczak and Ratajczak 2016; Tan et al. 2009; 
Tkach and Thery 2016). They will be used to characterize immune system state, 
inflammation, bone loss, radiation effects; and are becoming the key to personalized 
precision medicine approaches. Examples include the need for rapid detection and 
time evolution of the expression level for a number of soluble proteins currently 
used in clinical diagnostics such as the immune system panels (IL2, IL4, IL5, IL6, 
and IFNγ). This is particularly relevant for remote applications, such as exposure to 
radiation, stress, or low gravity exposures where body fluids’ analysis is required. 
Today these analyses are almost exclusively performed on Earth using samples col-
lected and stored on the International Space Station. In practice, this mode of opera-
tion is costly and detrimental to timely assessment since biological samples collected 
from space crew must be preserved (often over extended periods of time) and 
returned to Earth before they are transferred to a dedicated laboratory for investiga-
tion. These bio-analytical challenges compounded with the need to process a diver-
sity of samples large, makes the sample preparation and automated molecular 
analytics a critical barrier particularly relevant for analysis in remote environments 
and applications, such exposure to radiation, stress, or low gravity exposures.

In addition, the life science space research community requires genomic/tran-
scriptomic information for the monitoring of astronauts’ health throughout long- 
duration missions in order to assess extent of adaptation or deconditioning arising 
during space exploration. A growing body of literature suggests that epigenetic 
regulation of immune genes plays an important part in tailoring the response to 
therapy and defining outcomes. Therefore, a capacity of rapid and automated on- 
site analysis from small volumes of body fluids of biomarkers, including DNA and 
RNA at very low concentrations, is crucial to a timely and efficient decision-making 
process together with (immune-)cell functional analyses.

21.2.3.2  Bio-devices for Remote Diagnostics—Need 
and Opportunity for Space

Given the complexity of performing molecular, cell-based analysis and the con-
straints related to performing experimental work aboard both ISS and beyond, there 
is a request of new approaches and medical devices allowing to harvest and process 
information from a broad range of sample types with limited hands-on crew engage-
ment during operations. Particularly, low-form factor molecular-based bio-devices 
that are portable, wearable, or implantable, and are IT-enabled to provide continu-
ous monitoring are required to address the need of remote medical support.

Bio-microdevices technologies have been developed significantly over the last 
decade particularly fueled by microfluidic-powered lab-on-chip (LOC) technologies 
that facilitate integration of multiple and complex analytical protocols, most of which 
are typically done using multiple bulky instruments. LOC technologies allow such 
assays to be conducted in a rapid and inexpensive manner. They also enable mini-
mally trained personnel to perform analytical procedures outside of laboratory set-
tings (Cui et al. 2015; Erickson et al. 2014; Mielczarek et al. 2016; Patabadige et al. 
2016; Sackmann et al. 2014). LOC devices have a wide range of applications in fields 
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such as point-of-care diagnostics, high-throughput screening, DNA analysis, protein 
analysis, cell-based assays, or companion diagnostic devices. These needs and the 
subsequent developments include advances in hardware miniaturization, integration 
of the multiple steps in modular and reconfigurable devices, producing clean samples 
required for analysis and integration of full sample-to- answer assay in automated sys-
tems. Microfluidics is one of the key technologies enabling lab-on-chip devices. 
Several microfluidic approaches for manipulation liquids have been developed includ-
ing external on-chip pressure-mediated pumping, electrowetting, centrifugal, and cap-
illary forces. To be suitable for handling of complex, very different sample natures and 
in remote operations, the methods used to control the liquid displacements inside the 
microfluidics cartridges must have large range of liquid–solid contact angles. Among 
the various arising microfluidic technologies, centrifugal microfluidics stands out as a 
promising platform for sample preparation and integration of sample-to-answer 
assays able to handle samples ranging from μL to mL with almost zero dead volume. 
Centrifugal microfluidics uses the centrifugal forces from high-speed rotation to drive 
the liquids radially from the center to the periphery of the devices. For space applica-
tions, this type of microfluidic platform is particularly appealing as the presence of a 
strong on-chip centrifugal acceleration not only offers unique sample preparation 
capabilities (sedimentation of debris, density fractionation, etc.) but also makes the 
entire microfluidic process independent of normal gravitation. Also, the centrifugal 
force helps providing predictable and repeatable liquid positioning despite the intrin-
sic variability associated with device filling and facilitates working with complex 
samples such as blood or saliva that can contain bubbles or show complex interactions 
with the sidewalls of the microfluidic devices.

Among the very promising microfluidic approaches currently available is the 
“Power-Blade” microfluidic platform developed by the National Research Council 
of Canada. “Power-Blade” combines regulated pressure control in a centrifugal 
microfluidics platform as a means to facilitate integration of complex assays in cen-
trifugal microfluidics and improves reliability of fluidic manipulations. In this 
method (Fig. 21.1), a programmable air pump and multiple miniature electrome-
chanical valves are placed on a rotating stage and connected to microfluidic devices. 
The electronic system is designed to ensure that the valves, the pump, and the other 
active elements can be computer-controlled in real time while the platform is rotat-
ing at high speed. Centrifugal fluidic actuation is independent of liquid–solid con-
tact angles, the nature of the samples, and the chip fabrication materials, making 
this method very suitable for space applications (Clime et al. 2014, 2015; Brassard 
et al. 2015, 2016, 2018a, b).

The Power-Blade platform’s exceptional capabilities to implement automation 
of complex biological samples preparation and integration of biomolecular assays 
has been demonstrated in a number of very diverse applications.

One example is the extraction of the genomic DNA from cell culture lysates 
(Clime et  al. 2015) and rapid (1 h) VTEC E.coli bacteria’s molecular subtyping 
workflows including bacterial lysis, on-chip DNA amplification implementing an 
molecular assay has been performed (Fig. 21.1c).
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The P-Blade technology has been validated in collaboration with Canadian 
Space Agency (Brassard et al. 2017, 2018a, b); for low-gravity operation and for 
performing liquid-biopsy-like sample preparation from body fluids. P-Blade has 
demonstrated protein and DNA extraction from whole blood in less than 60 min 
using dedicated microfluidic cartridges that undergo automated centrifugal and 
pneumatic liquid manipulation. One example is the automated extraction and puri-
fication of multiple proteins and total genomic DNA from large volumes of whole 
blood samples (Brassard et al. 2018a, b). In Fig. 21.2 it is demonstrated that very 
high efficiencies for protein extraction from blood samples can be achieved across 
the entire physiological range of interest. Three target protein biomarkers, TNF, 
PTH, and ALP, encompass the whole physiological concentration range of interest 
for proteins biomarkers (TNF, low 0.3–1.3  pg/mL; PTH, average 10–70  pg/mL; 
ALP, high 10–70 ng/mL).

Power-Blade Microfluidic Platform is modular by design. It is a dynamic bioanalysis 
hardware platform that accepts application-specific cartridges or consumables to enable 
a wide variety of functions and assays, each with custom operational protocols.

Air pump

Rotating
stageω

Electronics

Pneumatic
manifold

Microfluidic
device

a

c

b

Fig. 21.1 (a) Picture showing the current laboratory earth prototype of the Power-Blade platform. 
(b) 3D schematics showing the various elements of the Power-Blade technology. (c) Power-Blade- 
operated polymer microfluidic device (2 × 4 in.) performing bacterial lysis, on-chip DNA amplifi-
cation implementing an molecular assay for VTEC E. coli molecular subtyping
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21.2.3.3  Intelligent Assistance
Psychological impairment due to the prolonged perception of stress is a major risk 
factor for manned deep space missions (Kraft et al. 2003). Peer pressure or the so- 
called groupthink effect is well known to impair opinion and objective reasoning 
(Turner and Pratkanis 1998). This effect was observed in autonomous groups that 
worked under stress and caused a major degradation of the communication between 
crew and ground personnel. The characteristics can be overestimation of one’s own 
capabilities, high group pressure towards uniformity, not questioning the leader’s 
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Fig. 21.2 (a) 2 in. × 4 in. three layers thermoplastic polymer device operated on the Power-Blade 
used for automated (45 min) extraction from 1 ml whole blood of multiple proteins; (b) Comparison 
of protein extraction efficiency for tests performed with the automated microfluidic cartridge and 
test performed manually; and (c) Boxplot showing a summary of the protein extraction efficiency 
measured for all experiments performed with a manual procedure and with the automated micro-
fluidic cartridge (Brassard et al. 2018a, b)
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decisions and an overcritical view on outsiders, meaning people outside the own 
group. A successful interplanetary mission will critically depend on individual 
adaptation and performance as well as successful joint crew interaction and appro-
priate psychological prevention or countermeasures (Manzey 2004). Because of 
that, innovations are needed, which autonomously prevent stress and its negative 
attributes by effectively supporting crew in a pleasant way. Apart from training crew 
and crew surgeons, artificial intelligence can provide another form of support for 
long-duration space missions (Fig. 21.3).

Absolute 
navigation

Ready for

Augmented 
reality

Front and side camera

Over 80% of the structure
is 3D printed

expresses emotions

Powered by
IBM Watson TM

14 Front Microphones
Speaker Outlet

Printed structure

3D

Battery powered 
propulsion system

Assistant for
complex tasks

Social companion

Face detection 
and 

Face recognition

Artificial 
intelligence

Voice
control

Fig. 21.3 Design concept of CIMON and technical features: The CIMON systems consists of a 3D 
printed hardware with a battery-powered propulsion system and a variety of intelligent functions 
such as navigation guidance and control, voice control, and face detection and recognition. Over the 
time-course of development more features and functions will become available (Source: DLR)
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On behalf of the German Aerospace Center (DLR) the company Airbus Defence 
and Space developed and designed an autonomous robotic sphere equipped with the 
artificial intelligence (AI) “Watson” by IBM. This crew interactive mobile compan-
ion (CIMON) has a size of 32  cm in diameter and 5  kg weight. CIMON was 
launched to the International Space Station (ISS) in June 2018. After successful 
commissioning and successful proof of safety in a technical demonstration by ESA 
Astronaut Alexander Gerst (Fig. 21.4), CIMON will be deployed for human interac-
tion in form of preliminary basic experiments. It/he shall assist during simple pro-
cedures, display videos or read out loud instructions for crew activities. In his actual 
form, he is capable of communicating through verbal commands and identifying 
crew members through face recognition. Access to the AI can currently occur only 
when signal to ground is possible. Over the course of time, CIMON is expected to 
evolve, not only regarding his personality through crew interaction but also regard-
ing tasks assigned and technology equipped with. The employment of AI carries 
also some negative connotations through movies and other media leading to a 
potential reservation in interaction with CIMON. It is clear, however, that further 

Fig. 21.4 Feasibility study of CIMON: Upper left panel: Testing of the navigation control system 
during parabolic flight: During 22  s of microgravity, CIMON showed stable facial orientation 
towards a study participant supporting implementation aboard the ISS (Source: Novespace/DLR). 
Upper right panel: First power-on of CIMON in his new working environment inside the Columbus 
module (Source: ESA/NASA/DLR). Lower panels left and right: commissioning aboard the ISS 
with support of ESA-Astronaut Alexander Gerst on November 15, 2018. CIMON proved stable 
navigation control as well as fully functional verbal interaction, face detection and features of the 
artificial intelligence (Source: ESA/NASA/DLR)
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exploration of his potential capabilities cannot proceed without the support of the 
crew. Therefore, he will not only have to prove himself as technically reliable and 
safe in this working environment but also need to encourage sympathy and accep-
tance. The achievement of these highly estimated values will be decisive for the 
further development of AI as crew support in the future.

21.2.4  Ready for Space?

This introductory chapter presented herein summarized a number of analytical 
capabilities that can be of strong advantage to health care for extended space mis-
sions. The noninvasive or minimally invasive monitoring tools, the versatile lab-on- 
chip platforms such as the ones outlined above, and artificial intelligence can 
altogether pave the way to develop exceptional capacities. We envision that artificial 
intelligence-based tools will be capable also to remotely monitor the micro-devices, 
hardware operation, assist with experiments analysis, benchmark and make deci-
sions on experiments workflows. Those opportunities are particularly interesting for 
their potentially disruptive effects in within 5–10 years for both space exploration 
and terrestrial applications. While responding directly to the particular context of 
space-based applications, we readily assert that these investments will also address 
key needs for (1) Earth-based, distributed and automated remote medicine and (2) 
the next generation of medical technology that can offer personalized and precise 
medical care over the next decades.

In space medicine, the regnant trend is to attach importance to the molecular 
biology and genetic testing which will become more easy as described. However, in 
order to translate these new findings into any improvement of living conditions or 
relevant impact on health preservation during space missions, it is necessary (1) to 
clearly determine space-relevant problems in humans and (2) to differentially moni-
tor and to hereby link the changes observed in one organ to other organ systems. 
However, especially in space, the implementation of health-monitoring tools will 
depend on the following factors:

 1. Technical feasibility, upload weight restrictions, and onboard energy 
consumption,

 2. Relevance in respect of health problems occurring in astronauts during 
missions,

 3. Its value for identifying a disease and then monitoring its response to treatment,
 4. Manual feasibility by astronauts as well as.
 5. Safe use and convenience application.

The diversity of diagnostic methods requires a close collaboration of experts in 
the several fields of medicine and engineering. For the single expert this prevailing 
trend is a challenge. He has to acquire as much as possible theoretical and practical 
expertise in the various diagnostic techniques. Hence the goal of education of physi-
cians in space organizations should be to train medical experts who have the 
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competence, the occupational skills, and the experience to take the responsibility 
for engineering, supervising, and referring many diagnostic tests in space. In future, 
the results of noninvasive or minimally diagnostic procedures could be generated 
on-site in space and the space crew must be able to autonomously interpret the data 
and to draw the correct conclusions. This will be only possible if astronauts are 
trained extensively by medical experts. Alternatively, telemedicine will be estab-
lished and wireless tools will be provided for astronaut care (“e-health”). However, 
it must be taken in consideration that the extended communication delays in explo-
ration missions will eliminate the option of real-time guidance, thus requiring 
autonomous stuff operation and training of astronauts before space missions cannot 
be eliminated (Hurst et al. 2015).

21.3  Summary

“Long-duration missions necessitate further technological breakthroughs in tele- 
operations and autonomous technology.” This statement made by Nicogoassian and 
coworkers in 2001 confirms the importance of onboard health care and extends to 
the critical need, respectively, to make noninvasive or minimally invasive stress and 
health-monitoring tools available. These tools should deliver comprehensive data 
on the degree of stress and health-relevant immune changes of astronauts, their 
related risks as well to be able to prevent from health threats. To realize the latter in 
space, existing technical approaches has to be improved and new innovative meth-
ods are under way to be developed and tested, respectively. The (1) integration of 
environmental monitoring and health monitoring devices with (2) “on-the-spot” 
sample analyses, data processing, and interpretation as (3) potentially supported by 
artificial intelligence will all help and be of advantage for the space crew on their 
mission to outer space, and also equally important for the benefit for patient care on 
Earth. Especially, they will have the potential to help bedridden or housebound 
patients, people who live in rural communities, or workers in dangerous environ-
ments with limited access to medical support.
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22Psychological Monitoring

Bernd Johannes and Berna van Baarsen

22.1  Introduction

Irrespective if and how psychological monitoring is to be fully understood during 
extend missions to (outer) space, it must first be viewed as an essential support tool 
for the crew, parallel to the technical monitoring systems e.g., of fuel and water 
quality. Rigorous selection of the crew favors those who are tough, enduring, well- 
trained, performance-oriented, and unaccustomed to “needing” the help of psychol-
ogists. Although these participants are honest in subjective self-evaluation, they 
tend to exhibit repression. This requires rethinking, and reevaluation of psychologi-
cal methodology. This chapter of this books second edition addresses and reviews 
some general principles of psychological monitoring, summarizes the definition of 
the terms but also links the results from recent applications to these methods, such 
as psychological monitoring, team talk sessions and crewmember support. The 
methods used should be objective, nonobtrusive, nondisrupting, mission related, 
useful for the crew itself (immediate expert-system-based feedback) as well as that 
they should be neither tedious nor artificial or abstract, so that they will not be 
avoided but accepted by the crew. There is an increasing need for new measure-
ments and methods which are objective, reliable, computerized, continuously, or at 
least repeatedly, applicable in order to achieve—in a perfect setting—monitoring of 
nearly all behavior and performances during a mission. Numerous (newly devel-
oped) methods that can be helpful to achieve this goal are based on video observa-
tion, event counting, performance measurement, time measurement, and 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16996-1_22&domain=pdf
mailto:bernd.johannes@dlr.de


422

psychophysiological measurement, and also self-reports. To which degree they are 
helpful in assessing stress and stress-responses and health relevant issues is 
described and discussed.

22.2  Monitoring and Preparation Prior to the Mission

Preparation and training procedures will become more effective when, in addition 
to technical information and job-related factors, also relevant psychological, exis-
tential, and social aspects are taken into account (Kanas and Manzey 2003; Van 
Baarsen 2011, 2013; De la Torre et al. 2012). Attention should be given to informed 
consent procedures in which preflight information and (job) expectations should 
adequately match. Other relevant training aspects are personal autonomy among 
crewmembers in relation to crew motivation and perseverance mission behaviour 
(Van Baarsen 2013). The training of astronauts and the preparation of a space mis-
sion take several years; this is sufficient time to analyze and verify the behavior and 
performance of individuals and crews.

On the individual level, crewmember support should be provided early on in the 
training period (Baranov et al. 2001). Coping with unknown and perhaps dangerous 
situations is a unique personal event, for which one must be adequately prepared. 
On the team level, the preparation period is highly important for the crew develop-
ment, the intercultural adaptation, and the establishment of mission goals and moti-
vation. Teams perform better when goals originate from and are relevant to them 
and are evaluated and restructured periodically, also in relation to mission and pri-
vate expectations (Van Baarsen et  al. 2012a). Encouragement of reasoning and 
deliberation among team members may increase group cohesion and decrease the 
risk of spreading blame and finding scapegoats. Prior companionship and team-talk 
sessions are of great importance for the development of common goals (Sandal 
2001; Tomi 2001). The management of emotions and the building of supportive and 
constructive relations between the crew (Kass and Kass 2001) have to be estab-
lished. Possible effects of social-related personality characteristics can lessening or 
enhance feelings of loneliness, isolation, and boredom, for example, the ability to 
enjoy one’s own company (Van Baarsen et al. 2009), the desire to be on one’s own, 
or social anxiety, may influence selection, monitoring, and support programs. These 
effects stress the necessity to compare different countermeasures and determine 
which ones are most efficient in preventing boredom, distraction, and loneliness 
(Van Baarsen 2011).

The preparation time provides a good opportunity to support the acceptance of 
monitoring methods and psychological support tools. Regarding the mutual aspects 
of communication, reflection, and support, crew and mission control should both 
participate in (parts of) the training (Kanas 2009; Van Baarsen et al. 2012a). The 
final mission selection is a crew composition with possible individual out-selections 
and crew rebuilding. One specific crew problem is the late mission assignment of 
load specialists, for example, from foreign space agencies.
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22.3  Monitoring and Support During the Mission

Psychological monitoring and support is most difficult during the mission. However, 
there are more publications about that mission period than about others (Grigoriev 
et al. 1985; Kanas 1991; Manzey et al. 1995; Sandal et al. 1996). There are well- 
documented physical influences of long-term weightlessness on the human body, 
but health and fitness are not identical with well-being. Well-being depends how the 
individual copes with stress due to physical changes caused by weightlessness, fluc-
tuating O2 and CO2 concentrations, radiation exposure, muscle and bone loss, and 
cardiovascular deconditioning, as well as the adaptation to the psychological effects 
of long-term isolation. These effects can include asthenia, exhaustion, motivation 
loss, passivity, feelings of isolation, symptoms of depression, excitability, stimulus 
deprivation, and movement or activity deficits (Table 22.1).

Table 22.1 Definitions

Psychological terms used in long-term isolation research

Asthenia Weakness, or a loss of strength or energy, that can be psychological and/or 
physical, and which is marked, e.g., by fatigue, muscular pain, lack of motivation

Boredom Experiences of boredom differ between persons and depend, e.g., on the levels 
of excitability and action preferences, and the number and intensity of inputs 
from the environment

Depression A persistent feeling of sadness and worthlessness and a lack of interest or desire 
to search for and/or engage in joyful activities. Depression is related to 
symptoms such as motivation loss, exhaustion, passivity, sleeping problems, 
disturbed appetite, and adaptation and eating disorders

Distraction An interruption to attention or anything that draws attention away from the 
desired task thereby blocking or diminishing the reception of primary 
information

Excitability The extent to which people are sensitive or (neurologically) aroused to 
emotional responses, which affect the ways in which they experience the 
environment

Feelings of 
isolation

Feelings due to a perceived, internalized isolation. Feelings of isolation may be 
positive or negative depending on person, social and health characteristics such 
as social embeddedness, personal vulnerability, support desires, preferences 
(solitude) and expectations, and coping style

Hygienic 
discipline

The ability to perform practices in order to preserve health, on a consistent, 
repetitive basis

Loneliness In general, loneliness is expected to be experienced due to a discrepancy 
between actual and desired personal relationships. Loneliness can be socially 
(the feeling you can count on others for support) or emotionally (the feeling of 
lacking reliable emotional attachments to others) defined. Existential loneliness 
is expected to be inherent to human existence and meaning of life

Mood An emotional state or a general feeling that does not result from a particular 
situation. Awareness of a mood often results following reflection on a response 
to a situation

Stimulus 
deprivation

Lack of environmental input or deprivation or reduction or removal of stimuli 
from one or more of the senses
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Maintaining health depends much on physical training discipline and hygienic 
discipline. The sleep–wake cycle within a 24-h day and night cycle as well as the 
work–rest schedule are disturbed (see also Chap. 9). It is very informative to observe 
how these daily duties are permanently solved. If there are decreases or changes in 
spare time use, such as skipping usual hobbies and so forth, this could be an early 
indication of mood change or motivation loss.

When small teams have to work in highly autonomous conditions, where team 
members are fully dependent on each other in managing technology, carrying out 
tasks, and with additional communication delays as well as daily (inter)personal 
and occupational hazards, successful adaptation and adherence to the primary jobs 
are difficult. Especially when questions of personal goal setting and existential 
events arise, it is crucial to analyze matters of challenge, dedication, and inspiration 
on the one hand, which can mean fulfillment (Van Baarsen 2011). On the other 
hand, there are loneliness, (herein defined as perceived, internalized isolation, 
Cacioppo et al. 2010) demotivation, and boredom, which can manifest itself as frus-
tration (Van Baarsen 2001, 2011). While positive feelings of personal achievement 
can increase team performance, coherence, and well-being, negative impressions of 
attainment, failure, and boredom may enhance difficulties with interpersonal and 
intercultural contacts and communication, supportive behavior, and companionship. 
The availability of intimate contact as well as emotional and instrumental support is 
an influential social resource which may attenuate feelings of distress and loneliness 
(De Jong Gierveld 1998; Van Baarsen 2002). During powerful isolating events such 
as a long-duration spaceflight, loneliness can be experienced due to changes in the 
size of the personal network and its interpersonal dynamics as well as the changes 
in perceived intimacy and support. Particularly members of small intercultural 
teams are prone to experience loneliness: Increased dependency, different cultural 
backgrounds and communication styles (Gushin et  al. 2001; Kanas et  al. 2000; 
Palinkas et al. 2004) as well as the limited number of contacts without the possibil-
ity of altering the crew composition can result in decreased satisfaction and/or 
increased need for intimacy and support. In fact, smaller networks discourage social 
seeking behavior and decrease the chance that emotions can be shared (Van Baarsen 
and Broese van Groenou 2001). High-fidelity studies in space analog environments 
have been seen to be very helpful for those investigations bridging environmental 
stressors to psychosocial challenges (see Chaps. 36 and 37). In each six crewmem-
bers participating in the Mars105 and Mars500 simulation programs (Van Baarsen 
et al. 2009, 2012b) an increase in loneliness, particularly shortly after confinement, 
with considerable variation in how crewmembers adjusted to the confinement in 
terms of loneliness was observed over time. Loneliness frequently results in a 
decrease of well-being which is measured for instance, as depression, sleeping 
problems, disturbed appetite, and adaptation disorders (De Jong Gierveld 1998). 
Loneliness and poor health, interrelated through a complex process, may result in 
feelings of alienation and estrangement (Van Baarsen 2002).

Presently, psychological monitoring focuses usually only on performance in spe-
cial and common tasks, for example, docking training (Hockey 1986; Manzey et al. 
1998; Salnitski et al. 2001; Sandal et al. 1996), or have a scientific background. The 
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long-term effect of limited resources in insignificant daily tasks, missing personal 
contact, and the technocratic environment, however, can drastically influence the 
daily attention to house-keeping and the maintenance of equipment, resources, ani-
mals, and plants. Decreased personal or team motivation can lead to less focused 
and misplaced goal orientation. It is important to mention changes in the individual 
coping with the reduced privacy, increases or decreases of family contact seeking, 
sensation seeking, other mood changes resulting from maladaptation to confine-
ment and isolation or the reaction to periods of high work load alternating with 
steep boredom. A reduced variability in self-reports and work statements are clues 
for the evaluation of the psychological state of crewmembers.

We still only have limited methods to objectively monitor all the indicators men-
tioned. Sensitive observation and private conversation based on a trusting personal 
relation between ground and crew remain the most important. Likewise, the moni-
toring of group cohesion and group conflict should focus on the group dynamics, 
cultural life, events, group activities, and sub-group separation (Sandal et al. 1995; 
Vessey and Blackwell Landon 2017). Changes occurring in the group roles and 
functions must be noted: The possibility to develop informal leadership can disturb 
or support group cohesion. All interpersonal or even intercultural differences can 
enhance as well as hinder the group functioning. Limited resources and/or impaired 
competence can provoke feelings of failure or frustration, specifically anger, sense 
of loss, fallibility, blame, limited control and boredom (Van Baarsen 2011), ulti-
mately leading to depression, self-derogation, and risky behavior (Frankl 1959; 
Molasso 2006; Van Baarsen 2002). When unexpected competence deficits arise in 
individual crewmembers, for example during a sudden occurrence of a life- 
threatening event, efficient group performance may be in danger.

For long-term missions it is nearly unavoidable that conflicts appear. The ques-
tions about why they occur and how the crew should cope with them must be 
answered. A rising problem is the crew autonomy of long-term missions. Long 
durations and long distances will heavily influence the relationship between the 
crew and the ground staff. Due to the distance between the Earth and the space 
craft, a delay in communication occurs of up to 20 min into one direction. This 
hinders, for example, a “usual” talk or an online support in case of trouble. It is 
unknown how the crew may react if they can’t see their home planet anymore 
(“Earth out of view” effect, Kanas and Manzey 2003, p. 186) or realize that they 
were traveling behind the “point of no return.” Even Christopher Columbus could 
have had returned each moment with his sailer “Santa Maria” if he would have had 
wanted to. There is a growing risk of misunderstanding, loss of belief, and conflicts 
(Kanas et al. 2007) between the crew and ground. The crew is no longer controlled 
by ground control, but guided, informed, and supported in decision-making. Crew 
autonomy and time delays in communicating with outside monitors in “mission 
control” may affect crew motivation (Van Baarsen 2013) as well as crew emotions 
and performance, and influence the work activities of mission control personnel 
(Kanas et al. 2010). Tensions in interpersonal relations affect the ability to interact 
with each other and increase towards the end of the mission (Cazes et al. 1996). For 
an autonomous decision-making of the crew, an independent computerized support 
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system on board could be a great assistance not only for technical problems 
(Hoermann et al. 2008).

22.4  Relevance of Isolation Stress for the Cardiovascular 
and Immune System

We can herein only shortly connect the effects of stress, isolation, and confinement 
on a human’s health. These effects are to be seen very holistically affecting central 
and peripheral regulation loops and are addressed and discussed in more detail (see 
Chaps. 3, 6 and 7). It is know from a steady stream of recent papers about terrestrial 
research that loneliness in the human society (Holt-Lunstad et al. 2010; House et al. 
1988; Van Baarsen 2001) is related to several potentially unhealthy changes in the 
cardiovascular, immune, and nervous systems (Cacioppo et al. 2002, 2010; Miller 
2011). This is even more relevant for small crews with limited social alternatives. A 
lack of group cohesion and group conflicts changes levels and kinetics of stress 
hormones (Choukér et al. 2002; Shimamaiya et al. 2004). The confinement- related 
limitations of activity hinder the positive effects of physical activity on immune 
system and mood and alter brain functions (Schneider et al. 2009, 2010). There are 
several findings supporting the linkage of behavioral stress and cardiovascular dis-
eases via the immune system (Applegate et al. 1999; Cacioppo et al. 2002). That 
underlines the necessity of a careful monitoring of psychological changes, e.g., the 
occurrence of symptoms of loneliness or asthenia. Group cohesion and group func-
tioning is one of the most important factors, compensating or enhancing the deficits 
of life in isolation, promoting team-spirit (“Teamgeist”) and mission motivation or 
evoking loneliness. Understanding these complex interactions will help to support 
appropriate measures to counteract unfavorable developments during a long-dura-
tion spaceflight or in other conditions in which a crew had to cope with extreme 
environmental conditions (see Chap. 31).

22.5  New Method Examples

As mentioned above, psychological monitoring needs new methods and technolo-
gies which are applicable, not impeding, and accepted by the crew. There are first 
successful attempts in video face emotion analysis (Dinges et al. 2007) even tested 
already on the ISS in space. Actually there were different software approaches 
developed for an automated face emotion recognition (FaceReader, NOLDUS, 
AFFDEX SDK, McDuff et al. 2017), used already in clinical investigations (Bandini 
et al. 2017) but also promising for space research.

Voice frequency analysis is a very promising approach for space psychology 
(Johannes et al. 2000, 2007). Figure 22.1 illustrates the complex structure of voice 
frequencies differing between the used two Russian word commands “ok” and 
“error.” For a subject’s state analysis the changes in frequency ranges are more 
important than the energy distribution. Insofar loud-spoken and soft-spoken com-
mands can be compared. The voice pitch and higher formants are slightly increased 
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in space. Voice analysis was first applied in space in 1965, e.g., during the very first 
EVA by Leonov (Simonov and Frolov 1977), and continued in later Mir missions 
(Sulc 1979; Vaic et al. 1981). Voice pitch (lowest, fundamental frequency) analysis 
was also verified in a long-term isolation study (SFINCSS) to indicate the actual 
speaker’s excitation during the phone communication with the ground staff 
(Johannes et al. 2002). The in parallel assessed subjective self-ratings became con-
stant after some weeks and were not anymore informative.

The voice pitch can be registered also by means of small mobile systems and can 
be put together for communication analysis as illustrated for three subjects in Fig. 22.2. 
Such kind of voice cross analysis could indicate the common and individual amounts 
of communication but also the emotional states and reactions of the speakers.

A wireless group structure monitoring could provide information about the 
dynamics of the crew structure during the mission (Sandal et al. 1995). The first 
results of the 105-day phase of the Mars500 project promised correlation between 
the objectively measured time by means of a wireless system, crewmembers spend 
together (Johannes et al. 2015) and the classical sociogram assessment by question-
naires (Salnitski et al. 2009). Figure 22.3 illustrates the resulting group structure and 
its changes between different days. The average time as well as the equal distribu-
tion between crewmembers provides information about the crew cohesion. It will 
become visible if one crewmember runs out of the crew and becomes isolated within 
isolation, which is a strong indication for psychological disturbances such as depres-
sion. Meanwhile some different commercial systems (batches, Actiwatches with 
proximity assessment) are available for this approach.

Work sample analysis (Salnitski et al. 1999, 2001, 2004; Johannes et al. 2016b) 
represents an already well established method and is used as a routine monitoring. 
Real mission relevant skills (e.g., the hand controlled docking of a space craft on a 

a b

Fig. 22.1 Sonograms of voice samples during the inflight space experiment “Pilot” (docking 
training), (a) “error” (ru: “oshipka”), (b) “ok” (ru: “vporyadke”). They illustrate different fre-
quency intensities by diffent colors (from blue to yellow). The ordinate is given in hertz (Hz), the 
time abscissa in milliseconds. The lowest frequency is called fundamental frequency (voice pitch) 
and is related to the psychological state of the speaker. The higher frequency bands are reflections 
of the articulary tract and form several formants, mostly three. Formants provide relevant informa-
tion for word and speaker recognition

22 Psychological Monitoring



428

Fig. 22.2 During the (simulated) communication of three subjects their single voice pitch values 
are registered in 30-s intervals (black panel), put into histograms (left blue panel), and the mode of 
this histogram (F0 m) sampled as intonation indicator and monitored over time (right blue panel)
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Fig. 22.3 Two examples of daily sociograms, assessed by a wireless system of small satellites, 
brought by each crewmember during the day, measuring the time spent together. The thickness of 
the lines represent the relative times spend together as a measure of personal closeness
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space station or catching a free flying object by means of a hand controlled robot 
arm) are refreshed and trained during the mission, thus, providing information about 
the proficiency of the operators and about their actual motivational state (Johannes 
et al. 2017). To evaluate, if this professional monitoring is associated with a physio-
logical strain assessment, an indirect monitoring of the psychophysiological state is 
provided (Johannes et al. 2001, 2003; Johannes and Gaillard 2014). It seems possible 
to implement features of embedded testing of fundamental cognitive functions into 
these refreshment trainers. This may be supported by the assessment of least invasive 
neurophysiological parameters like the P300, an EEG reaction to a relevant stimulus 
(e.g., acoustic) with a latency time of 300 ms (Johannes et al. 2016a). However, areas 
such as automated daily duty analysis, analysis of the cooperation quality during 
shared duties, analysis of readiness and progress in coping with expert-system feed-
back or learning new things (e.g., the language of crew mates or new skills) as well 
as a spare time use analysis are currently only at the proposal level.

Some new approaches aim to provide support to the astronauts using expert sys-
tems (AI). The DLR proposed a “Digital Friend” system (Hoermann et al. 2008). 
Astrium (now Airbus) suggested an Astronaut supporting system “ASTRID.” In late 
2018 the prototype CIMON (Crew Interactive Mobile Companion) was brought up 
and tested on the ISS. This could be the beginning and an example of how an artifi-
cial supporting system could look and work like (see also Chap. 21).

22.6  Summary

Because the psychological consequences of living in a hostile and potentially life- 
threatening environment are closely interlinked with biological responses as well, 
monitoring with psychological tools is an important tool to monitor stress-related 
neural and hormonal changes which are potentially affecting immunity and health 
during long-duration mission. Actually we have to state still an enormous deficit of 
new objective methods which have to be developed and tested, especially because 
they might be of huge advantage in the field of neurosciences, tele-medicine and for 
a crew on a long space mission. However, psychological monitoring is a sensitive 
case. It will work under enhanced autonomy only if it provides primary support to 
the crew itself and is only secondary meant for information for the ground. If agen-
cies on Earth will have once selected a Mars-crew, they have to believe in it and 
support it on the crew’s demand.
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23Monitoring of Autonomic Activity 
by Cardiovascular Variability: How 
to Measure?

André E. Aubert and Bart Verheyden

23.1  Introduction: Why Can Heart Rate Variability 
Be a Suitable Tool to Monitor Autonomic Activity?

The study of cardiovascular variability in heart rate (heart rare variability: HRV) 
and blood pressure (blood pressure variability: BPV) allows insight into the auto-
nomic modulation of cardiovascular function (Malliani 2000). Most of cardiovascu-
lar variables such as heart rate, blood pressure, and stroke volume fluctuate on a 
beat-to-beat basis, thus creating a complex system with feedback (Aubert and 
Ramaekers 1999), with both linear and nonlinear fluctuations. Such a control sys-
tem, well known in engineering, is more adequate to maintain stability and adapt to 
functional needs (Guyton et  al. 1981). Therefore, cardiovascular control, as 
expressed by the time-dependence of hemodynamic variables, is a direct reflection 
of autonomic activity (Malliani 2000). An alteration of variability has been reported 
in several cardiovascular and non-cardiological diseases.

(Lees et al. 2018; da Silva et al. 2018; McIntosh 2016). Moreover HRV has a 
prognostic value and is therefore important in modeling risk stratification (Malliani 
2000), such as a predictor after acute myocardial infarction (Kleiger et al. 1987) and 
as an early warning sign of diabetic neuropathy (Benichou et al. 2018). Therefore, 
decreased cardiovascular variability is a sensitive indicator of altered autonomic 
modulation and can identify high-risk patients. Thus a continuous measurement of 
heart rate, blood pressure, and their relationship, arterial baroreflex mechanism, 
allows an indirect insight into the functioning of the cardiovascular control mecha-
nism (Aubert and Ramaekers 1999). An additional advantage is that these measure-
ments are noninvasive and thus well adapted to a clinical setting or experimental use 
with astronauts in space.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16996-1_23&domain=pdf
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The normal heartbeat varies secondary to respiration (respiratory sinus arrhyth-
mia) (Toska and Eriksen 1993), in response to physical (Aubert et al. 2003) and 
mental stress (Aubert et al. 2010) and multiple other factors such as aging and gen-
der (Ramaekers et  al. 1998); finally it is characterized by a circadian variation 
(Umetani et al. 1998). Both the basic heart rate and its modulation are primarily 
determined by alterations in autonomic activity (Cohen and Taylor 2002). Increased 
parasympathetic or vagal activity slows heart rate and increased sympathetic activ-
ity increases heart rate (also related to biochemical processes, see Chaps. 7 and 8). 
Therefore, there is a continuous balance between the activities of both antagonist 
systems that regulates cardiovascular variables around a mean value. In a healthy 
individual, the role of the autonomic nervous system is essential to adequate cardio-
vascular functioning (Verheyden 2007).

However in research and hospital settings, it remained a problem how to evaluate 
and relate these oscillations to sympathetic and parasympathetic activities. This 
became only possible after the advent of computer techniques in the seventies for 
automatic detection of fiducial points on the signals and further digital processing 
(Hyndman et  al. 1971; Hyndman 1974; Sayers 1973). Cardiovascular changes 
(HRV and BPV) may be measured by a number of techniques. After peak detection 
on the basic parameters such as ECG and blood pressure, time series of RR intervals 
(tachogram) and of systolic and diastolic blood pressure values (systogram and 
diastogram) are obtained (Aubert et al. 1999). These signals consist of discrete time 
series that can be further processed either in time- or in frequency domain (Malik 
and Camm 1995) or using nonlinear processing methods (Beckers et al. 2006a, b).

23.2  Data Sampling: What Do You Need to Determine 
Cardiovascular Variability?

In general, three steps are needed for data recording and analysis:
The first step is the recording of a high-quality ECG and blood pressure tracing. 

The former is obtained with electrocardiography. The latter is most often obtained 
from noninvasive recordings with a finger pulse pressure method (Imholz et  al. 
1998), based on the volume-clamp method of Penaz from a finger cuff. Figure 23.1 
shows the elements of the equipment needed to determine HRV and BPV and 
Fig. 23.2 how this is implemented in the ISS. The model shown is the one used for 
training purpose of the astronauts before spaceflight in Star City (Moscow, Russia).

Although the finger pressure cuff works perfectly almost all the time, under cer-
tain circumstances malfunction can occur: it is the so-called Cold finger syndrome.” 
This is similar to Raynaud’s disease, which is a type of disorder that affects the 
small blood vessels. It causes a problem with the vessels in the extremities, and it 
results in reduced blood flow, thus leading to a loss of signals.

During a spaceflight pre-flight base-line measurements of the astronaut were satis-
factory. However, signals obtained during a first session in-flight in the ISS were unus-
able (Fig. 23.3, upper part). The same equipment had been used 2 months earlier on 
another astronaut with total satisfaction. As hardware was suspected of malfunctioning, 
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3 measurements

– ECG

– Finger blood pressure

– Respiration

Fig. 23.1 Upper right: subject with ECG, finger blood pressure cuff, and respiration detector. 
Lower left: illustration of volume-clamp method and resulting blood pressure signal. Lower right: 
finger cuff

Fig. 23.2 Implementation of measurement device (ECG, finger blood pressure cuff, and respira-
tion detector) and used in the ISS in the period 2000–2011. The system supplied several hundred 
hours of laboratory-quality recordings on successive astronauts and cosmonauts
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new finger cuffs were shipped to the station by a Proton supply vessel. Despite new 
cuffs, the blood pressure waveforms remained unacceptable. The remaining part of the 
hardware seemed to function normally, as no error messages were generated. It was 
found the astronaut had “Cold finger syndrome” and after heating his finger with a 
warm cloth, the signal became normal again (Fig. 23.3, lower part).

Duration of recordings can extend from a minimum of 10 min (Task force 1996) 
to 24 h in Holter recordings. These signals are analog/digital converted for com-
puter processing. In order to have a good time resolution and event definition, a 
sampling rate of at least 250 Hz and preferentially of 1000 Hz (giving a time resolu-
tion of 1 ms) is recommended (Pinna et al. 1994). A typical ECG signal is shown in 
Fig. 23.1a. For analysis in the frequency domain, the ECG signal must meet several 
conditions: it must be sufficiently long (Task force 1996), random, stationary, and 
free of arrhythmias and noise. Random means that sequences cannot be determined 
by a mathematical expression or rule (Bendat and Piersol 1971). Stationary means 
that the probability function of the ECG signal does not change over time (Aubert 
et al. 1999). For frequency domain measurements, at least two times the wavelength 
of the lowest frequency component is needed for data recording. Consequently, the 
lowest limit for the analysis of the high frequency (HF) component (0.15 Hz) would 
be 13.3 s and for the low frequency (LF) component (0.04 Hz) would be 50 s.

Fig. 23.3 Upper part: due to “Cold finger syndrome” the pressure device keeps on trying to cali-
brate the pressure signal (step signal), but to no avail: no good pressure signals. Lower part: after 
warming the finger the problem disappeared and normal signals were obtained
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The second step for HRV analysis consists of peak detection of the QRS complex 
(representing the ventricular depolarization) (Fig. 23.4a, lower part) or of systolic 
blood pressure on the blood pressure tracing. The result is a discrete, unevenly 
spaced time event series (Fig. 23.4b) the tachogram, a normal-to-normal interval 
(R-R interval, RRI). For BPV analysis, both blood pressure amplitude and the tim-
ing of its occurrence have to be synchronously recorded. The variations in systolic 
blood pressure result in the systogram and the variations in diastolic pressure lead 
to the diastogram. Before processing, these point series have to be corrected for 
ectopic and missed beats. This correction is obtained by filtering and interpolation 
algorithms (Aubert et al. 1999).

Finally, as a third step, for most spectrum analysis methods, an evenly spaced 
point series is needed. Therefore an evenly spaced point series is created by interpo-
lation and a series consisting of equidistant points (0.5 s) is created. Although newer 
spectrum transform techniques (Lomb method) allow to use non equidistant time 
series (Holland and Aboy 2009).

All the above steps are illustrated in Fig. 23.4:

 (a) ECG recording of a young healthy subject and peak detection.
 (b) Unfiltered RR-intervals depicted in a tachogram, as obtained from panel a with a 

time length of 600 s and insert and (b1) blow-up of first 20 points of the tachogram.
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Fig. 23.4 Schematic representation of the different steps involved in HRV analysis, with courtesy 
from Acta Cardiologica 199:54:107107–120. Upper tracing: ECG signal, second lower: peak 
detection on ECG (a), middle left: tachogram (b), lowest: histogram (c); right middle: tachogram, 
first 20 points of tracing on the left (within circle) (b1), lowest right: power spectrum plot (d)
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 (c) HRV computed in the time domain and depicted as an histogram giving the 
distribution of RR intervals. This histogram was obtained from a 24 h Holter 
recording.

 (d) Analysis in the frequency domain: power spectral density (PSD), obtained from 
the same recording. Low-frequency band: 0.04–0.15 Hz (LF); High-frequency 
band: 0.15–0.4  Hz (HF). Below LF there is a very low-frequency band: 
DC-0.04 Hz (VLF).

23.2.1  Time Domain Analysis

Parameters in the time domain are easily computed with simple statistical methods, 
even from short-duration time windows. Their main limitation is the lack of dis-
crimination between activities of both branches of the autonomic system (Pinna 
et al. 1996).

Recommendations for a standardization for different parameters have been pub-
lished (Task force 1996). The most frequently used time domain parameters (Malik 
and Camm 1995) include SD and SDANN, both representing global variability and 
rMSSD and pNN50, both highly correlated to high-frequency power in the fre-
quency domain (Ramaekers et  al. 1998) and as such are also markers of vagal 
activity.

• SDNN (or SDRR) (ms): is the standard deviation of the normal to normal (NN) 
interval over the recorded time interval (Copie et al. 1996; Kochiadakis et al. 
1997). Theoretically, the heart rate variance which is equal to (SDNN)2 is identi-
cal to the total power (ms2) as determined from power spectral analysis (surface 
under the curve of PSD). It represents global HRV. SDNN depends upon the 
length of the recording. A longer recording of the same subject gives a higher 
SDNN value. Therefore it is inappropriate to compare SDNN values obtained 
from recordings of different durations.

• SDANN (ms): is the standard deviation of the 5 min mean NN interval over the 
entire recording. As such this estimates changes caused by cycles longer than 
5 min.

• rMSSD (ms): is the square root of the mean squared successive differences 
between adjacent RR intervals over the entire recording. It correlates with the 
parasympathetic (vagal) activity as measured from HF.

• pNN50 (%): is the percentage of successive interval differences greater than 
50 ms computed over the entire recording.

The latter two are highly and positively correlated with each other and therefore 
they can be considered as surrogates for each other (Kleiger et al. 1991).

Geometric methods can be used as well to process RR-intervals. The simplest 
one is the sample density histogram representation (Fig. 23.4c). Another possibility 
consists in plotting the duration of each RR interval against the duration of the 
immediately preceding RR interval: Poincare maps. Assessment of HRV is based on 
quantification of dimension of shape of pattern.
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An advantage of geometric methods is that they are very much insensitive to 
errors caused by ectopic beats or even arrhythmias. A disadvantage is that they are 
not as precise as pure time or frequency domain parameters. Also quite long- 
duration recordings are needed.

23.2.2  Frequency Domain Analysis

By definition, spectral analysis decomposes any steady, stationary, fluctuating sig-
nal into its sinus components. It allows plotting the power of each component as a 
function of its frequency (Fig. 23.4d) and the computation of the power in defined 
frequency regions. Power spectral analysis can be performed by nonparametric Fast 
Fourier Transform (FFT) (Akselrod et al. 1981) and by parametric autoregressive 
modeling (AR) (Baselli et al. 1985).

FFT: This approach is rather simple to apply and is computationally efficient. 
However its frequency resolution is limited and directly related to the duration of 
the recording period: the lowest frequency is the inverse of the recording length. 
The upper frequency limit is imposed by the Nyquist criterion: half the sampling 
frequency. Power spectral density can be computed in defined frequency bands: 
VLF, LF, and HF. These methods are based on the linear characteristics of the sig-
nal. However, due to windowing (the choice of a finite time segment), these meth-
ods suffer from spectral leakage, leading to masking of weak signals that are present 
in the data (Bendat and Piersol 1971). Using of parametric power spectrum estima-
tion methods avoids this problem of leakage.

AR: In this approach the time series of RR-intervals is described by an autore-
gressive model: the signal at every time step is expressed as a linear function of its 
values at J previous steps. Therefore this method requires an a priori choice of the 
value of J: the order of the parametric model to provide the best fit to the data. The 
model order J, selected by information theory criteria, determines both centre fre-
quency and the magnitude of the spectral components. The advantages of using 
parametric methods are: (1) Smoother spectral components which can be distin-
guished independently of preselected frequency bands, (2) Easy post-processing of 
the spectrum with an automatic calculation of low and high frequency power com-
ponents and easy identification of the central frequency of each component, and (3) 
an accurate estimation of power spectral density even on a small number of samples 
on which the signal is supposed to maintain stationarity. The basic disadvantage of 
parametric methods is the need to verify the suitability of the chosen model and is 
complexity (the order of the model).

Spectral components and physiology (see also more extensively in Chap. 8): All 
methods for quantifying heart rate and blood pressure fluctuations are used for 
interpreting the link between mathematics to physiology. However there are still 
many contradictions and controversies.

In a typical cardiovascular power spectrum different frequency bands can be 
distinguished (Fig. 23.4d): high frequency (HF: 0.15–0.4 Hz), low frequency (LF: 
0.04–0.15 Hz), and very low frequency (VLF: 0–0.04 Hz) (Task force 1996). The 
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physiological explanation of VLF has not been well defined until yet. The HF com-
ponent is generally considered to be linked to respiration (respiratory sinus arrhyth-
mia) and thought to be mediated almost exclusively by fluctuations of efferent 
parasympathetic activity (Malliani et al. 1991). In healthy subjects heart rate and the 
entire arterial pressure waveform rise and fall at the frequency of respiration. These 
fluctuations represent both autonomic neural fluctuations and mechanically induced 
central blood volume changes in synchrony with respiration. During inspiration, the 
RRI on an ECG is shortened, whereas during expiration RRI is prolonged (Cohen 
and Taylor 2002).

HF oscillations are almost completely abolished by large dose of atropine 
(Akselrod et al. 1981; Ramaekers et al. 2002). However care has to be taken about 
respiration frequency: if that becomes lower than 0.15 Hz, it shifts to the LF com-
ponent (Novak et al. 1993). The physiological background of the LF component is 
still rather controversial. It is believed to consist of a mixture of sympathetic and 
parasympathetic modulation (Eckberg 1997).

LF and HF components can be expressed in absolute units (ms2 or mmHg2), or in 
normalized units: LFnu and HFnu. This can be obtained by dividing the power of a 
given component by the total power (TP) (from which VLF has been subtracted) 
and multiplying by 100. As such LF and HF components are independent of total 
power:

 
LFnu LF TP VLF HFnu HF TP VLF= -( )´ = -( )´/ /100 100  

Joint time-frequency analysis: Power spectrum analysis gives a global picture of 
oscillations present in a signal within a certain time window. Because of the prob-
lem of stationarity, as discussed before, frequency domain HRV parameters are not 
reliable in case of quick changes in heart rate or its autonomic modulation. The 
spectrum essentially shows which frequencies are contained in the signal as well as 
their corresponding amplitudes and phases, but does not show at which time these 
frequencies occur.

Joint time-frequency analysis on the other hand can visualize dynamic or 
transient changes over time (Chan et al. 2001) as it combines simultaneously 
time and frequency information. For example, fast changes in heart rate can 
occur during drug infusion, tilt testing, orthostatic stress, or any time-related 
event. Several methods have been proposed such as: short time Fourier 
Transform, Choi-Williams distribution, smoothed pseudo Wigner-Ville distribu-
tion, discrete wavelet transform (Shie and Dapang 1996), and the more advanced 
continuous wavelet transform (Verlinde et al. 2001). Several types of wavelet 
functions exist such as the Morlet wavelet, Haar wavelet, Daubechies wavelet, 
Gaussian wavelet and Mexican hat wavelet. The idea of continuous wavelet 
transform is to project a signal on a family of zero-mean functions (the wave-
lets) deduced from an elementary function by translations and dilatations. All 
these above described methods allow to determine instantaneous frequency and 
power or the evolution over time of the LF and HF powers and LF and HF fre-
quencies separately (Shie and Dapang 1996).
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23.2.3  Nonlinear Dynamics

Nonlinear control of heart rate and blood pressure poses potential physiological 
advantages in the possibility to adapt quickly and more subtly to changes in physi-
ological needs. The basic idea behind nonlinear control mechanisms is that with a 
rather small amount of energy, a different end-point can be reached. Analysis meth-
ods derived from nonlinear system dynamics have opened up a new approach for 
studying and understanding the characteristics of cardiovascular dynamics. 
Nonlinear analysis methods differ from the conventional methods because they are 
not designed to assess the magnitude of variability but, rather, the quality, scaling, 
and correlation properties of the signals (Aubert et al. 2009). A nonlinear system is 
mathematically defined as a second- or higher order power system, meaning that the 
independent variable in the mathematical equation contains an exponent. A linear 
system can be decomposed into its component parts, whereas in a nonlinear system 
the parts interfere, cooperate, or compete with each other. Therefore, a small change 
can dramatically alter the nonlinear system because the initial condition of all vari-
ables along with the input stimulus influences the output response.

Chaos theory is a specialized subtheory of nonlinear system dynamics that 
describes systems that are low-dimensional (3–5 variables), have defined boundar-
ies, and exhibit sensitive dependence on initial conditions.

However their physiological background or relationship to autonomic modula-
tion is still a matter of debate (Beckers et al. 2006d; Dabire et al. 1998) and no up- 
to- date standards for nonlinear indices have been published (Task force 1996). 
Nonlinear indices seem rather to reflect overall, integrated control of heart rate 
(Lombardi 2000). Nevertheless the importance of nonlinear behavior of cardiovas-
cular control was underlined by Yamamoto and Hughson (1991). These authors 
have shown that for persons in the supine (awake) position, the contribution of non-
linear fluctuations to total was 85.5  ±  4.4%.

These nonlinear methods of analyzing HRV aim to assess qualitative properties 
rather than the magnitude of the signal. The physiological background of these 
novel methods of analyzing heart rate dynamics is much more poorly understood 
compared to traditional linear methods.

Nonlinear analysis methods can be divided into two categories: indices that 
describe the scaling behavior of the nonlinear system (FD, 1/f, DFAα1 and DFAα2); 
and indices that describe the complexity of the system (CD, LE, ApEn, NL).

Scaling: fractal dimension. A fractal object is self-similar or shows scale invari-
ance: the details of the structure are similar when zooming in at different resolu-
tions. The FD of a waveform represents a powerful tool for transient detection. This 
feature has been used in the analysis of ECG to identify and distinguish specific 
states of physiologic function (Beckers et al. 2006b).

Scaling: 1/f slope. The 1/f slope of the log(power)—log(frequency) plot is 
obtained from the linear regression of the power spectral density from 10−4 to 
10−2 Hz. A slope of −1 is an indication of scaling behavior (Beckers et al. 2006d). 
The slope of the power-law relationship analysis has been observed to decrease with 
advancing age (Beckers et al. 2006a).
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Scaling: detrended fluctuation dynamics (DFA). Detrended fluctuation analy-
sis quantifies fractal-like correlation properties of the time series and uncovers 
short- range and long-range correlations. The root mean square fluctuation of the 
integrated and detrended data is measured within observation windows of vari-
ous sizes and then plotted against window size on a log–log scale. Both the 
short-term (4–11 beats) DFAα1 and the long-term (>11 beats) DFAα2 scaling 
exponents can be calculated. Values of alpha around 1 are an indication of scal-
ing behavior of 1/f fluctuations. Fractal scaling seems to be age dependent 
(Beckers et al. 2006a).

Complexity: Correlation dimension (CD). The complexity of a system is 
described in phase space. The latter is a space in which all possible states of the 
system are represented, with each possible state of the system corresponding to one 
unique point in the phase space. The correlation dimension determines an order of 
the system i.e. the number of dimensions needed to model the dynamics of the sys-
tem under consideration (Bogaert et  al. 2001; Grassberger and Procaccia 1983; 
Raab et al. 2006). In the presence of nonlinear complex behavior, an attractor in 
phase space characterizes the dynamics of the system and its complexity can be 
quantified in terms of the properties of the attractor.

Complexity: Lyapunov exponent. The trajectories of chaotic signals in phase 
space follow typical patterns. Closely spaced trajectories converge and diverge 
exponentially, relative to each other. Lyapunov exponents measure the average 
rate of convergence/divergence of these neighboring trajectories. For dynami-
cal systems, sensitivity to initial conditions is quantified by the Lyapunov 
exponents.

Complexity: Approximate entropy (ApEn or SampEn). Entropy refers to system 
randomness, regularity, and predictability and allows systems to be classified by 
rate of information loss or generation.

Complexity: Numerical noise titration. The method of numerical noise titration 
is an analytical technique that provides a sufficient and robust numerical test to 
detect chaos and it gives a relative measure of chaotic intensity, even in the presence 
of significant noise contamination.

Nonlinear dynamics methods are a powerful addition in the tools for studying 
cardiovascular oscillations (Huikuri et al. 2009). Although relationship with the 
branches of the ANS have been shown (Mansier et  al. 1996; Beckers 2002; 
Beckers et al. 2006a, b, d), these methods are still not widely used. Major reasons 
are: (1) their lack of visual representation compared to the linear methods of fre-
quency analysis; (2) many methods are still under development and need to be 
validated; (3) often conflicting results are presented. Some of the conflicting find-
ings in the literature may be due to the use of selective or nonselective blocking 
agents, to the use of anesthetized animals, to specific interventions (hypoxia, 
hemorrhage), or specific mathematical techniques. Therefore there is still a need 
for new well-controlled experiments, specifically aimed at the different types of 
receptors. In general, data on the physiological counterparts of nonlinear methods 
of HRV are limited (Huikuri et al. 2009).
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23.3  Application for Health and Disease: When and Where 
to Use in Weightlessness (Space) Conditions

Cardiovascular variability has been successfully applied in innumerable domains. 
The purpose of this chapter is not to give a complete overview, but just a nonlimita-
tive list of applications: circadian variations, gender, aging, anxiety, hostility, 
depression, physical training, smoking, alcohol, caffeine, air pollution, recreational 
drugs, development biology, influence of gravity, myocardial infarction, sudden car-
diac death, hypertension, diabetes mellitus, heart failure, and heart transplantation.

Noninvasive methods are especially adapted for studies of human spaceflight 
research. Indeed, availability and expertise of astronauts are limited and therefore 
experiments have to be made as simple as possible (Beckers et al. 2004). As cardio-
vascular variability methods fulfill these conditions, they since long enjoyed a wide 
popularity, as they allow, with relative simple methods, a window toward autonomic 
modulation of the cardiovascular system. Gravity, or its absence, causes a large 
adaptation of the cardiovascular system in astronauts during spaceflight and 
extended periods of weightlessness and after return to Earth’s gravity (Verheyden 
et al. 2007, 2009, 2010).

Cardiovascular variability methods have been successfully applied in various 
simulation studies of weightlessness such as parabolic flight (Beckers et al. 2003b; 
Verheyden et al. 2005), head-out-of-water (Miwa et al. 1997), and head down bed-
rest (Pavy-Le et al. 2007; Liu et al. 2009). During parabolic flights short periods of 
about 20 s of weightlessness are obtained, between periods of 20 s of 1.8 g during 
acceleration and deceleration of the plane. Each maneuver can be split up into five 
phases of about 20 s according to the gravitational force: Phase I of normogravity 
(1 g) before each parabola when the plane is flying at an altitude of 6000 m. Phase 
II or hypergravity (1.8 g) when the plane is rapidly accelerating from 6000 m to an 
altitude of 10,000 m at the ascending leg of the parabola, Phase III or microgravity 
(weightlessness at 0 g) at the top of the parabola. Phase IV or hypergravity (1.8 g) 
at the descending leg of the parabola: the plane lowers from 10,000 m to 6000 m and 
phase V or normogravity after the parabola, again a flight path at 6000 m (Liu et al. 
2012). Instantaneous gravity is continuously recorded with the aircraft gravity 
vector-accelerometer.

Simulation of weightlessness during head-out-of-water and head down bedrest 
are both based on altering body fluid redistribution, similar to real spaceflight: In 
case of head-out-of-water by the hydrostatic pressure on lower limbs and for head 
down bedrest by tilting the bed on which the subject is lying, under an angle of 6° 
with the head at the lower end (Liu et al. 2009).

Long-term human space missions as required for travel to deep space and other 
planets, make feel the need for long-duration analog studies on Earth such as long- 
term confinement (during many months to year-long) and isolation studies. Because 
of the long-lasting isolation in a small habitat, such as the Mars500 project (confine-
ment for 520 days) at the IMBP Institute in Moscow (with an important contribution 
from ESA) (see also Chaps. 36 and 37), the confinement may be considered similar 
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to a simulated Mars mission, except for the effects of microgravity and radiation 
(Aubert et al. 2005). Therefore, isolation studies represent a unique opportunity to 
evaluate the net effect on physiological variables, avoiding the net effect of con-
founding factors such as real microgravity and radiation hazards in space (Arbeille 
et al. 2014). The crew consists of a highly motivated and severely selected group of 
six volunteers, very much comparable to astronauts (Vigo et al. 2013).

Ground-based research is needed for preparatory research for human deep space 
missions to Mars and it can make an important contribution to enhance our knowl-
edge about psychological and physiological issues of long-duration space missions 
(Manzey 2004).

Also during space missions to the International Space Station and the Chinese 
Space station, the experience with cardiovascular variability methods is increasing 
and results from studies performed from the early days on and until now, especially 
in the IMBP Institute in Moscow by the group around Baevsky (Baevsky et al. 1997, 
1998, 2007) have given new insights. From their results and also from our group it 
could be concluded that general cardiovascular control remains stable in space 
(Beckers et al. 2003a, b, 2006c, 2009; Verheyden 2007; Verheyden et al. 2007, 2009, 
2010), but can be altered at the transitions between Earth to space and back. In one 
occasion HRV methods were used to test the hypothesis that microgravity alters 
cardiovascular neural response to standardized cognitive load stimuli, induced by 
mathematical mental stress (Aubert et  al. 2010). It was concluded that a mental 
arithmetic task in astronauts elicits sympathovagal shifts toward enhanced sympa-
thetic modulation and reduced vagal modulation, in this cohort however, respon-
siveness was not different during microgravity. In another study a difference in HRV 
parameters was found between European (ESA and Roscosmos) and Chinese astro-
nauts (Liu et al. 2015). Further studies are warranted to more often monitor and for 
longer periods of time and in conjunction with other biological read-out 
parameters.

After 50 years of spaceflight, we are beginning to understand some mechanisms 
of physiological adaptations; however, new questions develop all the time because 
of sometimes unpredicted results. There is still a long way to go before we can 
safely send humans to Mars and bring them back safely.

Experience over the past 50 years have shown no major influence on lung func-
tion during weightlessness. On the other hand a major problem occurs with lunar 
(and Mars) dust. Moon dust was so pervasive that no lunar rock boxes from any of 
the six Apollo missions to the moon ever maintained their lunar vacuum—they all 
leaked.

Lunar and Martian dust may be a toxic challenge to astronauts (Aubert et  al. 
2016). This represents not only a problem for spacesuits and equipment, but also to 
the cardiovascular system (Donaldson et al. 2013), as the particles will inevitably be 
transported into the habitats as it clings to the spacesuit as was shown from the 
Apollo missions (Fig. 23.5). Study of this problem has also Earth-related conse-
quences as air pollution has a great impact on human health.

The importance of all these physiological adaptations also has to be assessed in 
relation to the duration of the space mission. Exploration missions into deep space, 
such as a journey to Mars or to asteroids, may raise a series of new questions about 
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the health and especially the immune-health of the human participants. Also psy-
chological and mental health issues (see Chaps. 22 and 31) will grow increasingly 
important during long-duration missions and are linked also to organ changes. The 
high noise levels, less than optimal light conditions, and confinement to small living 
quarters will be contributors to high psychological and social stress levels that are 
also nonnegligible factors, certainly in long-duration spaceflights.

To gain support of the general public for manned spaceflight, it is also important 
that it receives information about the Earth-bound applications of space research. 
The development of integrative diagnostic tools and of therapies for osteoporosis, 
syncope, heart failure, cardiovascular deconditioning and muscle deconditioning 
will enhance public support and political will to continue and increase the intensity 
of human space exploration (Aubert et al. 2016).

23.4  Summary

Medicine is still considered as an art by many. However, objective methods that are 
soundly founded and physiologically tested may turn it into a science. Therefore 
further studies are warranted to more often monitor and for longer periods of time, 
HRV and in conjunction with other biological read-out parameters. To use the HRV 

Fig. 23.5 Lunar dust stuck to the astronauts spacesuit will inevitably be transferred to the space 
habitat. (Credit NASA). Lunar dust is covered in a glassy coating that can either be smooth or jag-
ged (size of the particles around 20 μm)
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as one—and because of its noninvasiveness very attractive—stress monitoring tool 
is intriguing, on Earth and in space. This will require very reliable hardware (ECG), 
data transfer and analyses, and a solid database to allow for conclusive interpreta-
tion hereby providing adequate recommendations for respective countermeasures or 
further diagnosis of dysfunctional organs which are affected by imbalanced auto-
nomic regulation, like the immune system.
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24.1  Introduction

Since ancient times human breath has been used in assisting to diagnose diseases 
like diabetic coma, liver diseases, and renal failure. Similar to the exchange of car-
bon dioxide and oxygen by the lungs numerous volatile substances either endoge-
nously produced or exogenously absorbed are exchanged via the lungs. However, 
despite the knowledge on the diagnostic properties of exhaled breath, the smell 
underlying substances in nature remained undiscovered until recently. A first step 
toward a better understanding was done in 1971 when Pauling detected about 250 
substances in the exhaled breath of humans (Pauling et al. 1971). Thereafter, the 
implementation of increasingly sensitive diagnostic platforms since the 1980s has 
led to the identification of several chemical compounds within human exhaled 
breath. At present, around 1840 volatile organic and inorganic compounds (VOICs) 
are known to be released by the human body. So far, this collection of VOICs repre-
sents the so-called human volatilome. About 780 of these VOICs appear in breath, 
whereas the remaining portion appears in other gaseous or liquid components as 
saliva, blood, milk, skin secretions, urine, and feces of healthy individuals (de Lacy 
Costello et al. 2014). Examples of so-far identified VOICs in human exhaled breath 
together with a possible clinical application are given in Table 24.1.
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Table 24.1 Examples of exhaled breath compounds, potential origin, and potential clinical 
application

Compound Source Potential clinical application
Acetaldehyde (Moeskops et al. 
2006; Smith et al. 2002)

Ethanol metabolism 
oxidative stress

Monitoring of ethanol 
metabolism and oxidative stress

Acetone (Turner et al. 2006a) Decarboxylation of 
acetoacetate, 
dehydrogenation of 
iso-propanol

Monitoring of diabetes

Acetonitrile (Buszewski et al. 
2009; Pinggera et al. 2005)

Uptake from cigarette 
smoke

Monitoring of smoking behavior

Alkanes and 
monomethylalkanes (Phillips 
et al. 2004)

Lipid peroxidation Heart allograft rejection

Ammonia (Davies et al. 1997; 
Endre et al. 2011)

Protein metabolism End-stage renal disease

Dimethyl sulfide (Van den 
Velde et al. 2008)

Liver failure Monitoring of liver damage

Ethane (Kazui et al. 1994; 
Risby and Sehnert 1999; 
Stenseth et al. 2007)

Lipid peroxidation 
product

Oxidative stress monitoring

Ethanol (Kramer et al. 2007; 
Smith et al. 2002)

Gut bacteria, external 
uptake

Alcohol intoxication

Ethylene (Risby 2005) Lipid peroxidaton 
product

Oxidative stress monitoring

13CO2 (Modak 2007; Graham 
et al. 1987)

Metabolism Helicobacter pylori breath test, 
gastric emptying, gut disease, 
liver function, pharmacokinetic 
monitoring

Hydrogen (Christl et al. 1992; 
Bond and Levitt 1976)

Gut bacteria Lactose malabsorption breath 
test

Isoprene (Karl et al. 2001; 
Turner et al. 2006b)

Cholesterol biosynthesis Statine therapy monitoring

Malondialdehyde (Scholpp 
et al. 2002)

Lipid peroxidation 
product

Oxidative stress monitoring

Methane (Roccarina et al. 2010) Gut bacteria Gastrointestinal diseases
Nitric oxygen (Kövesi et al. 
2003; Pedrosa et al. 2010; 
Turner 2007; Karlsson et al. 
2009)

Nitric oxide synthetase Monitoring of airway 
inflammation and ischemia- 
reperfusion injury

Propionaldehyde (Moeskops 
et al. 2006; Steeghs et al. 2006)

Lipid peroxidation 
product, propanol 
metabolism

Oxidative stress monitoring

Propionaldehyde (Dolch et al. 
2015)

Lipid peroxidation Oxidative stress monitoring

Propofol (Hornuss et al. 2007) Intravenous anesthetic Monitoring of pharmacon 
during anesthesia

Trimethylamine (Endre et al. 
2011)

Uptake of trimethylamine 
or precursor

Monitoring of hemodialysis 
efficacy

Pentane (Li et al. 2009; 
Schubert et al. 1998, 2005)

Lipid peroxidation 
product

Monitoring of oxidative stress

M. Dolch et al.
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24.2  Technical Approaches for Breath Analyses

As compared to most other diagnostic methods used in medicine, the analysis of 
exhaled breath is truly noninvasive and allows an unlimited number of repetitions. 
Furthermore, “breath gas analysis” is not only restricted to the analysis of breath. 
The same analytic method could be applied to gaseous headspace probes over any 
liquid originating from the human body (Pinggera et al. 2005). Currently operated 
diagnostic platforms for the analysis of exhaled breath and headspace VOIC com-
position include gas chromatographic (GC) and different direct mass spectrometric 
methods. Depending on the analytical system and the respectively used setups, sen-
sitivities down to the parts per trillion per volume level are reported for both meth-
ods (Amann et al. 2007).

Recent developments lead to an increase in sensitivity and decreases in time 
requirements in GC methods. Furthermore, coupling of GC with mass spectrometric 
methods (GC-MS) improved rapid compound identification. However, the disadvan-
tages associated with the use of GC methods are the ongoing need for preconcentra-
tion, substance calibration, and limited capability for online measurements. 
Nevertheless, if definite compound identification is warranted GC still represents the 
reference method. Among direct mass spectrometry methods the following systems 

Fig. 24.1 Ion molecule reaction mass spectrometer (IMR-MS, red box) during online monitoring 
of exhaled breath in a patient with acute respiratory distress syndrome (ARDS). A directly to the 
patients endotracheal tube connected steel T-piece allows gas transfer from the patient to the 
IMR-MS (red rubber tubing). The vacuum pumps define the size of the hardware. In space, techni-
cal solutions might use the external vacuum instead
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have been used recently for breath gas analysis: (a) ion-molecule reaction mass spec-
trometry (IMR-MS); (b) ion mobility spectroscopy (IMS); (c) proton transfer reaction 
mass spectrometry (PTR-MS); (d) and selected ion flow tube mass spectrometry 
(SIFT-MS). The major advantage of all these instruments is that preconcentration pro-
cedures are unnecessary, which allows their possible use for breath-by-breath online 
measurements of the exhaled breath VOIC composition. For IMR-MS even the online 
measurement of critically ill patients (Fig. 24.1) and in patients undergoing cranial 
surgery has been shown (Lindinger et al. 1998; Smith et al. 2002; Dolch et al. 2008; 
Hornuss et al. 2007). However, although these instruments allow for detailed in-depth 
analyses of exhaled breath VOIC composition the physical mass, energy consump-
tion, demand for consumables, and maintenance expenses are factors limiting their 
use for breath gas analysis in space. Here, the rapidly evolving technical progress in 
the field of metal oxide sensor-based diagnostic devices possibly offers a promising 
alternative. Metal oxide sensor instruments are typically of low mass and size, low 
energy consumption, and low maintenance expenses. However, the disadvantage of 
these sensors is their so-far limited sensitivity and specifity.

24.3  Applications and Further Directions for Earth and Space

Clinical breath gas analysis is an emerging tool offering unique diagnostic capabili-
ties for a large number of disorders, which include bacterial infection (Braden 
2009), metabolic disorders (Romagnuolo et al. 2002), pulmonary disease (Turner 
2007), and cancer (Szulejko et al. 2010). However, potential biomarkers for these 
disorders are part of a complex matrix of different VOICs present in human breath 
and the understanding of their pathophysiological role is still in its infancy. This is 
also due to (1) the high number of 780 VOICs reported in human breath (de Lacy 
Costello et al. 2014), (2) the instrumentation and techniques used for breath analy-
ses (Buszewski et al. 2007) and (3) on the choice of physical methods for capturing 
volatile compounds in exhaled breath and sample preparation and preconcentration 
(Szulejko et al. 2010). Apart from technical and analytic aspects, the large variabil-
ity in the number and concentrations of exhaled VOICs reported by different 
researchers has a number of other possible causes which include (a) subject demo-
graphics, (b) oral hygiene, (c) diet, (d) ambient air contaminants, and (e) the portion 
of expiratory air which was sampled. Therefore, further research is urgently needed 
to evaluate the impact of these factors on exhaled breath measurement results.

The impressive progress in breath gas analysis during the last decades has already 
resulted in some realized applications in medicine. So far the measurement of etha-
nol, carbon dioxide (CO2, ventilation), 13CO2 (Helicobacter pylori breath test, phar-
macokinetic monitoring), hydrogen (H2, lactose malabsorption breath test), nitrous 
oxide (N2O, anesthetic agent), nitric oxygen (NO, asthma, airway inflammation), 
and volatile anesthetics in exhaled breath. Furthermore the pharmacokinetic moni-
toring of Propofol (Fig. 24.2) (Hornuss et al. 2007), a widely used intravenous anes-
thetic, in exhaled breath has only recently become available for clinical use (Exhaled 
Drug Monitor Edmon).
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As the result of ongoing research activity the number of VOICs with a probable 
stress and disease association identified is constantly increasing. Other metabolic 
markers, like acetone, as one of the most abundant VOICs in human exhaled breath, 
are closely linked to dextrose metabolism and lipolysis. Increased concentrations of 
ketone bodies in blood are present in patients with uncontrolled diabetes or during 
starvation as the result of acetyl-CoA decarboxylation (Miekisch et  al. 2004; 
Schmoelz et al. 2007). Isoprene, one of the main hydrocarbons endogenously pro-
duced in mammals (Gelmont et al. 1981) is closely linked to cholesterol biosynthe-
sis. Typically concentrations around 100 parts per billion of volume (ppbv) are 
present in the exhaled breath of adults (Karl et al. 2001; Turner et al. 2006b) and 
statin therapy caused a decrease in exhaled breath isoprene (Karl et  al. 2001). 
Acetonitrile, a saturated aliphatic nitrile, for example, is absorbed from cigarette 
smoke and present within exhaled breath and urine headspace samples solely in 
smokers (Pinggera et  al. 2005; Buszewski et  al. 2009). Ammonia and trimethyl-
amine were found to be increased in patients with end-stage renal failure and are 
possibly useful for the monitoring of dialysis efficacy (Davies et al. 1997; Endre 
et al. 2011). Dimethysulfide was found to be increased in patients with liver failure 
and accounts to the sweet and musty smell (Van den Velde et  al. 2008). Several 
compounds present in human breath have been identified as end products of oxida-
tive stress-mediated lipid peroxidation. Acetone, ethane, malondialdehyde, pentane, 
and propionaldehyde are increased in inflammatory processes as ischemia reperfu-
sion injury (Miekisch et al. 2004; Li et al. 2009; Risby and Sehnert 1999) or “ster-
ile” gravitational stress-dependent immune activation during parabolic flight 
(Choukèr et al. 2007), acute respiratory stress syndrome (Scholpp et al. 2002), and 
ultraviolet light-induced lipid peroxidation (Steeghs et al. 2006). Furthermore, NO, 
an important cell-signaling molecule that can be released in pathological amounts 
by the NO synthase during inflammation, asthma exacerbation (Pedrosa et al. 2010; 
Turner 2007), and lung transplant reperfusion injury (Kövesi et  al. 2003). The 
VOICs importance and value to monitor tissue damage, oxidative and inflammatory 
states noninvasively has been investigated in patients with different degrees of 
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respiratory infections (Lewis et al. 2017; Dolch et al. 2015) and warrants further 
trials to assess their sensitivity and specificity, as well as the interaction between 
diseases stated, exhaled metabolites and the gut microbiome (Smolinska et al. 2018) 
(see also Chap. 34).

Moreover, the future benefits for manned deep-space exploration resulting 
from this gain of knowledge and technical advancement for monitoring meto-
bolic states and infectious diseases, are further complemented by recent studies 
starting to solidify the benefits of the use of single or mostly combined volatile 
organic compounds in the diagnosis and monitoring of disease states of cancer. 
In the light of high radiation exposure during interplanetary missions (see Chap. 
20) and yet unknown environmental factors of spaceflight potentially leading to 
cancer induction and progression, e.g., due to dust, chemicals, and together with 
immune dysfunctional states, early diagnosis of cancer is needed. On Earth, in 
the last 5 years many and also well-designed clinical trials or observational stud-
ies reported on the advantage of exhaled volatile compunds to diagnose pancre-
atic cancer (Markar et al. 2018), breast cancer (Phillips et al. 2018; Wang et al. 
2014), and lung cancer screening (Phillips et al. 2015), thereby distinguishing 
patients with cancer from those without cancer. Also first reports have been pub-
lished on diagnosis for thyroid cancer and the authors concluded that “Breath 
analysis may provide a new, noninvasive, and directly qualitative method for the 
clinical diagnosis of thyroid disease” (Guo et al. 2015). To which extent these 
results will be applicable also to monitor tumor regression under therapeutic 
measures remains to be seen.

24.4  Current Space and Space Analogs Investigations

Manned spaceflights represent an extreme example of exposure to stressful envi-
ronmental challenges and monitoring of crew health status represents unique tech-
nical and medical challenges. Especially in the light of future long-duration 
manned lunar and Martian exploration or outer space missions, the monitoring of 
health is a prerequisite for mission accomplishment. Here, the analysis of biomark-
ers in expiratory air offers promising noninvasive diagnostic options to monitor 
human health status because blood sample return to Earth will not be possible and 
on-site monitoring can be limited. Moreover, this technology represents a very 
promising technique for dual analyses of volatile masses in the exhaled air as well 
as in the spacecraft or habitat environment, respectively. As described above, some 
important biochemical pathways have been identified as the source of VOICs that 
are released from tissue into the gas phase indicating metabolic changes, immune 
activity, oxidative stress, infections, and solid cancer. Moreover, this technology 
can be also of important value for an individual pharmacokinetic monitoring when 
drugs are used and can be of high value to assess the compliance of taking the 
prescribed drugs (Hornuss et al. 2007). To better and further understand the read-
out parameter of exhaled air analyses also in the light of space applications, this 
technique has been implemented now in multiple scientific investigations, to 
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understand the influence and the impact of stressor in space, like weightlessness 
(see Fig. 24.4), confinement, nutritional changes, hypoxia, and radiation exposure 
and to compare those to standardized baseline values gathered under full environ-
mental control. The following studies have been conducted with our partner insti-
tutions to monitor human adaption to space-relevant conditions of life, accordingly: 
“CHOICE” study (Antarctica, hypoxia, and isolation, see also Chaps. 16 and 38), 
the “Mars500” project (long-term isolation, control for multiple stressors, nutri-
tional modification), short- and mid-term bedrest (immobilization, test for artificial 
gravity or nutritional countermeasures), or the NEEMO (hyperbaric/−oxic stress 
and simulation of extravehicular activities (EVA, “spacewalks”)) in the NASA 
aqueous habitat. In space, first investigations on exhaled volatile compound were 
successful to monitor exhaled breath NO in crew members of the International 
Space Station (Karlsson et al. 2009) to track lung inflammation. These studies are 
ongoing on the ISS (Airway Monitoring experiment, L.  Karlsson/Karolinska 
Institutet, Sweden). Since health monitoring is strongly linked to microbial moni-
toring in the habitat, the recently published report by Reidt et al. shows the suc-
cessful application of a metal oxide gas sensor array for the detection of surface 
contamination aboard the ISS (see Fig. 24.3, Reidt et al. 2017). The odor of selected 
surfaces analyzed with the so-called E-NOSE contained sufficient information for 
subsequent identification of the yeast Rhodotorula mucilaginosa as the odor under-
lying microorganism complementing and expanding the standard environmental 
monitoring of the habitat (see also Chap. 25).
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This integrated approach will be further extended by VOIC values suitable for 
monitoring health alterations as well as general homeostasis, allostasis, or allostatic 
load (see Chap. 4) from expiratory air collected from the crew of the ISS. A first step 
towards this approach is the currently carried out development of the E-NOSE 
extending the instruments scope for breath gas analysis aboard the ISS (Dolch et al. 
2017, Fig. 24.4).

24.5  Summary

Breath gas analysis is an emerging technology that has proven in the last decade to 
open the opportunity to intensify longitudinal health monitoring. Especially during 
long-duration space exploration it can provide a noninvasive research tool for the 
determination of organ functional changes when subjected to stressors in space, 
which includes also the effects of countermeasure (e.g., nutritional, exercise, phar-
macologic) hereto. Here, especially the individual and repeated analyses offer data 
to help assessing the crews health and diseases as a function of time, and will allow 
also to monitor the drugs and metabolites individually in the exhaled air. This can 

Fig. 24.4 Breath gas 
analysis during a parabolic 
flight mission. The 
volunteers exhaled breath is 
collected in a specifically 
developed expiratory air 
buffer device from which 
expiratory air is continu-
ously transferred to a metal 
oxide gas sensor array that 
was modified for its use 
under the condition of 
microgravity. With 
permission
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be an important step for a successful and personalized therapy in space. Also, the 
dual use property can allow for the assessment of environmental changes in the 
habitat with respect to air composition and pollution. Results of either application 
can be evaluated on-site or transferred electronically to Earth for further interpreta-
tion. However, further in-depth investigations are warranted to better understand the 
results provided “breath-by-breath.” Thereby, research for applications in patients 
as well as for space crews are as described fully complementary and cofertilizing 
and both will benefit from this technology in the future.
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25.1  Introduction

Astronauts on mission aboard the International Space Station (ISS) experience the 
uniqueness of this space station in all its aspects. This high-tech small habitat con-
fines alternating crews, ranging from 3 to 10 members, protects them from the 
extreme space environment (pressure, temperature, radiation) and provides them 
with the necessary supplies (air, water, food). While living in space and enclosed 
inside sophisticated space vehicles, astronauts face unique stressors that they did 
not encounter before on Earth and its natural environment. One of the stress chal-
lenges for astronauts in space is the special indoor microbial environment.

The ubiquity and resilience of microorganisms makes them unavoidable in most 
environments, including space habitats. Most microorganisms are not harmful but 
highly valuable to humans. Nevertheless, microbial contamination can be a stress 
factor and of health relevance in the condition of an impaired immunity. Furthermore, 
immune alterations are elicited and amplified by microgravity and/or other stress 
conditions in space (see Chaps. 18 and 19), thereby increasing the vulnerability to 
infections (Aviles et al. 2003; Mehta et al. 2000).

Not surprisingly, a man-made and occupied confined environment, such as the 
ISS, generates its own unique microbial population, which mainly originates from 
the crew (skin, upper respiratory tract, mouth, and gastrointestinal tract, see also 
Chap. 34) but also includes environmental microorganisms. There is an obvious 
requirement to control the total load and diversity of environmental microorganisms 
in manned spacecraft and to continuously monitor the specific parameters influenc-
ing their persistence, survival, and growth for guaranteeing adequate living quality 
and reducing the risks of harmful effects on the crew. Particularly, (opportunistic) 
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pathogens—capable of causing infections and disease—are undesired and their 
manifestation, both in numbers and diversity, needs to be prevented.

Therefore, in an effort to reduce the health hazards posed by microbial contami-
nation, international quality standards for air, surfaces, and water have been defined 
and prevention, monitoring, and mitigation measures have been implemented by the 
space agencies.

25.2  Biocontamination Control, Monitoring, and Mitigation 
Onboard ISS

To ensure the indoor microbial quality in space stations, the maximal concentration 
of microorganisms, in particular bacteria and fungi, allowed in the air and on the 
surfaces of the ISS were internationally defined and are described in the ISS Medical 
Operations Requirements Document (ISS MORD 2006; Duncan et al. 2008). The 
threshold levels are a trade-off between acceptable risk and realizable levels with 
the current prevention and monitoring technologies available and applicable for 
space (Table 25.1). Threshold levels are evaluated by scoring the total aerobic viable 
count of bacteria or fungi on a rich agar medium (ISS MORD 2006; Pierson et al. 
2012; Van Houdt et al. 2012).

25.2.1  Air

To limit the introduction of contaminants in the ISS, stringent pre-flight microbial 
air limits, 300 CFU/m3 for bacteria and 50 CFU/m3 for fungi, have been established 
for cargo and vehicles traveling to the ISS (Pierson et al. 2012; ISS MORD 2006). 
In-flight ISS, the internationally defined limit for airborne bacteria and fungi are 
1000 CFU/m3 and 100 CFU/m3, respectively (ISS MORD 2006) (Table 25.1). These 
are comparable to the threshold limits frequently used for healthy offices (Sessa 
et al. 2002; Dacarro et al. 2003) or more in general to assess indoor air quality (Brief 
and Bernath 1988). These ISS thresholds can roughly be placed in the category 
“intermediate” for bacteria and “low” for fungi based on the classification levels of 

Table 25.1 Environmental microbial quality standards for air, surfaces, and water in ISS

Maximum for bacteria Maximum for fungi
Pre-flight Air 300 CFU/m3 50 CFU/m3

Internal surfaces 500 CFU/100 cm2 10 CFU/100 cm2

Potable watera 50 CFU/mL ND
In-flight Air 1000 CFU/m3 100 CFU/m3

Internal surfaces 10,000 CFU/100 cm2 100 CFU/100 cm2

Potable watera 50 CFU/mL ND

ND not determined, CFU colony forming unit
aColiforms may not be detected
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bacteria and fungi in homes and offices by the European Collaborative Action 
“Indoor Air Quality and its Impact on Man” (Verhoeff 1993).

To prevent microbial distribution and to assure that the microbial burden remains 
below the thresholds at all times, the air in ISS is filtered. While the air in the 
U.S. Segment of the ISS (including US Nodes 1, 2, and 3, US Lab, US Airlock), 
Japanese Experiment module JEM-PM, and European Laboratory Columbus is fil-
tered through High Efficiency Particulate Air (HEPA) filters, the Russian Segment 
(Service Module, Functional Cargo Block, and Mini-Research Modules 1 & 2) uses 
pleated woven filters (Van Houdt et  al. 2012). Both filter fine aerosols (particles 
0.3 μm in diameter or larger) and constantly reduce the levels of dust particles and 
associated microorganisms in the air (99.97% efficiency for the HEPA filters) 
(NASA 2005a). Although filtration continuously scavenges the microbial cells, it 
does not inactivate them and they need to be replaced when saturated. In contrast, 
the POTOK 150MK Russian air filtration and disinfection systems onboard ISS do 
provide microbe inactivation by using electrostatic pulses and charged ions fol-
lowed by filtration with an efficiency up to 99% for particle sizes ranging from 
0.01 μm to 10 μm (Volodina et al. 2003). Two POTOK systems are currently imple-
mented in the ISS, one in the Service Module and a second one in the Functional 
Cargo Block.

To monitor the level and composition of the airborne microbial population, air 
samples from different sites of the ISS are regularly (once every 90 days) collected 
within the framework of the standard onboard procedure (ISS MORD 2006). Although 
ISS is one interconnected habitat and standards have internationally been defined, dif-
ferent monitoring procedures apply for the different segments. In each module of the 
American segment of ISS, air samples (84.9  L) are collected with the American 
Microbial Air Sampler (MAS) Kit. The MAS is a modified portable impaction sam-
pler (Burkard Manufacturing Co. Ltd., Hertfordshire, UK) and collects 84.9 L of air 
onto a standard Petri dish (Yamaguchi et  al. 2014). One sample is collected on a 
Tryptone Soy agar (TSA) plate for bacterial analysis and one on a Sabouraud dextrose 
agar with chloramphenicol plate for fungal analysis (NASA 2005d). Collected sam-
ples are incubated at ambient cabin temperature for 5 days (Pierson et al. 2012). In the 
Russian segment, the Ecosphera kit is used. Air samples (90 L) are collected by an 
aspiration/sedimentation method on TSA (bacteria) or Czapek agar (fungi) by a SAS 
air sampling device (PBI International, Italy). Collected samples are incubated at 
37°C for 7 days. The ISS crew performs the onboard American and Russian proce-
dures (comprising sample collection, incubation, data recording and interpretation). If 
microbial counts exceed the specifications, photographs will be downlinked and the 
microbial risk evaluated via visual inspection by NASA and RSA microbiologists.

25.2.2  Internal Surfaces

Again, to limit the introduction of contaminants in ISS, stringent pre-flight surface 
microbial limits, 500 CFU/100 cm2 for bacteria and 10 CFU/100 cm2 for fungi, have 
been established for cargo and vehicles traveling to the ISS (Pierson et al. 2012; ISS 

25 Monitoring the Microbial Burden in Manned Space Stations



466

MORD 2006). In-flight biocontamination acceptability limits for ISS internal sur-
faces are set to 10,000 CFU/100 cm2 for bacteria and 100 CFU/100 cm2 for fungi (ISS 
MORD 2006). On Earth, in general, standards or guidelines on what are acceptable 
levels of microbial contamination depend on the activity. For instance, cleaned and 
disinfected surfaces in establishments for the production and marketing of fresh meat 
can have a maximum total viable bacterial count of 10  CFU/cm2 (equivalent to 
1000 CFU/100 cm2) (2001/471/EC). For hand contact surfaces in hospitals, the total 
viable bacterial count should be less than 2.5 CFU/cm2 (equivalent to 250 CFU/100 cm2) 
(Mulvey et al. 2011). Therefore, ISS surface standards for bacterial contamination are 
less stringent than standards for food contact surfaces or hand contact surfaces in 
hospitals. The ISS surface standard for fungal contamination is comparable to those 
described in the Australian Mold Guidelines, which rates the hygiene of indoor sur-
faces normal when the viable fungal concentration is between 50 and 105 CFU/100 cm2 
(Kemp and Neumeister-Kemp 2005; Van Houdt et al. 2012).

The hygiene level of internal surfaces is maintained by weekly housekeeping 
tasks, including vacuuming and cleaning with 0.4% benzalkonium chloride antisep-
tic towelettes (Satoh et al. 2011).

To assess the level and composition of the microbial surface contamination 
onboard ISS, different sites of the ISS are sampled regularly within the framework 
of the standard onboard procedure (ISS MORD 2006). In each module of the 
American segment, two sites are sampled with the American Surface Sampler Kit 
(SSK) (NASA 2005b) every 90 days, one for bacterial analysis (TSA) and one for 
fungal analysis (SDA) (Morris et al. 2012; NASA 2005d). Contact slides are used 
for flat surfaces, while saline-moistened swabs are used for nonflat surfaces (which 
are subsequently used to inoculate the contact slides). Collected samples are incu-
bated at ambient cabin temperature for 5 days and analyses are performed by a 
crew member by comparing the amount of growth on each slide to a colony density 
chart included as part of the onboard procedure (Pierson et al. 2012). If the accept-
ability limit is exceeded, a digital image of the sample is downlinked and evaluated 
by NASA/JSC and RSA/IBMP microbiologists. In addition, samples are also 
returned to Earth and further analyzed post-flight to check for clinically significant 
organisms. In the Russian segment, the Test Tube Kit for Microbiological Sampling 
is used and 100 cm2 surface areas are swabbed (1–2 days before completion of 
each mission). Swab samples are returned to Earth and processed post-flight by 
cultivation at 37°C (bacteria) or 28°C (fungi) and analyzed (total viable counts and 
identification of morphologically different isolates) (Novikova et  al. 2006; 
Novikova 2004). Recommendations for surface cleaning are transmitted to the 
crew if acceptability limits are exceeded. Disinfection wipes containing either a 
mixture of hydrogen peroxide and a quaternary ammonium compound (“Fungistat” 
kit—supplied by Russian team) or a sole quaternary ammonium compound (sup-
plied by US American team) are used if threshold limits are exceeded.

25.2.3  Drinking Water

The pre-flight and in-flight biocontamination acceptability limits for ISS drinking 
water are 50 CFU/mL for bacteria with no detectable coliforms (ISS MORD 2006; 
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Pierson et al. 2012). These are comparable with Earthly US standards (Dawson and 
Sartory 2000) and World Health Organization guidelines (WHO 2008).

Onboard ISS, ground supplied as well as recovered water is used. Ground sup-
plied water is pre-flight sanitized, delivered on resupply vehicles to ISS and stored 
onboard ISS into storage tanks and containers (up to a year) (Straub et al. 2009; 
Bruce et al. 2005; James et al. 2008). Recovered water includes humidity conden-
sate (produced by the Russian SRV-K system in the Service Module and the US 
Water Recovery System WRS) and urine distillate (produced by the US WRS) pro-
cessed to potable water. A major difference between the US and Russian potable 
water is the used disinfectant, which is silver (i.e., colloidal and Ag+; 0.5 mg/L) for 
the Russian type and iodine (2–4 mg/L) for the US type of water.

The quality of potable water from different dispensing ports in the American seg-
ment (WRS) and Russian segment (SRV-K, SVO-ZV, CWC) is checked monthly 
and every 3 months, respectively. The samples are processed and analyzed in-flight 
with the US-supplied Water Microbiology Kit (ISS MORD 2006; NASA 2005c). 
The kit collects 10 mL of water (1 mL of sample + 9 mL sterile water) on a filter 
membrane, which is subsequently wetted with modified R2A growth medium and 
incubated at ambient cabin temperature for 44 ± 4 h (Yamaguchi et al. 2014). After 
incubation, crew members evaluate the bacterial viable count by visual analysis 
(Pierson et al. 2012). Coliforms are detected by directly transferring about 100 mL 
of sample into a bag containing the Colisure reagent, incubation at ambient cabin 
temperature for 44 ± 4 h, and subsequent evaluation of a color change. A yellow 
color indicates the absence of coliforms, whereas a magenta color (metabolization 
of chlorophenyl red ß-d-galactopyranoside indicator) indicates the presence of coli-
forms (Pierson et al. 2012). In addition, samples are regularly returned to Earth for 
further analysis post-flight. The sampling schedule and frequency can be adjusted 
according to recommendation made by American and Russian experts to ensure 
water quality aboard the ISS. If unacceptable contamination is detected, these water 
supplies are not used for consumption to mitigate the potential health risks.

25.2.4  Food

Food processing (production and packaging) is rigorously tested and controlled pre- 
flight to guarantee that contamination levels comply with the implemented stan-
dards for spaceflight foods (ISS MORD 2006; NASA 2006; Perchonok and Douglas  
2008). Actually, the currently globally applied Hazard Analysis Critical Control 
Point (HACCP) procedure, which is a systematic preventive approach assuring the 
safe production of foods, was developed by the Pillsbury Company while working 
on producing foods for NASA for spaceflights in the early 1960s (Lachance 1997). 
Commercially sterile food, which by definition is free of microorganisms capable of 
reproducing in the food under normal nonrefrigerated conditions of storage and 
distribution, is checked for package integrity. Foods for spaceflights that are not 
commercially sterile are analyzed at the stage of raw materials (before packaging) 
for certain specific microorganisms depending on the product (5 samples from each 
lot) and after flight packaging (finished goods) for total aerobic count (one sample 
from each daily production) (Table 25.2) (NASA 2006).
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25.3  The Environmental Microflora in the ISS

25.3.1  Air

Airborne microbial contamination can have diverse health effects such as irritation, 
respiratory infections, and allergic diseases (Husman 1996). Microorganisms can 
become airborne via diverse routes like talking, coughing, sneezing, and sewage 
removal. Their dispersion and deposition are directed by general physical principles 
with droplet size being one of the most important factors (Morawska 2006) and dust 
particles being an important carrier. In addition, humidity, oxygen concentration, 
and time affect the stability of airborne microorganisms and their survival in drop-
lets or dust particles (Cox 1995). In microgravity, dust and microorganisms do not 
sediment, resulting in persistent airborne aerosols and high microbial densities in 
cabin air if the air filtering systems are not well maintained.

The airborne bacterial and fungal contamination levels were monitored during 
the occupation of the Mir station (1986–2001). While the bacterial population was 
fairly stable with 95% of the samples below 500 CFU/m3 of air, the fungal con-
tamination varied considerably from 2 up to 10,000 CFU/m3 (Novikova 2004). A 
similar survey performed aboard ISS (from the year 1998 to 2005) indicated that 
both the airborne bacterial and fungal contamination were lower than 710 and 
44 CFU/m3, respectively (Novikova et al. 2006). The lower contamination levels in 
ISS compared to Mir were primarily because of the installation of the efficient 
Russian air disinfection and filtration system POTOK 150MK (POTOK Inter, 
Moscow, Russia) in April 2001. A similar decrease in contamination levels was 
also observed in the Mir station after installation of this system in January 1998 
(Novikova 2004).

Although the airborne microbial contamination levels were generally below the 
limits (maximum 1000 CFU/m3 for bacteria and 100 CFU/m3 for fungi), these over-
all levels do not necessarily reflect the real associated risks since they do not provide 
information about the composition of the microbial population and the pathogenic 
potential of the contaminants. Therefore, it is valuable to include identification 
assays to detail the predominant microbial taxa. Staphylococcus and Bacillus spp. 
were found to be the dominant bacterial species in the air aboard ISS (Castro et al. 

Table 25.2 Microbiological testing procedure for noncommercially sterile foods

Test Pre-flight limit for rejection
Total aerobic count If >20,000 CFU/g in a sample or

If >10,000 CFU/g in more than 1 sample
Yeast and molds If >1000 CFU/g in a sample or

If >100 CFU/g in more than 1 sample
Coliform If >100 CFU/g in a sample or

If >10 CFU/g in more than 1 sample
Coagulase-positive staphylococci If >100 CFU/g in a sample or

If >10 CFU/g in more than 1 sample
Salmonella If >0 CFU/g in a sample

CFU colony forming unit
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2004). In particular Staphylococcus aureus was observed frequently in ISS (in 3.2% 
of the cases) and exchange of S. aureus strains among crewmembers was already 
observed in previous missions (Berry 1973). S. aureus naturally colonizes the skin 
or nose of healthy people, but can also cause a range of illnesses. The dominance of 
Staphylococcus and Bacillus spp. in air is similar to other surveys in non-space- 
related confined environments, such as airplanes (Osman et al. 2008), polar stations 
(Van Houdt et al. 2009a), and during the Mars500 isolation campaign in which six 
crew members lived in a specifically designed spacecraft mock-up for 520  days 
(mimicking a crewed return flight to Mars) (Schwendner et al. 2017). The dominant 
fungal species were Penicillum and Aspergillus, with a high incidence of Aspergillus 
flavus (observed in 2.5% of the cases) (Novikova et al. 2006; Knox et al. 2016).

25.3.2  Internal Surfaces

Direct contact is another major route of transmission of microorganisms, both on 
Earth and in space. Most microorganisms are able to stick to surfaces and form 
biofilms. On Earth, it is well documented that this process of biofilm formation has 
major implications for many industrial and health-related processes (Van Houdt and 
Michiels 2010).

A large ISS monitoring campaign (from 1998 to 2005), including 243 surface 
swab samples, indicated that the bacterial and fungal contamination ranged from 25 
to 43,000/100 cm2 and from 25 to 300,000/100 cm2, respectively (Novikova et al. 
2006). Although the levels fluctuated within a broad range, surface contamination 
levels were in most cases low and below the international quality limits (i.e., 10,000 
bacterial and 100 fungal CFU/100 cm2). The dominant bacterial and fungal species 
isolated from surfaces were similar to those present in the airborne contamination, 
thus revealing predominant Staphylococcus and Bacillus bacterial species, and 
Penicillum and Aspergillus (e.g., A. niger; see Chap. 12) fungal species. On the 
equipment surfaces of the Japanese experimental module KIBO, Staphylococcaceae, 
Enterobacteriaceae and Neisseriaceae, and Alternaria sp. and Malassezia spp. 
were the predominant bacterial and fungal contaminants, respectively (Ichijo et al. 
2016; Satoh et al. 2011).

The recent breakthrough in next-generation sequencing (NGS) in the last decade 
provided an unprecedented approach to investigate microbial communities and 
their dynamics in a culture-independent manner. Not surprisingly, different 
approaches returned discrepancies in microbial abundances. For instance, during 
the Mars500 experiment Staphylococcus spp. and Bacillus spp. were found to be 
the most abundant surface contaminants in cultivation approaches, whereas they 
were not the most abundant via PhyloChip or NGS analysis (Schwendner et al. 
2017). Likewise, the viable microbiomes from vacuumed dust particles (as well as 
filter element particles) collected in the ISS showed predominantly Corynebacterium 
spp. and Propionibacterium spp., which are also human-associated microorgan-
isms, and not Staphylococcus (Checinska et al. 2015; Venkateswaran et al. 2014). 
Therefore, irrespective of variations in diversity and abundance, all studies indi-
cated that the crew members are the main source contributing to the microbial 
communities onboard ISS.
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Occasional increases in the bacterial and fungal surface contamination were reg-
istered for some ISS locations, such as on a panel of the ventilation screen and the 
table surface in the Service Module or behind panels of the Functional Cargo Blok 
(Novikova et al. 2006; James et al. 2008). Disinfectant wipes were used each time 
contamination levels were above the quality threshold and resulted systematically in 
a decrease of contamination below the acceptability limits. Nevertheless, the resil-
ience of contamination at a certain location could indicate (a combination of) resis-
tance to the used disinfectants, favorable survival/growth conditions (e.g., humidity) 
and a critical position in the design. The analysis of resilient microorganisms in the 
ISS indicated numerous resistance capabilities towards environmental stresses and 
diverse survival strategies including endospore formation, desiccation resistance 
and optimized DNA repair mechanisms (Mora et al. 2016).

25.3.3  Water

Microbiological contamination of drinking water is a well-known threat, not only 
from health perspective but also for microbial-mediated corrosion of the water pip-
ing system (Berry et al. 2006; Szewzyk et al. 2000). One of the important microbial 
characteristics in drinking water storage and distribution systems is biofilm devel-
opment, which increases the persistence of pathogens and the resistance to disinfec-
tants (Van Houdt and Michiels 2010; Wingender and Flemming 2004; Emtiazi et al. 
2004; Stewart et al. 2001). This increased resistance can be attributed to different 
mechanisms such as a slow or incomplete penetration of the biocide into the bio-
film, an altered physiology of the biofilm cells, expression of an adaptive stress 
response by some cells, or differentiation of a small subpopulation of cells into 
persister cells (Van Houdt and Michiels 2010). Adequate monitoring and disinfec-
tion methods are therefore needed to mitigate the risk to hardware disintegration 
and crew health.

A four-year monitoring campaign (2001–2004) was performed to identify the 
water contamination of ISS potable water. Shuttle potable water in Contingency 
Water Containers (CWCs) contained bacteria in 13 out of 52 samples (25%), 
Russian ground-supplied water contained bacteria in 2 out of 6 samples (33%) 
(Bruce et al. 2005). Seven out of ten US condensate samples (70%) from the US 
Lab system contained bacteria. No information was provided in how many of these 
samples the contamination level was above the former acceptability limit of 
100 CFU/100 mL (Bruce et al. 2005). In addition, 4 out of 4 samples (100%) from 
SRV-K condensate contained bacteria in high amounts, ranging from 1.4 × 106 to 
1.3 × 108 CFU/100 mL (Bruce et al. 2005). In-flight analyses (27 sampling times 
spread over the period 2000–2004) of the ISS SVO-ZV system, which dispenses at 
ambient temperature both the CWC and the Russian ground-supplied water for con-
sumption, showed that bacterial contamination levels were above the former accept-
ability limit of 100 CFU/100 mL in 16 cases (60%) (Bruce et al. 2005). A series of 
remediation actions (disinfection with 10  mg/L silver and replacement of parts) 
were initiated to combat this recurrent water contamination, however, 
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contamination levels increased again above the threshold limit shortly afterwards 
(Bruce et al. 2005).

Most of the isolates recovered from these samples were typical waterborne gram- 
negative bacteria from the genera Methylobacterium, Ralstonia, Sphingomonas, 
and Pseudomonas. The recurrence of the contamination problem indicated resil-
ience and proliferation of the bacterial population in the water systems onboard ISS.

The resilience of this contamination could be caused by different events. The 
bacterial population could have adapted to survive in such oligotrophic environ-
ments. Indeed, Cupriavidus metallidurans and Ralstonia pickettii strains isolated 
from ISS water systems survived in mineral water for at least 2 years, even when 
supplemented with silver as disinfectant (Mijnendonckx et  al. 2013). 
Correspondingly, Ralstonia spp. isolated from ultrapure water were previously 
shown to survive in such water for at least 6 months (McAlister et al. 2002) and 
Ralstonia solanacearum was even able to survive over 4  years in river water 
(Alvarez et al. 2008). In addition, the bacterial population could harbor resistance 
mechanisms, e.g., towards silver used as biocide in the ISS potable water (Straub 
et  al. 2009). Cupriavidus metallidurans strains have been studied intensively for 
their resistance towards multiple heavy metals including silver (Janssen et al. 2010; 
Mijnendonckx et  al. 2013). Most of these mechanisms are typically located on 
megaplasmids (Janssen et al. 2010; Monchy et al. 2007; Mijnendonckx et al. 2013), 
but some are also located on mobile genetic elements integrated in the chromosome 
(Van Houdt et al. 2009b) or on the chromosome itself (Janssen et al. 2010). The 
presence of similar megaplasmids as well as resistance determinants were also 
found in the C. metallidurans and R. pickettii strains isolated from the ISS water 
systems (Mijnendonckx et al. 2013), indicating that they are indeed equipped with 
resistance mechanisms to metals, including silver. Finally, certain areas in the water 
system could be prone to harbor and build up bacterial biofilms, which could aug-
ment the above described aspects (Bridier et al. 2011).

Although this contamination does not pose an immediate threat to the astronauts 
(only some species are recognized as opportunistic pathogens), high microbial con-
centrations aboard spacecraft prevents consumption of the water as currently no 
identification method is available during flight. Therefore, this type of contamina-
tion wastes large amounts of crew time and Earth-based resources. In addition, 
these water contamination events require more materials to be transferred both to 
and from the ISS and the development of adequate and efficient screening methods 
(Bechy-Loizeau et al. 2015).

25.4  Conclusions

The ISS is an artificial living and working habitat outside Earth, which has been in- 
flight and continuously occupied for 18 years, with an occupancy density higher 
than most homes or offices on Earth and in which crew members are confined 
indoors for 100% of their time, are limited in hygiene procedures, and are continu-
ously exposed to a variety of health stressors. Microbial environmental quality and 
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hazard control is therefore crucial to assure crew health. This might become even 
more important (1) when supplies from Earth are very restricted (cis-lunar stations 
or lunar habitats) or almost impossible while on a mission to Mars and (2) since the 
interactions between the microbial environment, the human microbiome and 
immune functions are receiving more attention and becoming more evidence-based 
(see also Chap. 34).

The collected data of microbiological contamination from different environmen-
tal sources indicates that the ISS is a microbiologically safe working and living 
habitat. Therefore, the measures in place shall be applied to a major degree when 
longer missions are envisaged. Nonetheless, occasional contamination hazard 
reports do indicate that the current prevention and monitoring strategies are a mini-
mum to control the microbial burden in manned space stations. Fluctuations in 
microbial concentrations and contamination events suggest the need for continued 
diligence and evaluation as well as further improvements in engineering systems.

Prevention is an essential component in (future) orbital and planetary space sta-
tions and design should integrate, next to thermal, mechanical, and chemical resis-
tance of equipment and utensils, also the hygienic properties (e.g., biofouling or 
antimicrobial surface properties). Rational habitat design, integrating both these 
constructional and health-related parameters, is essential and probably most cost- 
effective in the long term. Specific for the spread of biological aerosols, the develop-
ment of a reliable bioaerosol dispersion and deposition model is important to 
pinpoint critical locations in a certain habitat design. Development of the latter has 
already been initiated in different projects including the FP7 project BIOSMHARS 
(http://www.biosmhars.eu; Salmela et al. 2018) and the ESA projects BIOSIS and 
BIOMODEXO.

In addition to prevention, monitoring tools could be optimized by developing 
online detection tools that can be used directly in flight and that are capable of 
simultaneous quantification and identification (see Chap. 24). These molecular, 
non-culture-dependent assays would be less time-consuming for the astronauts and 
circumvent the necessity for post-flight analyses, allowing quick and autonomous 
decisions by the crew for assessment and remediation of contamination problems in 
the air, on surfaces, or in water and food.
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26Monitoring of Core Body Temperature 
in Humans

Andreas Werner and Hanns-Christian Gunga

26.1  Introduction to the Assessment of Thermoregulation 
in Man

Humans have an endothermic metabolism, and the independent regulatory mecha-
nisms ensure that the core body temperature of the vital organs in the body (brain, 
heart, liver, and kidney) is kept autonomously around 36.7°C with circadian varia-
tions of ±0.5°C in males. In females, the menstrual cycle additionally alters the core 
body temperature. Scientific investigations to monitor thermoregulation by the 
changes of core temperature are usually performed by placing a thermosensor in the 
esophagus, nasopharynx, rectum, or tympanum/auditory meatus. However, none of 
these methods are entirely applicable nor are they convenient during daily routines, 
especially during long-term recordings for chronobiological research. The require-
ments to measure core body temperature demands thermosensor properties to be 
noninvasive, easy to handle, and to fulfill basic hygiene standards and not to be 
biased towards various environmental conditions. Moreover, the quantitative 
changes should appropriately reflect small deltas of the arterial blood temperature 
changes and the response time of the thermosensor to temperature changes should 
be as short as possible (Cooper et al. 1964; Gundel et al. 1997). These requirements 
are essential because several studies in humans have shown if high environmental 
temperature and humidity prevail, the heat load will lead to a rapid rise in the core 
body temperature (Kirsch et al. 1996, 1999; Pandolf et al. 1988). Especially in com-
bination with heavy physical workload and fluid loss (sweating) with inadequate 
rehydration (Gunga et al. 1991; Baartz 1994) it results in heat stress-related injuries 
such as heat stroke (Gunga 2008; Gunga et al. 1993, 2008b; Kirsch and Vogt-Kirsch 
1985; Montain et al. 2001; Sawka and Wenger 1988; Taylor et al. 1998; Kirsch and 
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Gunga 1999). If thermoregulatory impairments due to fever or drugs prevail, the 
deleterious developments may occur even faster (Gunga et al. 2005; Hoyt and Friedl 
2004; Hoyt et al. 2002; Clark and Lipton 1984; Imrie and Hall 1990).

The measurement of the circadian rhythm of the core body temperature in man 
requires a continuous data recording (Mendt et al. 2017). Up to now, the standard 
sensors to measure the “correct” core body temperature are either semi-invasive 
(e.g., rectal, oesophageal, or urine bladder probes) or invasive (e.g., pulmonary arte-
rial or aortal sensors) and are restricted in their application and not suitable for 
everyday use. Therefore they are all limited to either innovative application or spe-
cific conditions during intensive care therapy.

Besides the handling and the applicability of thermal probes, it is of critical 
importance to estimate if the sites for measuring core body temperature in the past 
were the appropriate ones to assess core body temperature correctly. While the brain 
(hypothalamus) is the “command central” of thermoregulation, the standard in physi-
ological and clinical research on thermoregulation is still the recording with a semi-
invasive rectal probe. Other ways to measure core body temperature at the body’s 
center are usually more invasive (see above) but more sensitive at the same time, 
while noninvasive means mostly remain closer to surfaces (e.g., skin) with a subse-
quent loss of sensitivity. Therefore, measuring the rectal temperature seems likely to 
be a compromise even though it is not convenient and lacks applicability as well as 
sensitivity under extreme conditions as in space or in coldness, respectively.

Additionally, temperature changes in the rectum are more variable due to gender 
differences. For example, in females, the assessment of the circadian temperature 
rhythm in the rectum is less reliable due to the menstrual cycle (28-day-rhythm) 
affecting core body temperature profiles with a variance of 0.5–1.0°C according to 
the day of the rhythm. This is a consequence of the anatomical proximity of the 
female genital organs to the rectum. The alternating uterine/vaginal blood flow, last-
ing until menopause, can locally affect the temperature in the rectum in the range of 
at least 1.0°C.

Another significant impact of the reliable measurements of the core body tem-
perature results from the physio-physical effect of temperature regulation at different 
surrounding temperatures. This is explained by Aschoff saying that in hot (e.g., 
35°C) environment the body shell is closed to reflect the core temperature. In con-
trast, in more ambient or colder climates (e.g., 20°C), the body shell is even colder, 
and the external measurement of the core temperature is biased (Aschoff et al. 1971). 
However, the head and hence the brain would not be included in these temperature 
changes because in this area the temperature will be stable, both under conditions of 
healthy life at ambient temperatures as well as in extreme and cold environments. In 
the last consequence blood from the lower extremities will also reduce the tempera-
ture in the pelvis and the rectal temperature accordingly. In conclusion, the head 
temperature (and particularly the brain) seems to reflect best the “real” core body 
temperature as the center of temperature regulation (hypothalamus). The rear hypo-
thalamus as a temperature regulating center receives its information about peripheral 
and central temperature receptors. Cold receptors in the skin and the spinal cord and 
warmth receptors in the abdominal organs send signals about the lateral tractus 
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spinothalamicus to the formatio reticularis and further to the rear hypothalamus (see 
Chap. 9). Warmth sensors in the anterior hypothalamus additionally measure the 
blood temperature (central receptors). In the hypothalamus, information concerning 
the normal core body temperature is “stored” (36.7°C). Divergences between that 
“set” temperature and external changes will be regulated from that location (e.g., 
increasing the metabolic rate in a cold environment) to hold the brain and conse-
quently the core body temperature stable. Consequently, the ideal anatomical area 
would be in the head, which would obviously be impossible for ethical reasons. 
Therefore, the question is: “How to measure the brain’s, and at this moment the core 
body, temperature from outside the brain?” In this context, one important anatomical 
connection between the brain and skin by the venae emissariae may provide “access” 
to the brain and core temperature (Fig. 26.1). This network of veins, which is only 
found in the cranium of humans, is involved in the temperature regulation of the 
brain. These vessels have originated and further developed as a function of increas-
ing brain volume and higher energy turnover together with the need to “remove” heat 
to maintain a stable brain temperature.

v. emissariaeFig. 26.1 Venae 
emissariae an evolutionary 
aspect in humans to 
regulate the core (brain) 
body temperature. 
Cross-section of parts of 
the left and right brain 
hemispheres. Cerebral vein 
and V. emissariae (blue), 
skull (bright brown) and 
skin, artwork by M. Hörl, 
inspired by the Sobotta 
Atlas of Descriptive 
Human Anatomy, Urban & 
Fischer

Briefly, the sensor for measuring core body temperature needs to fulfill the 
following requirements: 1. should not disturb the subject, 2. should be easily 
accessible, 3. must comply with basic hygiene standards, 4. should not be 
influenced by environmental conditions, 5. should be sensitive enough to 
measure small changes in the subject, 6. its response time has to represent 
quantitative results, and 7. should assess temperature (changes) as quickly as 
possible (Shiraki et al. 1986; Hoyt and Friedl 2004; Smith et al. 1980). These 
requirements will be discussed in the following sections, beginning with the 
gold standard and coming to a new device which is the so called Double 
Sensor.
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26.2  Current Status/Limitations

Currently, there is no accurate and easy method to measure core temperature in a 
field setting and to a certain extent in the laboratory as well, particularly during 
long-term (>24 h) core temperature recordings in chronobiology (see Chap. 9). The 
definitions of various temperature measurements used in wearable body activity 
monitors are summarized in Table 26.1.

The relative advantages and disadvantages of core temperature measurement 
sites including the time response of the different kind of sensors, have been inten-
sively discussed since the first benchmark investigations on this topic by Claude 
Bernard in 1876 and will be briefly described in the following section.

26.2.1  Sensors to Measure Core Body Temperature

The most common places for measuring core body temperature are the rectum, 
esophagus, and tympanum/auditory meatus, or the gastrointestinal tract.

26.2.1.1  Esophageal and Rectal Temperature
Most thermal physiologists agree that the esophageal temperature is the best semi- 
invasive index of core body temperature for humans. It responds rapidly to changes 
in blood temperature elicited by extracorporeal circulation (Shiraki et  al. 1986; 
Molnar and Read 1974) and body cooling by anesthesia (Cooper and Kenyon 1957). 
The esophageal temperature is obtained by inserting a catheter, containing a 

Table 26.1 Exemplary types of sensors to measure core body temperature and their characteris-
tics; Invasive temperature assessments in the aorta and pulmonary artery are not explained in the 
following text

Aorta ascendens “Gold standard”—reference temperature, highly invasive
Pulmonary artery As aorta ascendens, highly invasive
Esophageal Good correlation to gold standard, semi-invasive
Urine bladder Slow response time, very low compliance, semi-invasive
Rectal 
temperature

Good correlation to gold standard, slow reaction time, less compliance, 
semi-invasive

Tympanic Infrared, dependent on user and environmental influences, low 
semi-invasive

“Temperature 
pill”

Dependent on position within the body (gastrointestinal tract), low 
semi-invasive

Axillary “Old fashion,” long calibration time (>30 min), noninvasive
Skin 
(Ramanathan)

Different places on the body to measure skin temperature and formular 
calculation (not possible in coldness), noninvasive

Skin – heat flux 
method

Good correlation to “gold-standard,” highly dynamic, dependent on 
environmental conditions, noninvasive on the head
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thermocouple or thermistor, through the nasal passage into the throat and then swal-
lowing it. It is best used in clinical settings, but it is highly problematic in research 
or field assessments. This is also true for other devices to record core body tempera-
tures as a rectal tube or tympanic/auditory meatus solutions; they are all impractical 
to use in the field (Steinman et al. 1987; Buller et al. 2005). The rectal temperature 
is obtained by inserting a temperature sensor a minimum of 5  cm past the anal 
sphincter, because temperature measurements are uniform within the rectum from 5 
to 27 cm past the anal sphincter (Nielsen and Nielsen 1962; Greenleaf and Castle 
1972). During exercise it takes approximately 25–40 min to achieve a steady-state 
rectal temperature value (Aikas et al. 1962; Nadel and Horvath 1970; Greenleaf and 
Castle 1972). These steady-state rectal temperatures are usually ~0.4°C (Mairiaux 
et al. 1983) higher than the mean skin temperatures (Wenger 2001) and 0.2–3°C 
higher than simultaneously measured nasopharyngeal and esophageal temperatures 
(Cranston et al. 1954; Saltin and Hermansen 1966; Saltin et al. 1970; Nadel and 
Horvath 1970).

Despite their limited reliability in specific conditions as described above, the 
esophageal and rectal temperatures have so far been considered to be largely inde-
pendent of the environmental temperature (Strydom et  al. 1965; Stolwijk et  al. 
1968; Saltin et al. 1970; Gunga et al. 2005). As a result, the steady-state rectal tem-
perature provides a good index to assess body heat storage (Strydom et al. 1965; 
Saltin and Hermansen 1966). The main problem referred to rectal temperature mea-
surements results from its slow response slope in comparison to the other measure-
ment sites, an observation that has been proven again recently in 60 patients who 
underwent a postoperative rewarming (Melette 1950; Braeuer et al. 1977, 2000). 
The reason for the slow response is probably (1) a low rate of blood flow to the 
rectum compared to other measurement sites (Molnar and Read 1974; Aulick et al. 
1981) and (2) the mass of organs located in the body cavity. This greater mass of 
tissue in the lower abdominal cavity requires a far greater amount of energy to cause 
a rapid temperature change.

26.2.1.2  Tympanic Temperature
Tympanic temperature is obtained by inserting a small temperature sensor into the 
ear canal and advancing it until it rests against the tympanic membrane. Proper 
placement is determined by the subject, hearing a sound when the temperature 
sensor touches the tympanic membrane. Some subjects find this contact to be 
uncomfortable (Brengelmann 1987). Also, there are reports of the temperature 
sensors perforating the tympanic membrane (Dickey et al. 1970; Wallace et al. 
1974; Tabor et al. 1981). Because of the potential discomfort and trauma, as well 
as the placement problems associated with tympanic measurements, some inves-
tigators have chosen to measure the temperature of the external auditory meatus 
instead. For this measurement, a temperature sensor is placed in an earplug and 
inserted into the external auditory meatus. Placement of the temperature sensor is 
important since there is a substantial (~0.5°C) temperature gradient along the wall 
of the meatus. In addition, several studies have shown that tympanic or acoustic 
meatus temperature measurements do not provide a reliable index of the level of 
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core temperature during either rest or exercise (Nadel and Horvath 1970; Greenleaf 
and Castle 1972; Marcus 1973a, b; McCaffrey et  al. 1975; U.S.  Army 2003). 
Depending upon the environmental conditions, tympanic or acoustic meatus tem-
perature values can be lower or higher than simultaneously measured steady-state 
rectal (Greenleaf and Castle 1972) and esophageal temperature values (Marcus 
1973a, b; McCaffrey et al. 1975). Moreover, local head heating and air flow to the 
face will bias the temperature of the external meatus (Nadel and Horvath 1970; 
Greenleaf and Castle 1972; Marcus 1973a, b; McCaffrey et al. 1975; Sawka and 
Wenger 1986). This method is still used for some reasons, but it is likely less good 
as the DoubelSensor (see below) and in recent publications some improvments 
ocured (Dakappa et al. 2017; Ota et al. 2017; Yeoh et al. 2017). Furthermore, it 
seems that this measured temperature probably doesn’t display temperature under 
conditions of fluid shift as happen during weightlessness (Lorr et al. 2017).

26.2.1.3  Temperature Pill
The best and most reliable method of assessing thermal state in operational environ-
ments is a direct measurement of core body temperature by using the network- 
enabled ingestible core temperature sensor (TempPill™; Monnard et  al. 2017). 
However, the use of a core temperature ingestible sensor is impractical for routine 
use, so these devices are reserved for use during high thermal stress missions, in 
case of heat injuries such as in hyper- and hypothermia (Weller and Withey 2005). 
The disadvantage of such a device is the movement of the temperature pill in the 
gastrointestinal tract. If the pill is located nearby the liver—a highly metabolic 
active organ—the temperature will be higher than in the jejunum, ileum or rectum 
and therefore the continuity of temperature recordings will be not accurate enough. 
On the other hand, in the distal intestinal tract, e.g., in the colon, the core body tem-
perature might be underestimated. Therefore, it is assumed that different tempera-
tures from the “core body” are recorded and the interpretation could be likely 
difficult.

26.2.1.4  Skin Temperature
Although the skin surface is more easily accessed than the other core body tempera-
ture sites mentioned above, this measurement site includes some important con-
founding factors, because the skin temperature is largely affected by cutaneous 
blood flow and sweat evaporation. Furthermore, environmental changes such as air 
temperatures, humidity, wind speed, and radiation will alter the skin temperature. 
That is why thermal physiologists prefer to determine mean skin temperature, a sum 
of weighted individual skin temperatures taken at up to 16 different skin surface 
sites, or for certain questions, even more (Ramanathan 1964; Mitchell and Wyndham 
1969; Murgatroyd and Hardy 1970; Fox and Solman 1971). For the field purpose, 
such a complex, heavily wired temperature measurement setup is highly impracti-
cal. Other concepts have shown that it is complicated to use a single skin tempera-
ture sensor, even when it is combined with the body mass index (BMI), the 
knowledge of the clothes worn, to result in a reliable and accurate core body tem-
perature (Yokota et al. 2005).
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26.2.2  Heat Flux Sensor (Double Sensor)

26.2.2.1  Principles and Proof of Applications
The rectal temperature and the radio pill are the most widely used and accepted devices 
by physiologists for core body temperature recordings. In most cases, the core tem-
peratures are obtained by inserting a temperature sensor a minimum of 15 cm past the 
anal sphincter (Abrams and Royston 1981; Benedict and Slack 1911; Karlberg 1949;  
Nielsen and Nielsen 1962; Aikas et al. 1962; Greenleaf and Castle 1972; Saltin et al. 
1970; Saltin et al. 1972) or by swallowing a radio pill with a transmitter system, 
respectively. Nevertheless, the rectal and the radio pill temperature have some short-
comings as mentioned above. An advantage is that they are usually quite independent 
of the environmental temperature changes (Stolwijk et al. 1968; Nadel and Horvath 
1970; Greenleaf and Castle 1972). As a result, the steady-state rectal temperature pro-
vides a good index to assess body heat storage (Strydom et  al. 1965; Saltin and 
Hermansen 1966). The main disadvantage of the rectal temperature is the prolonged 
response time to changes in blood (Melette 1950) and other core temperatures. The 
reason for such a slow response is probably a lower rate of blood flow to the rectum 
compared to other recording sites (Molnar and Read 1974; Aulick et al. 1981; Sawka 
et al. 1996). The slow response time makes rectal temperature a poor core temperature 
index for estimating the input to the thermoregulatory controller (Eichna 1949; 
Gerbrandy et al. 1954; Saltin et al. 1970).

Gunga et al. (2005, 2008a, 2009a, 2009b) have introduced a combined skin tem-
perature and heat flux sensor (Double Sensor) (Patent No. DE 100 38 247, DE 101 
39 705, 2003). In contrast to similar methodological attempts in the past, this zero 
heat flux sensor principle (Teunissen et al. 2011) has been miniaturized and used 
without extra heating and has been specially sealed (Kimberger et al. 2009; Opatz 
et al. 2010). The sensor contains two temperature pills (Th1 and Th2) which are 
arranged one above the other separated by an insulating layer. With the direction of 
the skin to the environment the heat flux, which is an energy flow, passes through 
the pills (Fig. 26.2). The core body temperature can be calculated with the algo-
rithm: Tc   =   Th1   +   Ks/Kg × (Th1 − Th2) (Gunga 2008). The Double Sensor is 
placed at the vertex of the head or on the lateral forehead and has been tested under 
various physical and environmental conditions (i.e., changing workloads and ambi-
ent temperatures of 10°C, 25°C, and 40°C). A comparison of the new sensor with 
the rectal temperature revealed that the measurements of the Double Sensor differed 
between −0.16°C and 0.1°C from the average of the rectal temperature. With rising 
ambient temperatures an increasing concordance correlation coefficients (CCC) in 
the work periods was found (10°C  = 0.49; 25°C = 0.69; 40°C = 0.75). Thirdly, the 
Double Sensor showed a more rapid response to the core body temperature changes 
for all resting periods at all ambient conditions, as compared to rectal temperature 
(P < 0.01) (Gunga 2008) (Fig. 26.3). The Double Sensor can be integrated into a 
helmet (Werner et al. 2009, 2010) or also into protective clothes and can measure 
the core body temperature accordingly. In the last years, the applicability and reli-
ability of the Double Sensor could be presented under different physical and envi-
ronmental conditions. When combining the data from the heat flux sensor with 
cardiovascular data (e.g., heart rate), a prediction of thermal physiological strain 
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Fig. 26.2 Schematic side view of the Double Sensor. It contains two temperature sensors; an 
insulation disk placed in between which thermal conduction coefficient (Ks) is known (Gunga 
et al. 2008b). Core temperature (Tc), thermal conduction coefficient of human tissue (Kg), skin 
temperature (Th1), second temperature sensor for measuring the heat flux (Th2), lateral heat loss 
(Kloss), temperature on the outside area of the insulation (Tsa); middle gray—human skin (Dr. 
Koch, Dr. Sattler, Fa. Draeger Werke, Lübeck, Germany)
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Fig. 26.3 Diagram of the difference between the methods against the averages of the methods 
(TREC rectal temperature; TDS Double Sensor). Statistical method according to Bland-Altman shows 
the evaluation of the Double Sensor underestimated compared with rectal temperature measure-
ment at lower temperatures and overestimated at higher temperatures

(PSI) in humans, according to Moran et al. (1998) might be possible. However, they 
observed limitations of the heat flux sensor in cold environments that need to be 
addressed and investigated further. The main components of the Double Sensor unit 
hardware and the position of the Double Sensor are shown in Fig. 26.4.

A. Werner and H.-C. Gunga



485

In a bed rest study (Berliner bed rest study—BBR2) the Double Sensor was 
compared against the rectal temperature admission to examine the circadian rhythm 
profile (Gunga et al. 2009a). The temperature data with the Double Sensor were 
highly equivalent with the rectal temperature measurement. The dispersion of the 
measured values is shown in Fig. 26.5. In summary, about the great demand for 
developing an easy-to-operate and noninvasive technology to measure core body 
temperature in humans, we have evaluated the new skin temperature and heat flux 
measurement device to monitor core body temperature changes during 24 h at—6—
head-down tilt bed rest. In this regard, it seems noteworthy that rectal temperature 
recordings themselves are not without error. Furthermore, it was found that circa-
dian core body temperature profiles could be well approximated by the Double 

a

b c

Fig. 26.4 Characteristics of the Double Sensor for the measurement of core body temperature 
(Draeger, Lübeck, Germany): (a) static display, (b) real dimensions, (c) clinical single use, self-
adhesive sensor, (d) implementation in a health monitoring system, (e) healthLab hardware to 
operate the sensor (Koralewski, Hambühren and SpaceBit, Eberswalde, Germany), and (f) location 
of measurement stuck by tape on the forehead
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Sensor. Thus, even if the available pool of subjects is small, we are confident that the 
Double Sensor technology is accurate enough for detecting relatively small mean-
ingful differences in circadian rhythm profiles compared to rectal temperature 
recordings. In addition to this, further approaches have been undertaken to evaluate 
the Double Sensor device in deep hypothermia (Werner et al. 2009, 2010), where 
promising results could be obtained. In conclusion, the knowledge and technologi-
cal development gained from the study could promote applications of continuous 
core body temperature measurements in clinical, occupational, sports, and environ-
mental medicine on Earth and in space (Werner and Gunga 2008). The Double 
Sensor device might be an effective, noninvasive and easy-to-operate technology to 
gain fundamental insights into cardiocirculatory regulation, thermoregulation, and 
circadian rhythms in humans (Werner et al. 2011a).

26.3  Thermoregulation in an Extreme Environment—Space

26.3.1  ThermoLab—Thermoregulation Under Exercise 
Conditions

Humans have an endothermic metabolism and autonomous regulation mechanisms 
to ensure that the core body temperature for the vital organs in the core body (brain, 
heart, liver, and kidneys) is approximately 36.7°C.  In particular, different 
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surrounding temperatures can challenge the temperature homeostasis and can alter 
the relationship of body core to body skin.

The thermoregulatory center functions act in the same way as a technical, 
regulatory system. It compares the information coming from the thermorecep-
tors with a preset target value, and, if there are variations, it activates the effec-
tor system, for example, the supply of blood to the skin (see below), to regain 
the intrinsic target values preset by the hypothalamus. The temperature homeo-
stasis in humans is only ensured when the two decisive factors heat production, 
and heat loss, are balanced which is known as the so called thermal neutral 
zone (Hardy and DuBois 1938; Kirsch 1979; Jessen 2000; Gunga 2004). Only 
under this appropriate balance the human individual can feel comfortable and 
can perform adequately. This condition is achieved for a lightly clothed male 
adult at a temperature of 27°C (indifference temperature), under atmospheric 
conditions at sea level with 60% relative humidity and slight wind movement. 
In contradiction, water, with its high heat transmission capability and high heat 
capacity, has an indifference temperature of 33.5–34.5°C when compared to 
air. This means that the autonomous and morphological adaptation permits 
humans only a very narrow range of temperatures in which it is possible to 
remain unprotected.

All the intake energy (food) in the organism, unless it is needed for building new 
body substance or for physical work, is converted into heat. The following four 
mechanisms are available for heat transfer between the body and the environment: 
1. radiation (emission of electromagnetic radiation), 2. convection (moving medium 
such as air), 3. conduction (objects that are in physical contact), and 4. evaporation 
(conversion of water to gas). If it is necessary to enhance heat loss, the peripheral 
blood circulation in the skin will be increased (vasodilatation); if it is needed to 
reduce heat loss, the blood circulation in the skin will be decreased (vasoconstric-
tion). Vasodilatation and vasoconstriction are also described as “dry” heat loss, as 
opposed to the “wet,” the evaporative heat loss (cooling by sweating). If heat loss is 
too high, the body temperature can be raised by increased metabolic heat production 
(e.g., shivering).

Thus, convective heat transfer makes up to 1/3 of the total heat loss mechanisms 
at environmental temperatures of 30°C. Convective heat transfer from the skin to 
the environment also affects, in particular, the buildup of the boundary layer between 
skin and the surrounding air. In this 4–8 mm thick boundary layer, there is usually a 
laminar air flow, which runs in an upright standing human from the feet along the 
body axis to the head. Approximately 600 l/min of air circulate in this way along the 
body; this upward streaming sheath of warmed air is called natural convection. At 
any skin area, the local heat loss depends on the temperature gradient and the thick-
ness and velocity of the sheath. The structure and thickness of this boundary layer 
make a decisive contribution to the thermal well-being of the human 
(micro-climate).

In a sustained manner, a lack of gravity impairs (Yu and Yang 2000) the natural 
share of convective heat transfer from the body surface. Gravity, as the driving force 
for this convective heat transfer, ceases to apply at the body surface along the body 
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axis under microgravity conditions (Blanc et al. 2000; Kuhlmann 2000; Yu et al. 
2000; Zhang et al. 2000). The changes in convective heat transfer for a candle and 
the human body to the environment are shown in Fig. 26.6 and 26.7. These physical 
findings will affect the thermal comfort of the astronaut/cosmonaut under these spe-
cific conditions (Novak 1991; Qui et al. 1997, 2002), especially during extravehicu-
lar activities (EVA) (Clement 2003). Air temperatures in the Space Shuttle and the 
International Space Station (ISS) have been regulated between 18 and 29°C with a 
maximum humidity of 14 Torr and normobaric-normoxic conditions (Messerschmid 
and Bertrand 1999; Seibert 2001). It is known from the experience of the cosmo-
nauts on the Space Station Mir that they complain of thermal discomfort at the 
extremities (Polyakov et  al. 2001, Polyakov, personal communication; Clement 
2003). This can result from increased catabolism in the muscular mass in this area 
(muscular metabolism), a vasoconstriction/vasodilatation, change in fluid shifts, 
energy balance and/or a change in heat transfer (Stein 2000).

Under these conditions the core body temperature can change rapidly, eventually 
reaching harmful levels. Core temperature recordings are quite difficult to achieve by 
inserting a thermosensor into the body until now. Furthermore, none of the methods 
apply to daily terrestrial routines in space. However, a thermosensor with its distinct 
advantageous, as described above, can be suitable for the following applications to 

Fig. 26.6 A candle flame in Earth’s gravity (left) and microgravity (right) showing that difference 
in the processes of combustion in microgravity. Image courtesy of NASA, Johnson Space Center 
(see http://www.nasa.gov/mission_pages/station/research/experiments/SAME.html)
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assess stress effects in space: firstly, to assess and to monitor the heat homeostasis 
under stressful environmental conditions in space and secondly, to achieve reliable 
assessments of changes of the circadian rhythm during spaceflight.

26.3.2  ThermoLab—Affected Thermoregulation During 
Weightlessness

Based on the previous experiences (Werner et al. 2011b) it was approved to use the 
Double Sensor during long-term spaceflights on ISS to establish temperature record-
ings in humans. The purpose of the study was a better basic understanding of heat 

Fig. 26.7 The differences 
between being on Earth and 
in space. The left figure 
shows the airflow around the 
body under normal 
conditions (600 l/min of air 
flow); the right figure shows 
the condition under micro-g 
in space, the conductive heat 
transfer under these 
conditions is altered because 
of nonexistent air flow in 
space
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transfer and thermal regulation in humans under microgravity conditions. The find-
ings might also be important for further long-term space explorations and extrave-
hicular activities (EVA), or for future missions to the moon and Mars. Under the title: 
“Core temperature changes in humans before, during and after exercises performed 
on the International Space Station—Thermolab” has started on the ISS on February 
2009 in combination with another experiment of NASA. Until the end of 2012 eleven 
astronauts participated in the study. Examination points were 90 days before launch, 
after 15, 45, 75, 105, 135, and 165 days of spaceflight, and 1, 10, and 30 days after 
the returning to Earth. The core body temperature was recorded with the Double 
Sensor on the head and was obtained at rest and during exercise on a bicycle ergom-
eter which consisted of a submaximal protocol eliciting steady state cardiovascular 
and metabolic responses. Exercise intensity was based on an individual imputed pro-
tocol up to maximal oxygen uptake (VO2 max). The protocol consisted of 5 min 
resting period, followed by three continuous 5 min power levels prescribed to elicit 
25%, 50%, and 75% of the individual’s preflight VO2 max. These were immediately 
followed by 1-min stepwise increments of 25 W until subjects reached their symp-
tom-limited maximum (Moore Jr et  al. 2014). It was found that basal core body 
temperature increases during the first 45 days by about 1.01°C (p < 0.001) and was 
then stable the whole spaceflight at this temperature. For the temperature during the 
at VO2max peak, it was found an increase of body core temperature of nearly 40°C 
which means higher heat stress compared to the measurements preflight (max. core 
body temperature 38°C). Postflight, temperature regulation during the exercise was 
found altered until the last measurement point on day 30 (Fig. 26.8). These results 
reveal an incident of human temperature regulation during space habituation and 
could have impairment on physical and cognitive performance. Moreover, this ele-
mentary finding could have an impact on astronauts´ health by affecting the meta-
bolic rate and cell stress (see Chap. 5), bone and muscle catabolism as well as on the 
immune systems’ response by increasing the anti- inflammatory cytokines interleu-
kin 1 receptor antagonist (IL1-RA) (Drescher et al. 2018; Stahn et al. 2017; Koch 
et al. 2016; Altrichter et al. 2014; Werner et al. 2010). Moreover, the permanent “rest-
ing” increase of the body’s core temperature affects metabolism and functions con-
tinuously and may lead to a yet not fully understood “heat acclimation-mediated 
cross-tolerance” and further unknown adaptations of the organ systems to it.

The primary outcome of heat acclimation is increased thermotolerance, which 
stems from enhancement of innate cytoprotective pathways. These pathways pro-
duce “ON CALL” molecules that can combat stressors to which the body has never 
been exposed, via cross-tolerance mechanisms (heat acclimation-mediated cross- 
tolerance - HACT). The foundation of HACT lies in the sharing of generic stress 
signaling, combined with tissue/organ- specific protective responses. It becomes 
apparent when acclimatory homeostasis is achieved, lasts for several weeks, and has 
a memory. HACT differs from other forms of temporal protective mechanisms acti-
vated by exposure to lower “doses” of the stressor, which induce adaptation to 
higher “doses” of the same/different stressor; e.g., preconditioning, hormesis. These 
terms have been adopted by biochemists, toxicologists, and physiologists to describe 
the rapid cellular strategies ensuring homeostasis. HACT employs two major 

A. Werner and H.-C. Gunga



491

protective avenues: constitutive injury attenuation and abrupt post-insult release of 
help signals enhanced by acclimation. To date, the injury-attenuating features seen 
in all organs studied include fast-responding, enlarged cytoprotective reserves with 
HSPs, anti-oxidative, anti-apoptotic molecules, and HIF-1α nuclear and mitochon-
drial target gene products. Using cardiac ischemia and brain hypoxia models as a 
guide to the broader framework of phenotypic plasticity, HACT is enabled by a 
metabolic shift induced by HIF-1α and there are less injuries caused by Ca2+ over-
load, via channel or complex-protein remodeling, or decreased channel abundance. 
Epigenetic markers such as post-translational histone modification and altered lev-
els of chromatin modifiers during acclimation and its decline suggest that dynamic 
epigenetic mechanisms controlling gene expression induce HACT and acclimation 
memory, to enable the rapid return of the protected phenotype. In this review the 
link between in vivo physiological evidence and the associated cellular and molecu-
lar mechanisms leading to HACT and its difference from short-acting cross- 
tolerance strategies will be discussed (Horowitz 2017).

In addition, the peak increases of temperature are adding to this or may act inde-
pendently as either harmful stress peaks or could serve as “alert signals” and protec-
tive stress factors. Those are known as preconditioning which is an evolutionary 
very well preserved and clinically applicable tool to induce tissue protection 
(Thijssen et al. 2018). Those temporary heat peaks could be impacting the organ 
cell’s metabolism, and e.g. inducing acute mitochondrial responses and translation 
of cyto-protective proteins (so called heat shock proteins HSP), altogether to 
increase tolerance of the heart muscle, brain and other cells (Ilievska et al. 2018; 
Tsai et al. 2016; Horowitz et al. 2015). Moreover, they seem to directly or indirectly 
affect immune functions as well (O'Neill and Hughes 2014) (Fig. 26.8).

26.3.3  Circadian Temperature Regulation During Weightlessness

After Thermolab, the Double Sensor was and is still in use on ISS for the study 
“core temperature and circadian rhythms in humans during long-term spaceflights—
Circadian Rhythm.” For a period of 36 h in 6 or 7 in-flight sessions during a six-
month stay on ISS the temperature regulation is examined in astronauts. The 
light–dark rhythm on board is about 90 min, which means every 90 min there is a 
period of light and darkness. Therefore, it is expected that the circadian timing sys-
tem (CTS), which is usually 24 h, will be affected by these rapid light–dark circuit. 
This may influence the coordinated daily variation of physiological and psychologi-
cal behaviors. A synchronized circadian rhythm is fundamental to health, emotion, 
and cognitive function (Monk et al. 1998; Manzey 2001). In this context, human 
performance and symptoms of fatigue and concentration could be evaluated in fur-
ther studies. Maybe one of the findings will be to bring adequate workplace illumi-
nation on ISS to simulate as far as possible normal circadian temperature rhythmicity 
under microgravity conditions. That will also have an impact on the planning of 
moon and Mars missions in the future. Temperature regulation during weightless-
ness: knowledge for application on Earth

26 Monitoring of Core Body Temperature in Humans



492

 – Early prevention of hypothermia, perioperative monitoring (Desgranges et  al. 
2017; Opatz et al. 2013).

 – Firefighters.
 – Workers in temperature-challenged environments.

26.4  Summary

Humans have an endothermic metabolism which is regulated autonomously with a 
core body temperature of around 36.7°C ± 0.5°C. However, there is entirely a need 
for measuring core body temperature not only in patients but also in workers under 
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extreme conditions during work. The measurement of core body temperature is not 
very easy. The more noninvasive you get, the more insufficient the sensors will be. 
Furthermore, the discussion where the core body is located is still an open issue. 
According to the center of thermoregulation, which is in the hypothalamus, the 
temperature should be measured around there. However, the invasiveness and 
therefore ethical reasons forbid implementing a sensor into the brain. Therefore, 
the apparent requirements for a sensor are to measure core body (brain) tempera-
ture noninvasively but very reliable, with hardware that is easy to use and which 
can be worn comfortably. To fulfill these requirements, a new heat-flux sensor was 
developed, the so called Double Sensor. In a series of studies, this sensor provided 
accurate and reliable core body temperature profiles by positioning the sensor on 
the forehead or vertex. Up to now, the sensor has an excellent correlation in hot 
environments. In the cold, however, there were some open questions. The sensor 
can be worn under the clothes and during a whole working day and is certified for 
clinical use as well. Because of this fact, the sensor was launched to the ISS to 
measure core body temperature before, during, and after long-term spaceflights 
(Stahn et al. 2017). The results show the reliability and fascinating insights into the 
thermoregulation under conditions of weightlessness, because body core tempera-
ture is increased and the regulation of this elementary physiological parameter is 
altered, and which can strongly affect—harm or protect—other organ systems 
including the immune functions sensitive to temperature changes.

Acknowledgments The acknowledgments go to the Deutsches Zentrum für Luft- und Raumfahrt 
(DLR) who has funded the Thermolab study (50WB0724).

References

Abrams RM, Royston JP (1981) Some properties of rectum and vagina as sites for basal body 
temperature measurement. Fertil Steril 35:313–316

Aikas E, Karvonen MJ, Piironen P, Ruosteenoja R (1962) Intramuscular, rectal and oesophageal 
temperature during exercise. Acta Physiol Scand 54:366–370

Altrichter S, Salow J, Ardelean E, Church MK, Werner A, Maurer M (2014) Development of a 
standardized pulse-controlled ergometry test for diagnosing and investigating cholinergic urti-
carial. J Dermatol Sci 75:88–93

Aschoff J, Günther B, Kramer K (1971) Energiehaushalt und Thermoregulation. In: Gauer 
O, Kramer K, Jung R (eds) Physiologie des Menschen Bd 2. Urban und Schwarzenberg, 
Berlin-München-Wien

Aulick LH, Robinson S, Tzankoff S (1981) Arm and leg intravascular temperature of men during 
submaximal exercise. J Appl Physiol 51:1092–1097

Baartz F (1994) Die Hautwasserabgabe des Menschen unter extremen Umweltbedingungen. 
Dissertation, FU, Berlin

Benedict FG, Slack EP (1911) A comparative study of temperature fluctuations in different parts 
of the human body. Carnegie Institution of Washington, Washington, DC

Blanc S, Normand S, Pachiaudi C, Gauquelin-Koch G, Gharib C, Somody L (2000) Energy 
expenditure and blood flows in thermoregulatory organs during microgravity simulation in 
rat. Emphasis on the importance of the control group. Comp Biochem Physiol A Mol Integr 
Physiol 13:683–695

26 Monitoring of Core Body Temperature in Humans



494

Braeuer A, Weyland W, Fritz U, Schuhmann MU, Schmidt JH, Braun U (1977) Bestimmung der 
Körpertemperatur. Anaesthesist 46:683–688

Braeuer A, Martin JD, Schuhmann MU, Braun U, Weyland W (2000) Genauigkeit der 
Blasentemperaturmessung bei intraabdominellen Eingriffen. Anasthesiol Intensivmed 
Notfallmed Schmerzther 35:435–439

Brengelmann GL (1987) Dilemma of body temperature measurement. In: Shiraki K, Yousef MK 
(eds) Man in a stressful environment; thermal and work physiology, vol 1. Thomas, C.C, 
Springfield, pp 5–22

Buller MJ, Hoyt RW, Ames JS, Latzka WA, Freund BJ (2005) Enhancing warfighter readiness 
through situational awareness–the warfighter physiologic monitoring–initial capability. 11th 
International Conference on Human-Computer Interaction Proceedings. Lawrence Erlbaum 
Associates Inc., Philadelphia, 2005

Clark WG, Lipton JM (1984) Drug-related heatstroke. Pharmacol Ther 26:345–388
Clement G (2003) Fundamentals of space medicine, Space technology library. Kluwer Academic 

Publishers, Dordrecht
Cooper KE, Kenyon JR (1957) A comparison of temperatures measured in rectum, oesophagus 

and on the surface of the aorta during hypothermia in man. Br J Surg 44:616–619
Cooper KE, Cranston WI, Snell S (1964) Temperature in the external auditory meatus as an index 

of central temperature changes. J Appl Physiol 19:1032–1035
Cranston WI, Gerbrandy J, Snell ES (1954) Oral, rectal and oesophageal temperatures and some 

factors affecting them in man. J Physiol 126:347–358
Dakappa PH, Prasad K, Rao SB, Bolumbu G, Bhat GK, Mahabala C (2017) A predictive model to 

classify undifferentiated fever cases based on twenty-four-hour continuous tympanic tempera-
ture recording. J Healthc Eng 2017:5707162

Desgranges FP, Bapteste L, Riffard C, Pop M, Cogniat B, Gagey AC, Boucher P, Bonnard C, 
Paturel B, Mullet C, Chassard D, Bouvet L (2017) Predictive factors of maternal hypothermia 
during Cesarean delivery: a prospective cohort study. Can J Anaesth 64:919–927

Dickey WT, Alhgren EW, Stephen CR (1970) Body temperature monitoring via the tympanic 
membrane. Surgery 67:981–984

Drescher U, Koschate J, Hoffmann U, Schneider S, Werner A (2018) Effect of acute ambient 
temperature exposure on cardio-pulmonary and respiratory kinetics in men. Int J Hyperth 
34:442–454

Eichna LW (1949) Thermal gradients in man; comparison of temperatures in the femoral artery 
and femoral vein with rectal temperatures. Arch Phys Med Rehabil 30:584–593

Fox RH, Solman AJ (1971) A new technique for monitoring the deep body temperature in man 
from the intact skin surface. J Physiol 212:8P–10P

Gerbrandy J, Snell ES, Cranston WI (1954) Oral, rectal, and oesophageal temperatures in relation 
to central temperature control in man. Clin Sci 13:615–624

Greenleaf JE, Castle BL (1972) External auditory canal temperature as an estimate of core tem-
perature. J Appl Physiol 32:194–198

Gundel A, Polyakov VV, Zulley J (1997) The alteration of human sleep and circadian rhythms 
during spaceflight. J Sleep Res 6:1–8

Gunga HC (2004) Physiologie. Urban & Fischer, München, pp 669–698
Gunga HC (2008) Wärmehaushalt und Temperaturregulation. In: Speckmann EJ, Hescheler J, 

Köhling R (eds) Physiologie. Urban & Fischer, München, Kap. 15, pp 615–641
Gunga H-C, Forson K, Amegby N, Kirsch K (1991) Lebensbedingungen und Gesundheitszustand 

von Berg  - und Fabrikarbeitern im tropischen Regenwald von Ghana. Arbeitsmedizin 
Sozialmedizin Präventivmedizin 26:17–25

Gunga H-C, Maillet A, Kirsch K, Röcker L, Gharib C, Vaernes R (1993) European isolation and 
confinement study – water and salt turnover. In: Bonting SL (ed) Advances in space biology 
and medicine, vol 3. JAI Press Inc, Stamford, Conn, pp 185–200

Gunga H-C, Sandsund M, Reinertsen RE, Sattler F, Koch J (2005) The “Double sensor” – a new 
non-invasive device to measure continuously core temperature in humans. In: Environmental 

A. Werner and H.-C. Gunga



495

Ergonomics XI, Holmér I, Kuklane K, Gao C (eds) Proceedings from the 11th international 
conference on environmental ergonomics. Ystad, pp 286–289

Gunga HC, Werner A, Sattler F, Koch J (2008a) Thermal monitoring systems. RTO Technical 
Report HFM-132 Real-Time Physiological and Psycho-Physiological Status Monitoring, 
2008, Chapter 3

Gunga H-C, Sandsund M, Reinertsen RE, Sattler F, Koch J (2008b) A non-invasive device to con-
tinuously determine heat strain in humans. J Therm Biol 33:297–307

Gunga H-C, Steinach M, Stahn A, Werner A, Kirsch K (2009a) Handbook of space technology. In: 
Ley W, Wittmann K, Hallmann W (eds) Handbuch der Raumfahrttechnik. Hanser, München, 
pp 575–588. Chapter 7.6

Gunga HC, Werner A, Stahn A, Steinach M, Schlabs T, Koralewski E, Kunz D, Belavý DL, 
Felsenberg D, Sattler F, Koch J (2009b) The double sensor – a non-invasive device to continu-
ously monitor core temperature in humans on earth and in space. Respir Physiol Neurobiol 
169(Suppl 1):S63–S68

Hardy JD, DuBois EF (1938) Basal metabolism, radiation, convection and vaporization at tem-
peratures of 22 to 35 °C. J Nutr 15:477–497

Horowitz M (2017) Heat acclimation-mediated cross-tolerance: origins in within-life epigenetics? 
Front Physiol 8:548

Horowitz M, Umschweif G, Yacobi A, Shohami E (2015) Molecular programs induced by heat 
acclimation confer neuroprotection against TBI and hypoxic insults via cross-tolerance mecha-
nisms. Front Neurosci 9:256

Hoyt RW, Friedl KE (2004) Current status of field applications of physiological monitoring for the 
dismount soldier. In: Poos M (ed) Metabolic monitoring technologies for military field applica-
tions. National academy of sciences. National Academy Press, Washington, D.C., pp 247–257

Hoyt RW, Reifman J, Coster TS, Buller MJ (2002) Combat medical informatics: present and 
future. Proc AMIA Symp:335–339

Ilievska G, Dinevska-Kjovkarovska S, Miova B (2018) Effect of single and repeated heat stress 
on chemical signals of heat shock response cascade in the rat's heart. Cell Stress Chaperones 
23:561–557

Imrie MM, Hall GM (1990) Body temperature and anaesthesia. Br J Anaesth 64:346–354
Jessen C (2000) Temperature regulation in humans and other mammals. Springer, Berlin
Karlberg P (1949) The significance of depth of insertion of the thermometer for recording rectal 

temperatures. Acta Paediatr 38:359–366
Kimberger O, Thell R, Schuh M, Koch J, Sessler DI, Kurz A (2009) Accuracy and precision of a 

novel non-invasive core thermometer. Br J Anaesth 103:226–231
Kirsch K (1979) Thermoregulation und cardiovasculäre adaptation. Der Kassenarzt 19:1–4
Kirsch KA, Gunga H-C (1999) Extreme Umwelten: Leben und Mobilität in Kälte. Flug- und 

Reisemedizin 6:36–38
Kirsch KA, Vogt-Kirsch C (1985) Die Leistungsgrenzen des Menschen beim Tragen von 

Atemschutz und Schutzanzug. Arbeitsmedizin Sozialmedizin Präventivmedizin 20:173–176
Kirsch K, Kaul A, Gunga H-C, Roedler HD (1996) Physikalische Umweltfaktoren. In: Hierholzer 

K, Schmidt RF (eds) Pathophysiologie des Menschen, vol 40. VCH Verlag, Cambridge/New 
York, pp 1–40

Kirsch KA, Mendez-Gil A, Koralewski B, Johannes B, Bünsch B, Gunga H-C (1999) Probleme 
der thermoregulation während simulierter Schwerelosigkeit. Thermo Med 15:11–25

Koch K, Weller K, Werner A, Maurer M, Altrichter S (2016) Antihistamine updosing reduces 
disease activity in patients with difficult-to-treat cholinergic urticaria. J Allergy Clin Immunol 
138:1483–1485

Kuhlmann H-C (2000) Transportprozesse unter Schwerelosigkeit. In: Keller MH, Sahm PR (eds) 
Bilanzsymposium Forschung unter Weltraumbedingungen. WPF, RWTH, Aachen, pp 31–41

Lorr D, Lund A, Fredrikson M, Secher NH (2017) Tympanic membrane temperature decreases 
during head up tilt: relation to frontal lobe oxygenation and middle cerebral artery mean blood 
flow velocity. Scand J Clin Lab Invest 77:587–591

26 Monitoring of Core Body Temperature in Humans



496

Mairiaux P, Sagot J, Candas V (1983) Oral temperature as an index of core temperature during heat 
transients. Eur J Appl Physiol 50:331–341

Manzey D (2001) Limiting factors for human health and performance: psychological issues. In: 
HUMEX-Technical Note (TN)-002. Study on the survivability and adaptation of humans to 
long-duration interplanetary and planetary environments. Chapter 5, pp 1–45

Marcus P (1973a) Some effects of cooling and heating areas of the head and neck on body tem-
perature measurement at the ear. Aerosp Med 44:397–402

Marcus P (1973b) Some effects of radiant heating of the head on body temperature measurements 
at the ear. Aerosp Med 44:403–406

McCaffrey TV, McCook RD, Wurster RD (1975) Effect of head skin temperature on tympanic and 
oral temperature in man. J Appl Physiol 39:114–118

Melette HC (1950) Skin, rectal and intravascular temperature adjustments in exercise. Am J 
Physiol 163:734. Abstract

Mendt S, Maggioni MA, Nordine M, Steinach M, Opatz O, Belavý D, Felsenberg D, Koch J, Shang 
P, Gunga HC, Stahn A (2017) Circadian rhythms in bed rest: Monitoring core body temperature 
via heat-flux approach is superior to skin surface temperature. Chronobiol Int 34(5):666–676

Messerschmid E, Bertrand R (1999) Space stations. Systems and utilization. Springer, New York, 
pp 240–244

Mitchell D, Wyndham CH (1969) Comparison of weighting formulas for calculating mean skin 
temperature. J Appl Physiol 26:616–622

Molnar GW, Read RC (1974) Studies during open-heart surgery on the special characteristics of 
rectal temperature. J Appl Physiol 36:333–336

Monk TH, Buysse DJ, Billy BD, Kennedy KS, Willrich LM (1998) Sleep and circadian rhythms in 
four orbiting astronauts. J Biol Rhythms 13:188–201

Monnard CR, Fares EJ, Calonne J, Miles-Chan JL, Montani JP, Durrer D, Schutz Y, Dulloo AG 
(2017) Issues in continuous 24-h core body temperature monitoring in humans using an ingest-
ible capsule telemetric sensor. Front Endocrinol (Lausanne) 13(8):130

Montain SJ, Sawka MN, Wenger CB (2001) Hyponatremia associated with exercise: risk factors 
and pathogenesis. Exerc Sport Sci Rev 29:113–117

Moore AD Jr, Downs ME, Lee SM, Feiveson AH, Knudsen P, Ploutz-Snyder L (2014) Peak exer-
cise oxygen uptake during and following long-duration spaceflight. J Appl Physiol (1985) 
117:231–238

Moran DS, Shitzer A, Pandolf KB (1998) A physiological strain index to evaluate heat stress. Am 
J Physiol 275:R129–R134

Murgatroyd D, Hardy JD (1970) Central and peripheral temperatures in behavioral thermoregula-
tion of the rat. In: Hardy JD, Gagge AP, Stolwijk JAJ (eds) Phys Behav Temp Reg, vol 58. 
Thomas, Springfield, Old Granville, pp 874–891

Nadel ER, Horvath SM (1970) Comparison of tympanic membrane and deep body temperatures 
in man. Life Sci 9:869–875

Nielsen B, Nielsen M (1962) Body temperature during work at different environmental tempera-
tures. Acta Physiol Scand 56:120–129

Novak L (1991) Our experience in the evaluation of the thermal comfort during the space flight and 
in the simulated space environment. Astronaut 23:179–186

O'Neill S, Hughes J (2014) Heat-shock protein-70 and regulatory T cell-mediated protection from 
ischemic injury. Kidney Int 85:5–7

Opatz O, Stahn A, Werner A, Gunga HC (2010) Determining core body temperature via heat flux – 
a new promising approach. Resuscitation 81:1588–1589

Opatz O, Trippel T, Lochner A, Werner A, Stahn A, Steinach M, Lenk J, Kuppe H, Gunga HC 
(2013) Temporal and spatial dispersion of human body temperature during deep hypothermia. 
Br J Anaesth 111:768–775

Ota H, Chao M, Gao Y, Wu E, Tai LC, Chen K, Matsuoka Y, Iwai K, Fahad HM, Gao W, Nyein 
HYY, Lin L, Javey A (2017) 3D printed "earable" smart devices for real-time detection of core 
body temperature. ACS Sens 2:990–997

A. Werner and H.-C. Gunga



497

Pandolf KB, Sawka MN, Gonzales RR (1988) Thermoregulatory responses of middle-aged and 
young men during dry-heat acclimation. J Appl Physiol 65:65–71

Polyakov VV, Lacota NG, Gundel A (2001) Human thermohomeostasis on board “Mir” and stimu-
lated microgravity studies. Acta Astronaut 49:137–143

Qui M, Liu W, Liu G, Wen J, Liu G, Chang S (1997) Thermoregulation under simulated weight-
lessness. Space Med Med Eng 10:210–213

Qui M, Wu JM, Gu DL, Yu XJ, Yuan XG, Chen JS (2002) Effects of head-down bedrest on 
surface temperature distribution and non-evaporative heat dissipation. Space Med Med Eng 
12:93–97

Ramanathan NL (1964) A new weighting system for mean surface temperature of the human body. 
J Appl Physiol 19:531–533

Saltin B, Hermansen L (1966) Esophageal, rectal and muscle temperature during exercise. J Appl 
Physiol 21:1757–1762

Saltin B, Gagge AP, Stolwijk JAJ (1970) Body temperatures and sweating during thermal tran-
sients caused by exercise. J Appl Physiol 28:318–327

Saltin B, Gagge AP, Bergh U, Stolwijk JA (1972) Body temperatures and sweating during exhaus-
tive exercise. J Appl Physiol 32:635–643

Sawka MN, Wenger C (1986) Physiological responses to acute exercise heat-stress. In: Pandolf 
KB, Sawka MN, Gonzalez RR (eds) Human performance physiology and environmental medi-
cine at terrestrial extremes. Cooper Publishing Group, Traverse City, pp 97–152

Sawka MN, Wenger C (1988) Physiological responses to acute heat-exercise stress. In: Pandolf 
KB, Sawka MN’ Gonzalez RR (eds) Human performance physiology and environmental medi-
cine at terrestrial extremes. Cooper Publishing Group, Traverse City

Sawka MN, Wenger CB, Pandolf KB (1996) Thermoregulatory responses to acute exercise-heat 
stress and heat acclimation. In: Fregly MJ, Blatteis CM (eds) Handbook of physiology, vol I, 
Environmental physiology. Oxford University Press, New York

Seibert G (2001) A world without gravity. ESA SP-1251
Shiraki K, Konda N, Sagawa S (1986) Esophageal and tympanic temperature responses to core 

blood temperature changes during hyperthermia. J Appl Physiol 61:98–102
Smith P, Davies G, Christie MJ (1980) Continuous field monitoring of deep body temperature 

from the skin surface using subject-borne portable equipment: some preliminary observations. 
Ergonomics 23(1):85–86

Stahn AC, Werner A, Opatz O, Maggioni MA, Steinach M, von Ahlefeld VW, Moore A, Crucian 
BE, Smith SM, Zwart SR, Schlabs T, Mendt S, Trippel T, Koralewski E, Koch J, Choukèr A, 
Reitz G, Shang P, Röcker L, Kirsch KA, Gunga HC (2017) Increased core body temperature in 
astronauts during long-duration space missions. Sci Rep 7(1):16180

Stein TP (2000) The relationship between dietary intake, exercise, energy balance and the space 
craft environment. Pflugers Arch 441:R21–R31

Steinman AM, Hayward JS, Nemiroff MJ, Kubilis PS (1987) Immersion hypothermia: compara-
tive protection of anti-exposure garments in calm versus rough seas. Aviat Space Environ Med 
58(6):550–558

Stolwijk JA, Saltin B, Gagge AP (1968) Physiological factors associated with sweating during 
exercise. Aerosp Med 39:1101–1105

Strydom NB, Wyndham CH, Williams CG, Morrison JF, Bredell GAG, Joffe A (1965) Oral/rectal 
temperature difference during work and heat stress. J Appl Physiol 20:283–287

Tabor MW, Blaho DM, Schriver WR (1981) Tympanic membrane perforation: complication of 
tympanic thermometry during general anaesthesia. Oral Surg Oral Med Oral Pathol 51:581–583

Taylor N, Wilsmore B, Amos D, Takken T, Komen T, Cotter JD, Jenkins A (1998) Indirect mea-
surement of core temperature during work: clothing and environmental influences. Abstracts of 
the 8th international conference on environmental ergonomics 97, San Diego

Teunissen LPJ, KlewerJ J, de Haan A, de Koning JJ, Daanen HAM (2011) Non-invasive continu-
ous core temperature measurement by zero heat flux. Physiol Meas 32:559–570

Thijssen DHJ, Redington A, George KP, Hopman MTE, Jones H (2018) Association of exercise 
preconditioning with immediate cardioprotection: A Review. JAMA Cardiol 3:169–176

26 Monitoring of Core Body Temperature in Humans



498

Tsai YC, Lam KK, Peng YJ, Lee YM, Yang CY, Tsai YJ, Yen MH, Cheng PY (2016) Heat shock 
protein 70 and AMP-activated protein kinase contribute to 17-DMAG-dependent protection 
against heat stroke. J Cell Mol Med 20:1889–1897

U.S.  Army (2003) Heat-related injuries. MSMR Medical Surveillance Monthly Report 12(5) 
http://amsa.army.mil

Wallace CT, Marks WE, Adkins WY, Mahaffey JE (1974) Perforation of the tympanic membrane, 
a complication of tympanic thermometry during anesthesia. Anesthesiology 41:290–291

Weller AS, Withey WR (2005) Comparison of telemetry pill and rectal measurement of deep-body 
temperature during treadmill walking and running in the heat. ICEE, Ystad, p. 611ff

Wenger CB (2001) Human adaptation to hot environments. In: Pandolf KB, Burr RE (eds) 
Textbooks of military medicine, vol 1. USARIEM, Natick, pp 51–86

Werner A, Gunga HC (2008) Physiologie und Pathophysiologie des Wärmehaushalts und der 
Temperaturregulation des Menschen in extremen Umwelten und operationelle Konsequenzen 
für den militärischen Einsatz. Wehrmed Mschr 52(Heft 8):234–243

Werner A, Schlykowa L, Schlich G, Sattler F, Koch J, Koralewski HE, Gunga HC (2009) 
Preliminary data on a new non-invasive method to measure core temperature with the Double 
Sensor under cold conditions. RTO NATO Panel–HFM, Helsinki 2009

Werner A, Tiedemann J, Gunga HC, Falk M, Brugger H, Paal P (2010) Measurement of body core 
temperature by heat flux Double Sensor in hypothermic pigs during artificial avalanche burial. 
Poster in resuscitation congress, Porto 2010

Werner A, Lang V, Brix B, Krause W, Binnewies J, Gunga HC (2011a) Heat exposure of jet pilots 
during air traffic. In: Physiology of environmental stressors. AsMA, Anchorage 2011

Werner A, Fischer F, Stahn A, Gunga HC (2011b) Changes in body core temperature circadian 
rhythms during long-term isolation in MARS500. Project in Institute for Biological and 
Medical Problems–IBMP, Moscow 2011

Yeoh WK, Lee JKW, Lim HY, Gan CW, Liang W, Tan KK (2017) Re-visiting the tympanic mem-
brane vicinity as core body temperature measurement site. PLoS One 12:e0174120

Yokota M, Moran DS, Berglund LG, Stephenson LA, Kolka MA (2005) Noninvasive warning 
indicator of the “Red Zone” of potential thermal injury and performance impairment: a pilot 
study. Proceedings for the 11th international conference of environmental ergonomics. Lund 
University, Sweden, pp 514–517

Yu XJ, Yang TD (2000) Ground-based studies on thermoregulation at stimulated microgravity by 
head-down tilt bed rest. Space Med Med Eng 13:382–385

Yu XJ, Yang TD, Pang C (2000) Weightlessness and heat stress on astronauts. Space Med Med 
Eng 13:70–73

Zhang WX, Chen JS, Li TQ (2000) A heat transfer model for liquid cooling garment (LCG) and its 
analysis. Space Med Med Eng 13:350–354

A. Werner and H.-C. Gunga

http://amsa.army.mil


499© Springer Nature Switzerland AG 2020
A. Choukér (ed.), Stress Challenges and Immunity in Space, 
https://doi.org/10.1007/978-3-030-16996-1_27

B. Crucian (*) · C. Sams 
NASA Johnson Space Center, Houston, TX, USA
e-mail: brian.crucian-1@nasa.gov 

G. Makedonas 
JES Tech, NASA-Johnson Space Center, Houston, TX, USA

27Flow Cytometry Methods to Monitor 
Immune Dysregulation Associated 
with Spaceflight

Brian Crucian, George Makedonas, and Clarence Sams

27.1  Technical Background

Flow cytometry is a laser-based technique for scanning and evaluation of suspended 
cells or other particles. A Nobel Prize was never awarded for this breakthrough; 
however, it has evolved into an extremely important technology in both research 
and clinical medicine. Flow cytometers have an extremely rapid throughput, and 
can analyze thousands of individual cells per minute. Typically, they have a laser 
excitation source (most commonly 488 nm (blue)) which can be augmented with 
additional lasers of 642 nm (red), 532 nm (green), or 405 nm (violet), and multiple 
photomultiplier tube detectors (PMT) for emitted light. Cell samples may be stained 
with various fluorescent antibodies to other dyes to identify cell surface proteins, 
intracellular markers, cell function, or other cellular targets. Upon cell excitation, 
the light emitted by the various fluorochromes is directed to the appropriate PMT 
via a network of long- and short-pass filters, dichroic mirrors, and band-pass filters. 
The number of colors visible to the cytometer (and thus the number of parameters 
that can be measured) is defined by the number of PMTs. The up multiple laser 
excitation sources have become common, and coupled with up to 10–15 PMTs to 
detect fluorescent dye emission. In addition, excitation laser light that has been 
“scattered” by the target cell, regardless of any fluorochromes present, may also 
be measured. Laser light scattered in near opposition to the excitation source is 
defined as “forward scatter,” and generally corresponds to cell size. Light scattered 
at approximately 90° to the excitation source is defined as “side scatter”, and is 
a measure of cellular granularity. Together, the scattered light parameters may be 
visualized in bivariate dot plots. This resolves the basic peripheral blood leukocyte 
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populations, granulocytes lymphocytes, and monocytes by scatter properties alone 
into distinctly visible populations prior to fluorescence measurements. This resolu-
tion allows identification, or “gating”, of distinct leukocyte populations by scatter 
properties, to analyze their fluorescence emission properties separately (Fig. 27.1). 
Thus, a four color cytometer with forward and side scatter, essentially becomes 
a 6-parameter instrument, and allows measurements of all resolvable cell popula-
tions to occur simultaneously. Cell populations may also be gated off fluorescence 
expression, for populations with overlapping scatter properties. For example, T cells 
may be resolved from within the lymphocyte population (also containing B and 
NK) by expression of CD3. Gating by immunoscatter does reduce the remaining 
fluorescence channels available for data acquisition.

Samples for flow cytometry analysis must be prepared prior to running the sam-
ples on the instrument. For blood analysis, this usually includes the basic steps of 
WBC (white blood cell) staining, RBC (red blood cell) lysis, and sample fixation/
stabilization. The quality of the sample preparation relates directly to the quality 
of data generated by the cytometer. The basic blood staining described above may 
be employed to resolve and determine relative percentages of all major peripheral 
blood leukocyte subsets (“phenotyping”). However, since classical flow cytometers 
suspend particles in sheath fluid, they do not determine absolute counts. This is one 
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distinction from hematology instruments, which will derive absolute counts as part 
of a complete blood count (CBC), but will not stain cells or measure emitted light. 
Hematology instruments can also resolve bulk populations based on size/scatter or 
potentiometric measurements alone. Some newer miniaturized cytometers, includ-
ing instruments from Guava and Partec, do not suspend cells in sheath fluid and thus 
can be used to determine absolute counts (Crucian and Sams 2005). By employing 
variation in sample preparation, including cell culture followed by analysis of the 
cultured cells, various measures of immune cell function may be measured by flow 
cytometry. Examples include the expression of cellular activation markers, determi-
nation of cytokine-secreting cells (permeabilization, intracellular cytometry), and 
measurement of secreted cytokine production. Measures of secreted analytes do 
not analyze cells, but use fluorescent bead technology as a capture platform, fol-
lowed by staining with a fluorescent detection antibody. Various bead populations 
are “gated,” and concentration of the secreted analyte may be determined.

Immune system dysregulation is associated with spaceflight, and a review of 
the phenomenon may be found elsewhere in this volume (see also Chaps. 11–17). 
A variety of flow cytometry techniques described above have been used to assess 
immune parameters during, or immediately following, spaceflight. Variations 
between the designs of these studies include simple postflight sampling of human or 
animal subjects, subject sampling during orbit for postflight cytometry analysis, and 
cell culture during orbit followed by postflight cytometry analysis. During one pilot 
study conducted during the Mir-18/STS-71 mission, staining, lysing, and preserva-
tion of astronaut whole blood samples was performed in-flight, and the stained cell 
samples were returned for postflight analysis (Sams et al. 1999). The relative ease 
and reliability of flow cytometry, and the large diversity of supported assays, make 
flow cytometers an ideal instrumentation platform for definition of spaceflight- 
associated immune dysregulation. This chapter discusses flow cytometry assays that 
have been applied to, and identify immune changes associated with, spaceflight, and 
the progress towards development and deployment of a microgravity-compatible 
flow cytometer for the International Space Station (ISS) and beyond.

27.2  Flow Cytometry Assays Used to Define Immune 
Changes Associated with Spaceflight in Humans  
or Animals

27.2.1  Peripheral Leukocyte Distribution

Measurements of the distribution of the peripheral blood leukocyte subsets (or 
splenocyte/marrow subsets, from mice or rats) is one of the most common flow 
cytometry techniques and has been used in many spaceflight studies. Alterations in 
distribution are frequently reported, and reflect in vivo immune changes that may 
have clinical significance, similar to that of the CBC measurement. Increases in 
immune cell populations may reflect immune activation or clonal expansion and 
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proliferation. Decreases may reflect cell migration out of the blood to the periphery 
or a localized site of inflammation, or blockades in cell maturation processes. As 
the number of available fluorochromes and channel capabilities of flow cytometers 
has increased over the last two decades, the resolution of immune cell subsets has 
also increased. Earlier in the space program, simple “bulk” subsets were assessed 
on 2–3 color instruments. These may have included granulocytes, lymphocytes, 
monocytes, lymphocyte subsets, and the CD4:CD8 ratio. Today, 10–15 color instru-
ments with distinct fluorochromes make possible the analysis of various activated 
populations, and “fine” T cell subsets, such as cytotoxic effector CD8+ and central/
effector memory T cells. For example, T cells may be measured by simultaneously 
assessing CD45 and CD3, and memory T cells: naïve T cell subsets may be assessed 
by CD45RA/RO expression, whereas central memory T cells require CD3, CD8, 
CD45RA, and CD62L or CD11a. Studies by Roederer and others have indicated 
that diseases are often accompanied by changes in the number or function of “fine” 
lymphocyte subsets, even if changes in the bulk lymphocyte populations are not 
evident (De Rosa et al. 2001). Other “fine” leukocyte subsets are being identified, 
some with potential clinical significance, as the field of clinical immunology ever 
progresses. Specifically, there are also distinct subsets of B cells, NK, and mono-
cytes, which all may have distinct physiological relevance. Some representative 
spaceflight studies employing phenotype analysis are discussed below.

In an example of an early assessment of bulk leukocyte subsets, Stowe et al. per-
formed a postflight WBC and differential on short-duration Space Shuttle astronauts 
(Stowe et al. 1999). A postflight elevation in WBC and granulocyte percentage was 
observed. This is an almost universally reported phenomenon, widely believed to 
represent demargination associated with reentry and landing stress. A subsequent 
study from our laboratory assessed lymphocyte subsets, the T cell CD4:CD8 ratio, 
and basic memory naïve T cells as defined by CD45RA+/− following short-dura-
tion spaceflight (Crucian et al. 2000a). The data indicated a decreased percentage of 
T cells, an increased CD4:CD8 ratio, and variable changes in memory T cell levels.

Two subsequent studies used flow cytometry to assess leukocyte distribution 
and stress-related parameters in Space Shuttle astronauts on missions with vary-
ing durations to determine the effects of mission duration. Mills et al. reported that 
the WBC, granulocytes, monocytes, B cells, and CD4+ T cells were elevated, and 
NK were decreased postflight. The alterations were more pronounced following 
1 week missions, as opposed to 2 week missions, and the authors concluded that 
shorter missions were associated with predominantly sympathetic responses, poten-
tially attenuated following longer missions (Mills et al. 2001). Stowe et al. followed 
this study by assessing neuroimmune responses in astronauts participating in 9 or 
16 day missions. The results confirmed that sympathetic nervous system responses 
dominate following short space missions, with longer missions characterized by 
glucocorticoid-mediated changes (Stowe et al. 2003).

During the STS-108 Space Shuttle mission in 2001, Peacut and Gridley extended 
the use of flow cytometry to analyze minute cell suspensions and blood from space- 
flown BALB/c mice, analyzing peripheral blood, marrow, and splenic leukocyte sub-
set changes. Pecaut et al. indicated that no differences were observed in the general 

B. Crucian et al.



503

circulating lymphocyte proportions. However, changes in spleen leukocyte subsets 
were reported, including increased lymphocytes, decreased granulocytes, increased 
B cells, and decreased CD4+ T cells. In the same animals, there were proportional 
increases in marrow T cells and decreases in B cells (Pecaut et al. 2003). In the same 
animals, Gridley et al. reported percentages of CD25+ lymphocytes, CD25+ T cells, 
and NK1.1+/CD25+ NK were elevated in the STS-108 mouse subjects, whereas 
CD71 expression was decreased (Gridley et al. 2003). In these studies, the traditional 
bulk leukocyte distribution was expanded to include activation markers and adhesion 
markers, as well as organ-specific assessments of leukocyte distribution.

Subsequent to the 2001 studies, the authors performed a follow-up study during 
the STS-118 Space Shuttle mission in 2007. Gridley et al. showed that levels of 
T cells and B cells were reduced, whereas NK levels were elevated in the spleen 
(Gridley et al. 2009). Ortega et al. reported on a comprehensive marrow assessment, 
where flow cytometry was used to assess expression of molecules that define the 
maturation/activation state of cells in the granulocytic lineage. The molecules used 
were Ly6C, CD11b, CD31, Ly6G, F4/80, CD44, and c-Fos. There were no com-
posite phenotypic differences between the total bone marrow cells isolated from 
spaceflight and ground control mice, however there were subpopulation differences 
in several markers. In particular, an elevation of CD11b suggested neutrophil acti-
vation in response to landing, and decreases in Ly6C, c-Fos, CD44, and Ly6G with 
an increase in F4/80 suggested marrow cells from the spaceflight mice were more 
differentiated (Ortega et al. 2009).

In a 2008 post-flight assessment of both short-duration and long-duration 
(6 month, ISS) astronaut crew members, our laboratory expanded the traditional 
“bulk” subset analysis to include “fine” T cell subsets. These included central 
memory/effector memory CD8+ T cells subsets, cytotoxic/senescent CD8+ T cell 
subsets, and various constitutively activated T cell subsets. These studies were con-
ducted using 5-color cytometry. In addition to the commonly observed changes bulk 
subset alterations, crew members displayed elevated levels of both CD4 and CD8 
memory T cells (defined as CD45RO+), reduced levels of early senescent (CD57+) 
and late senescent (CD28−) CD8+ T cells, and reduced levels of terminally differ-
entiated CD8+ T cells (Crucian et al. 2008, Chap. 14).

Because postflight measurements may be altered by stressful effects of land-
ing and readaptation, phenotype, T cell activation and virus-specific immunity 
were, after the construction and outfitting of the ISS, analyzed via flow cytometry 
from subjects who participated in long-duration orbital spaceflight. In particular, 
the NASA “Integrated Immune” investigation was the first to return ambient blood 
samples from spaceflight for subsequent terrestrial analysis. To enable functional 
cellular analyses, in addition to simple phenotyping, whole blood samples were 
collected near to undock and return of a visiting US or Russian spacecraft, followed 
by terrestrial cell culture and flow cytometry analysis (Crucian et  al. 2010). The 
results from Integrated Immune demonstrated that crewmembers posessed altered 
leukocyte distribution, and specific reductions in both T cell function and mitogen 
stimulated cytokine production, that persisted during a 6-month orbital spaceflight. 
All of these findings were derived employing flow cytometry techniques.
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In general, the studies described above demonstrate the utility of assessing leu-
kocyte and lymphocyte subsets, as well as adhesion markers, activation markers, 
etc. for monitoring spaceflight associated immune dysregulation in humans and 
rodents. The resolution of subsets being monitored has advanced as cytometer tech-
nology and fluorochrome/dye development has advanced. It should be noted that 
changes in constitutive subset levels reflect in vivo immune changes, and thus may 
represent more individualized responses associated with adverse clinical reactions, 
than with generalized immune functional changes.

27.2.2  General Immune Cell Function

As several recent studies have demonstrated, measurements of immune function are 
proving important in defining what immune dysfunction exists during spaceflight. 
Leukocyte subset measurements assess in vivo distribution shifts, and by default 
in vivo immune responses. Typically, leukocyte populations become altered as part 
of an immune response related to illness. It is well established that stress may com-
promise the immune system (REFS). The stressors which influence human immu-
nity in space: microgravity, physiological stress, isolation, altered nutrition, etc., are 
not necessarily related to pathological processes. Hence, they are much more likely 
to influence cellular function as opposed to cellular distribution. It is possible that 
crew member leukocyte distribution may be completely unaltered during flight, yet 
if immune cell function is (persistently) compromised, a clinical risk may still exist. 
Several investigators have reported altered granulocyte, monocyte, NK, and T cell 
function associated with spaceflight, and some of the current techniques for measur-
ing cell function (and used in the cited spaceflight studies) employ flow cytometry. 
Some representative citations follow.

Kaur et al. performed a postflight assessment of monocyte oxidative burst capac-
ity, a measure of monocyte function. Oxidative burst was determined by flow cytom-
etry using the Fc OxyBURST Green assay reagent, which consists of bovine serum 
albumin covalently linked to dichlorodihydrofluorescein (H2DCF) and complexed 
with purified rabbit polyclonal anti-BSA IgG antibodies to yield a multivalent par-
ticulate immune complex. When this immune complex binds to the Fc receptors of 
monocytes, the nonfluorescent H2DCF molecules are internalized at 37° but not 
at 4° within the phagovacuole of the activated monocytes, and subsequently oxi-
dized to green fluorescent dichlorofluorescein. The data indicated that following 
5–11 days of spaceflight, astronauts’ monocytes exhibited reduced capacity to elicit 
an oxidative burst (Kaur et al. 2005, see also Chaps. 11 and 12).

T cell activation initiates when the T cell receptor (TCR) is triggered in an 
antigen- specific fashion in the context of the major histocompatibility complex 
(MHC), with additional triggering of appropriate co-stimulatory molecules. During 
the process of full activation to clonal expansion, a >72 h series of events takes 
place. This process begins with nearly immediate transduction of intracellular sig-
nals to the T cell nucleus, involves changes in membrane potential and intracellular 
pH, and changes parameters such as receptor distribution and mobility, cytoskeletal 
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rearrangement, alterations in the molecular conformation of adhesion molecules, and 
results in activation of adenylate cyclase, ATPase, and other membrane- associated 
enzymes. Within the first few hours there is coalescence of patched receptors into a 
cap and expression of preformed CD69 molecules on the T cell surface. Within 24 h 
secretion of IL-2 begins, there is upregulation of the IL-2 receptor (CD25) on the 
cell surface and IL-2 mediated autocrine activation initiates (Fig. 27.2). By 36–72 h 
blast transformation begins, accompanied by expression of HLA-DR on the cell 
surface. Note that several of these changes may be detected by flow cytometry, 
especially tracking the progression of T cell activation via the expression of CD69, 
CD25, and HLA-DR. In fact, such monitoring may essentially replace the previous 
gold standard of determination of T cell proliferation by [3H]thymidine incorpora-
tion. In a prior study, our laboratory monitored early T cell activation potential in 
US astronaut crew members, both short and long duration, immediately following 
spaceflight. The data showed that long-duration crew members had significantly 
blunted T cell function postflight, whereas T cell function was actually increased 
postflight for short-duration crew members (Crucian et  al. 2008). The difference 
was attributed to the immunostimulatory effects of acute stress in less decondi-
tioned crew members, versus the effect of chronic stress in severely deconditioned 
crew members. Since cultured cells may be analyzed by flow cytometry as easily as 
whole blood, there is no real limit to the functional measures that may be performed 
by flow cytometry.

In addition to postflight assessments of crew members, or postflight processing 
of in-flight samples, spaceflight effects may also be studied by culturing cells on- 
orbit. Following culture, astronauts may preserve the cultured cells by a variety of 
means, to be followed by ground-based cytometry analysis upon return to Earth. 
Hashemi et al. investigated T cell progression during the first 24 h of activation by 
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a determination of cell function. (a) Representative dot plot following stimulation of T cells via 
culture in the presense of staphylococcus superantigens A and B; (b) Representative pre-, in-, and 
post- flight data for ISS astronauts (Crucian et al. 2015)
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culturing T cells during spaceflight onboard the Biorack facility, Space Shuttle mis-
sions STS-81 and 84. T cells were stimulated with soluble antibodies to CD3 to trig-
ger the TCR. Similar to the postflight astronaut study described above, expression 
of both CD69 and CD25 were measured by flow cytometry. Culture during space-
flight showed a dramatic reduction in expression of both CD69 and CD25 following 
activation (Hashemi et al. 1999). Complementation of TCR-mediated signaling by 
phorbol ester restored the ability of the T cells to become fully activated, indicating 
a protein kinase C (PKC)-associated pathway could be compromised during micro-
gravity conditions.

In an example of the high versatility of flow cytometers, our laboratory has 
developed an improved flow cytometry assay for NK function that is being used 
during a current ISS in-flight study. The previous standard assay for NK function 
involved coculturing “target cells” (K562 cell line) and human subject peripheral 
mononuclear cells (containing NK), to induce NK killing of the target cells. The 
target cells were radio-labeled, and killing was determined by measuring radio-
activity released by the lysed target cells into the culture medium. Caveats to this 
assay include a varying number of NK within the peripheral blood mononuclear 
cell (PBMC) population, and the requirement for large numbers of subject cells 
to coculture varying ratios of PBMC:target cells in order to generate a kinetics 
curve for NK activity. For our current spaceflight study, the numbers of avail-
able astronaut cells are very low. For this reason, and to eliminate the require-
ment to work with radioactive materials, a nonradioactive flow cytometry method 
has utility for spaceflight studies. Nehlsen-Cannarella et  al. developed an early 
nonradioactive flow cytometry assay, which used membrane dye labeling to iden-
tify target cells (Chang et al. 1993). Target cells were still incubated with subject 
cells; however, killing was measured by propidium iodide (PI) intercalation into 
target cell DNA via red fluorescence. To meet the requirements of our spaceflight 
study, we enhanced the assay by labeling NK with phycoerytherin (PE) labeled 
anti-CD16/56 antibodies, labeling the target cells with fluorescein isothiocyanate 
(FITC) labeled anti- CD71 antibodies. Killing is still determined by membrane per-
meation of PI via red fluorescence. Thus, a three color cytometry assay is created 
which can positively identify exact numbers of NK (not bulk PBMCs), live target 
cells and dead target cells (Crucian et al. 2006b ISAC, Fig. 27.3). This improved 
assay is appropriate for spaceflight studies, as minimal crewmember cells may be 
used. In addition, although measuring killing across multiple NK:target ratios is 
beneficial, it is not absolutely required since the precise number of astronaut NK 
and target cells is known. Using this method, an accurate killing percentage nor-
malized to any NK value may be derived without assuming the PBMC population 
to accurately represent the NK population.

27.2.3  Cytokine Assays

A separate outcome from immune cell activation, distinct from the blastogenesis- 
related changes described above, is cytokine production. Cytokines are small 
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molecules secreted by immune cells which cause effects in other immune cells. 
Essentially they are the hormones, or communication messengers, of the immune 
system. Cytokine biology is incredibly complex, with dozens of cytokines secreted 
by a very diverse network of specific immune cell subsets. Examples of cytokine 
categories include the pro-inflammatory cytokines of the innate immune system, 
and the Th1, Th2, Th17 cytokines secreted by various T cell subsets. Following 
cell activation during mitogenic stimulation culture, techniques such as ELISA or 
cytometric bead array measure cytokine levels secreted into the culture supernatant. 
Secreted cytokine assays measure the net level following secretion, reabsorption, 
and molecule breakdown. Cytokine secretion may be halted however, by adding 
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secretion blockers during activation such as monensin or brefeldin A. This allows 
intracellular cytokine accumulation in the cell cytoplasm. Following such culture, 
it is possible to detect intracellular cytokine production by flow cytometry. For this 
assay, surface markers are stained first, followed by cellular fixation, and then intra-
cellular staining consisting of a permeabilization reagent and anti-cytokine antibod-
ies. Preceding fixation is required to prevent the intracellular contents from leaking 
out of the cell following permeabilization. Intracellular cytokine assays, by flow 
cytometry, measure the percentage of cells capable of being stimulated to produce 
a particular cytokine, not the bulk supernatant level. Cytometric bead array technol-
ogy allows detection of several secreted cytokine within a single flow cytometry 
assay. Essentially, fluorescent bead populations with varying fluorescence intensity 
along a single channel are created, with each population coated with “capture” anti-
bodies for a specific cytokine. By incubating with a common secondary detection 
antibody, cytokine levels may be measured independently for each cytokine along a 
separate channel. As measures of cytokine production by specific, positively identi-
fied cell types (intracellular), or as a measurement of bulk secreted levels of multiple 
cytokines, these assays have clear utility for determining the effects of spaceflight 
on immune system cytokine regulation. Also, this technique is problematic for some 
cytokines. For example, IFNγ and IL-2 are readily detectable following activation; 
however, IL-4 and IL-10 are extremely difficult. This is likely due to the normal 
pre-programmed secretion patterns the cells will exhibit. Examining secretion by 
ELISA also yields low levels for the same cytokines that are difficult to detect by 
cytometry. Examples of utilization follow.

Our laboratory has investigated intracellular production of IFNγ and IL-2 in both 
CD4+ and CD8+ T cell subsets postflight for Shuttle and ISS astronauts. In general, 
following spaceflight crewmembers had reduced levels of both CD4+ and CD8+ T 
cells capable of producing both IFNγ and IL-2 (Crucian et al. 2008, see also Chap. 
14). Flow cytometry scatter plots showing the gating strategy and analysis technique 
for a representative ISS crewmember are shown in Fig. 27.4. Kaur et al. examined 
monocyte intracellular cytokine production of IL-1β, IL-1ra, IL-6, and IL-8 post-
flight for Space Shuttle astronauts (Kaur et  al. 2008). The stimulus for cytokine 
production was gram-negative bacterial endotoxin, known to be a powerful activa-
tor of monocytes via LPS binding to the CD14 cell surface antigen. Crewmember 
monocyte production of IL-6 and IL-1β were reduced compared to controls at all 
three mission associated timepoints. In contrast, crewmember production of IL-1ra 
and IL-8 were elevated as compared to controls.

In addition to measuring intracellular cytokines for the NASA study described 
above, secreted production of six cytokines was measured by cytometric bead array 
(CBA). CBA technology analyzes multiple secreted cytokines by using capture 
antibodies fixed to bead populations which vary in fluorescence along a single fluo-
rescence channel. Detection antibodies then fluoresce along a different channel, 
allowing a 2 × 2 cytometry dot plot with cytokine specificity along the X axis, and 
cytokine production along the Y axis. The array used by NASA consisted of Th1/
Th2 cytokines: IFNγ, TNF, IL-10, IL-5, IL-4, and IL-2. Crewmember cells were 
treated with either antibodies to the TCR (CD3/CD28) to stimulate T cells only, or 
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PMA + ionomycin to stimulate all leukocyte populations. Surprisingly, there were 
minimal postflight alterations for most cytokines, except a reduction in IFNγ for 
both Shuttle and ISS crewmembers (Crucian et al. 2008). Reduced production of in 
IFNγ associated with spaceflight has been reported by other (nonflow cytometry) 
techniques, and may be directly related to immune loss of control of latent viral 
reactivation. As important indicators of immune function in general, and Th1:Th2 
or pro- /anti-inflammatory biases specifically, measurements of cytokine produc-
tion have significant utility for defining spaceflight-associated immune dysregula-
tion. This bead-based assay is performed on a traditional flow cytometer, however 
specialized “multiplex” cytometer-like instruments are now commonly used allow-
ing much greater spectrum of simultaneous analyses. For example, the Luminex 
“Magpix” may analyze up to 44 cytokines using a bead platform. For these instru-
ments, there is no manual gating or analysis, the process is automated.

27.2.4  Viral-Specific Immunity

Measurements of virus-specific T cells, either their direct enumeration from blood 
samples, or their functional capabilities, may have utility for monitoring spaceflight- 
associated immune dysregulation. There is ample evidence that reactivation of latent 
herpesviruses occurs during spaceflight (see Chap. 19). The reactivation of latent 
viruses is very likely a direct result of diminished immune function, particularly 
CD8+ cytotoxic T cells. Several of the viruses are known to reactivate during space-
flight, like EBV, CMV, and VZV, and have potential direct clinical consequences 
should reactivation persist for very long periods of time. Should spaceflight- 
associated immune compromise persist for the duration of a Mars mission, crews 
may be at risk for these adverse clinical events. For these reasons, flow cytom-
etry assays to detect viral-specific T cells have utility for monitoring virus-specific 
immunity, as current studies define the in-flight phenomenon and potentially devise 
strategies to monitor countermeasures validation. Stowe et al. have monitored EBV 
and CMV specific immunity (both number and function) during a recent postflight 
NASA study. This study was conducted on both short- and long-duration US astro-
nauts, and monitored numbers of virus-specific T cells via the tetramer method, and 
virus-specific T cell function via a peptide stimulation assay (Crucian et al. 2009). 
MHC tetramers consist of multimers of MHC molecules coupled to a particular 
viral protein and tagged with a fluorescent label. These reagents function similar 
to labeled antibodies, except that they bind to antigen-specific CD8+ T cells only. 
For that reason, the detection population is extremely small. For CMV peptide or 
EBV peptide-specific T cells, normal ranges in seropositive individuals may range 
from 0.1% to 0.6% of the total CD8+ T cell population, making this rare-event 
cytometry (Fig.  27.5). As such, a gating strategy employing multiple sequential 
gates with populations identified by immunoscatter to thoroughly resolve target 
cells from debris is essential. Peptide stimulation to measure viral-specific T cell 
function, consists of cell culture stimulation of astronaut peripheral blood cells with 
a particular viral peptide and antibodies to costimulatory molecules (Crucian et al. 
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2009 bed rest for method, Crucian et al. 2001 peptide article). Antigen presentation 
of the viral peptides occurs naturally in the culture, and only viral peptide-specific 
T cells are activated. Cultures are processed in the presence of either monensin or 
brefeldin. A similar to the intracellular cytokine assay. Following culture, a cytom-
etry staining protocol consisting of cell surface CD3 and CD8, and intracellular 
IFNγ is performed to resolve activated peptide-specific T cells via production of 
cytokine (Fig. 27.5). When the viral peptide is a superantigen, as are several EBV 
peptides, concurrent staining of CD69 allows a monitoring of nonspecific supe-
rantigen activation versus legitimate viral-peptide activation (Crucian et al. 2001). 
The data to date indicate that, in general, numerous virus-specific T cells rise or are 
unchanged, whereas their functional capacity decreases (Stowe et al. 2007, HRP, 
Stowe et al. 2008, HRP). This at least partially explains the in-flight reactivation of 
latent viruses. These viral-specific assays are also being conducted as part of a cur-
rent in- flight NASA study onboard the ISS (Crucian et al. 2010).

27.2.5  Bacterial Analysis

Flow cytometry is a versatile technique that may be applied to analyze nearly any 
particles in solution, provided the particles are in suspension and within the size 
limits for detection. The use of antibodies, fluorochromes, and membrane/func-
tional dyes adds utility to the basic particle imaging via scattered laser light. Even 
bacteria, with most species within the 2–10 μm size range, may be detectable by 
some flow cytometers. For example, fully automated online cytometric approaches 
can evaluate, reliably, sensitive microbial dynamics in urine (Yang et  al. 2017; 
Müller et al. 2018), as well as natural reservoirs of water (Besmer et al. 2014, 2016).

Several bacterial flow cytometry assays have been applied to spaceflight experi-
ments. Nickerson et al. flew Salmonella typhimurium onboard Space Shuttle mis-
sion STS-115, and used flow cytometry to measure bacterial suspension counts 
postflight (Wilson et al. 2007). SYTO-BC dye, a membrane permeant dye which 
stains both gram+ and gram– bacteria was used for the assay. The most recent and 
comprehensive of the spaceflight bacterial studies which included cytometric mea-
surements was performed by Leys et al. In this study, Cupriavidus metallidurans 
bacterium were grown for 10–12 days onboard the ISS. Upon return, flown bacterial 
cells were compared to ground control bacterial cells using a variety of flow cyto-
metric techniques (Leys et  al. 2009). Viability, membrane potential, intracellular 
pH, electron transport chain function, superoxide/peroxide detection, intracellular 
glutathione, intracellular calcium, DNA versus RNA concentration, and intracellu-
lar esterase activity were all measured by a standard flow cytometer equipped with a 
15 mW 488 nm laser. Commonly, these assays employ dyes which manifest a color 
change in the presence or absence of the measured condition, or presence of the 
measured analyte. By employing multicolor cytometry, separate channels may be 
used to resolve bacteria from artifactual debris, and to measure the analyte of inter-
est. A properly tuned optical path with very low cV values is necessary to resolve 
bacteria on a standard flow cytometer.
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27.3  Development of an In-Flight Flow Cytometer

Assuming the proven utility of some, or all, of the above described assays for mon-
itoring immune dysregulation during spaceflight with flow cytometry, the entire 
development effort may be diminished without onboard monitoring hardware dur-
ing exploration class space missions. Should the effect of spaceflight on immunity 
persist for very long periods of time, a spaceflight capable flow cytometer may 
be required to monitor crewmember immunity during missions beyond low Earth 
orbit. Unfortunately, standard commercially available flow cytometers are large, 
complex instruments that use high-energy lasers and require liters of liquid “sheath” 
fluid to operate. They also generate a significant amount of liquid biohazardous 
waste and require significant training to operate. Cytometers use the fluid mechani-
cal property of “hydrodynamic focusing” to place stained blood cells in single-file 
(laminar flow) as they pass through a laser beam for scanning and evaluation. Many 
spaceflight experiments have demonstrated that fluid physics is dramatically altered 
in microgravity and previous studies have shown that sheath-fluid-based hydrody-
namic focusing may also be altered during microgravity (Crucian et al. 2000b). For 
these reasons, it is likely that any spaceflight compatible design for a flow cytometer 
would abandon the sheath fluid requirement. The elimination of sheath fluid would 
remove both the problems of weight associated with large volumes of liquids as 
well as the large volume of liquid waste generated. It would also create the need 
for a method to create laminar particle flow distinct from the standard sheath-fluid- 
based method.

NASA has at several times investigated the possibility of an on-orbit functioning 
flow cytometer. In 1985, a panel convened at the Johnson Space Center (JSC) gener-
ated an extensive feasibility report, but no construction was initiated. However in the 
mid-2000s, an early prototype of a working on-orbit cytometer was created at the 
JSC. Fortuitously, a commercial cytometer was developed by Guava Technologies, 
which was extremely miniaturized and has eliminated the sheath fluid require-
ment. Although an innovative advance in technology, this instrument had primitive 
capabilities (2 color, 3 parameter) and was not spaceflight compatible due to fluid-
ics handling, power requirements, sample delivery, size, and data handling. The 
JSC effort was designed to (1) engineer a prototype flight instrument based on the 
framework of the commerial off-the-shelf (COTS) cytometer; (2) perform ground-
based and microgravity validation of the instrument; (3) design and validate a set of 
medical assays compatible with the prototype instrument; (4) design and validate 
a microgravity compatible cell staining device for sample processing that could 
interface with the instrument. Upon conclusion, in 2007, a miniaturized prototype 
was indeed developed (Fig. 27.7 left image) and validated during microgravity con-
ditions (Fig. 27.6), using parabolic flight aircraft. The prototype flight cytometer 
was found to perform cytometry adequately in microgravity, moon, Mars, and even 
hypergravity conditions (Crucian and Sams 2005; Crucian et al. 2006a). In addition, 
the Whole Blood Staining Device (WBSD), designed to perform antibody staining, 
RBC lysis, and WBC fixation during microgravity conditions, was created. An early 
version of the WBSD was validated on-orbit during Space Shuttle mission STS-71 

27 Flow Cytometry Methods to Monitor Immune Dysregulation Associated



514

60 10
0

10
4

A
1 0.
0%

A
2 41
.6
%

A
4 58
.4
%

A
3 0.
0%

A
1 0.
0%

A
2 36
.5
%

A
4 63
.5
%

A
3 0.
0%

A
1 0.
0%

A
2 42
.0
%

A
4 58
.0
%

A
3 0.
0%

A
1 0.
0%

A
2 42
.8
%

A
4 57
.3
%

A
3 0.
0%

10
3

10
2

10
1

10
0

10
4

10
3

10
2

10
1

10
0

10
4

10
3

10
2

10
1

10
0

10
4

10
3

10
2

10
1

10
0

10
0

10
1

10
2

P
M
2L

og
M
ax

P
M
1L

og
M
ax

P
M
1L

og
M
ax

PM1LogMax

PM1LogMax

PM1LogMax

P
M
2L

og
M
ax

10
3

10
4

10
0

10
1

10
2

10
3

10
4

P
M
2L

og
M
ax

10
0

10
1

10
2

10
3

10
4

P
M
2L

og
M
ax

10
0

10
1

10
2

10
3

10
4

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

P
M
1L

og
M
ax

10
0

10
1

10
2

10
3

10
4

P
M
1L

og
M
ax

10
0

10
1

10
2

10
3

10
4

28

55

136

F
L2

99
.9
%

F
L2

10
0.
0%

F
L2

10
0.
0%

F
L2

10
0.
0%

1x
G

F
L

O
W

 C
H

E
C

K
C

A
L

IB
R

A
T

IO
N

B
E

A
D

S

C
D

8/
C

D
3 

T
 C

E
L

L
A

N
A

L
Y

S
IS

L
u

n
ar

-G
2x

G
0x

G

Fi
g.

 2
7.

6 
R

ep
re

se
nt

at
iv

e 
flo

w
 c

yt
om

et
ry

 h
is

to
gr

am
s 

an
d 

do
t p

lo
ts

 d
em

on
st

ra
te

 p
er

fo
rm

an
ce

 o
f 

th
e 

N
A

SA
 p

ro
to

ty
pe

 fl
ig

ht
 c

yt
om

et
er

 in
 1

×
g,

 lu
na

r-
g,

 2
×

g,
 a

nd
 

m
ic

ro
gr

av
ity

 c
on

di
tio

ns
. T

op
 r

ow
: a

ss
es

sm
en

t o
f fl

ow
 c

yt
om

et
ry

 c
al

ib
ra

tio
n 

be
ad

s 
de

m
on

st
ra

te
s 

de
te

ct
io

n 
st

ab
ili

ty
 a

nd
 o

pt
ic

al
 re

so
lu

tio
n;

 b
ot

to
m

 r
ow

: d
et

ec
tio

n 
of

 C
D

4+
 T

 c
el

ls

B. Crucian et al.



515

Fig. 27.7 NASA-JSC prototype flight cytometer with sample delivery WBSD units affixed to the 
sample delivery ports (left); and the Canadian Space Agencies “Microflow” demonstration unit 
onboard ISS (right)

(Sams et al. 1999). Subsequently, the WBSD was further modified to successfully 
interface with the JSC prototype flight cytometer and allow validation of blood-to- 
data sample processing and analysis during microgravity conditions.

Subsequent to the JSC effort, the Canadian Space Agency (CSA) developed a 
working demonstration unit flow cytometer “Microflow” which flew onboard ISS 
(Fig. 27.7 right image). Microflow was not a working unit such that samples could 
be introduced, it was a module designed to validate the fluidics in actual spaceflight 
conditions. For the demonstration, fluorescent beads and stained cells were already 
onboard. The unit was activated during flight to perform the pre-programmed analyses. 
In short, the Microflow demonstration was successful, and validated that the cytom-
eter fluidics functioned appropriately during spaceflight. Unfortunately the planned 
fully usable flow cytometer envisioned to follow Microflow was not constructed.

NASA has funded several small business innovation grants for cytometer-like 
devices, many using microfluidics technology. Shi et al. (2009) are working to create 
a microgravity compatible cell analysis device. Their device uses a portable micro-
flow cytometer system to create a two-part leukocyte differential and leukocyte count. 
Leukocytes are stained with Acridine Orange and blood is pumped through a dispos-
able microfluidics device for fluorescence sensing. Under 460 nm LED excitation, 
DNA (green) and RNA (red) fluorescence are collected via two PMTs. Leukocytes 
are counted and differentiated into lymphocytes and non-lymphocytes based on flu-
orescence signatures. This technology has been microgravity validated and could 
serve as a platform for development of a capable in-flight cytometer instrument.

To date, there is no usable flow cytometer capability onboard ISS, but several 
efforts exist to deploy usable miniaturized laboratory instruments onboard ISS, 
either for cellular, protein or nucleic acid analysis. For example, CSA developed 
in 2017 an apparatus named The Bio-Analyzer, which quantifies both leukocyte 
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subset percentages and soluble protein biomarkers using separate technology within 
a single instrument. The machine is not a flow cytometer per se; it uses microflu-
idic microchips to fluorescently label proteins of interest within a small-volume 
sample, and then quantifies them via imaging analysis. Still, the instrument has been 
commissioned for a CSA-NASA flight study to enumerate bulk leukocyte subsets, 
beginning with Expedition 57S in early 2019.

There are several recently developed commercial miniaturized traditional 
flow cytometers. In 2018 NASA performed a ground evaluation of a one-laser, 
3- parameter, instrument from Orflo Technologies and found it likely well suited for 
use onboard ISS. A pilot parabolic flight microgravity evaluation of this technology 
indicated the fluidics were insensitive to gravity. This unit has been selected for a 
flight demonstration on ISS to occur in 2019 or 2020.

Thus, the long-standing goal of performing routine real-time flow cytometry in 
outer space may be at hand. This capability would significantly improve reasearch 
capabilities onboard ISS.

The advent of flow cytometry capacity in space would be revolutionary for bio-
logical surveillance of astronauts in real-time. Furthermore, this capability in space 
would open the door for more complex research endeavors—in theory—including 
those that require cell sorting. Modern advances in microfluidics have enabled por-
table cytometer devices with sorting capacity that exploit a variety of physical prin-
ciples (reviewed aptly by Shields et al. (2015) and Yu et al. (2014)). For example, 
there is an instrument that uses 3D electrodes on a disposable chip; cells passes 
through whereas those of interest are retained and then recovered (Faraghat et al. 
2017). While not an immediate priority, cell sorting in space may be very useful 
1 day in the distant future.

27.4  Conclusion

As demonstrated by countless ground-based reports and the spaceflight-specific 
studies described above, flow cytometry is a versatile technique that has signifi-
cant utility for both defining, and monitoring, spaceflight-associated immune dys-
regulation. This phenomenon, if found to persist during exploration class space 
missions, had the potential to be a significant clinical risk for crewmembers. 
Prolonged immune dysregulation could lead to infections, hypersensitivities, 
autoimmunity, malignancy, or other adverse events. The danger is likely height-
ened during deep space travel considering the high-energy radiation environment 
and lack of clinical care or return option. Cytometry-based assays, and a working 
in-flight flow cytometer, also in possible conjunction with other possible immune 
analyzers (e.g., multiplex-based, microfluidic chambers) using by individualized 
in vitro incubations platform (e.g. KUBIK), could altogether have significant util-
ity for defining the on-orbit phenomenon, as well as the development and valida-
tion of countermeasures.
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28Assessment of Radiosensitivity 
and Biomonitoring of Exposure  
to Space Radiation

Roel Quintens, Sarah Baatout, and Marjan Moreels

28.1  Individual Radiosensitivity

Currently, the use of the terms radiation sensitivity and susceptibility is being 
debated (Foray et  al. 2016; Wojcik et  al. 2018). Some authors argue that radia-
tion sensitivity should only be used for tissue reactions following cell death, while 
radiation susceptibility is the proneness to develop radiation-induced cancer (Foray 
et al. 2016). In the remainder of this chapter, we will use the term radiosensitivity 
for both cases.

It is well known from clinical practice as well as from radiobiological and toxico-
logical experiments with high doses that each person reacts differently to radiation 
and drugs. The International Commission on Radiological Protection has estimated 
that between 5% and 15% of the population may be carriers of genetic mutations 
conferring them more radiosensitive (ICRP 2007). For manned spaceflight, and 
especially that beyond Low Earth Orbit, the individual biological responses to cos-
mic ray exposure may therefore be of critical concern for health- risk assessment of 
astronauts.

Interindividual differences in radiosensitivity have been reported with an 
increased incidence of both deterministic (e.g., tissue reactions like erythema or 
fibrosis) and stochastic effects (e.g., cancer, see also Chap. 20). Several studies 
demonstrated that the occurrence and severity of normal tissue reactions in response 
to ionizing radiation are influenced mainly by genetic susceptibility. In this context, 
variations in radiosensitivity between individuals may be a consequence of deficien-
cies in DNA repair capacity. This can be caused by specific mutations or polymor-
phisms in DNA repair genes such as ataxia telangiectasia mutated (ATM) (Taylor 
et  al. 1975) or nibrin (NBN or NBS1), which is mutated in Nijmegen Breakage 
Syndrome (Chistiakov et al. 2008; Varon et al. 1998). They can also result from a 
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combination of small variations in multiple genes (Andreassen 2005), such as those 
functioning in specific DNA double-strand break (DSB) repair pathways including 
poly (ADP-ribose) polymerase (PARP), DNA-dependent protein kinase, catalytic 
subunit (PRKDC), TP53, or ATM and Rad3-related (ATR).

For a radiation-related health-risk assessment for astronauts, methods that can 
measure and/or predict individual radiosensitivity would be of great value. In the 
future such assays could be used as predictive tests to identify astronauts with a 
greater than average risk of developing radiation-induced health effects. Moreover, 
the identification of (predictive) biomarkers of radiation sensitivity could also be 
relevant for cancer patients treated with radiotherapy. With the growing interest 
in personalized medicine treament plans could be better tailored to the individual 
patients based on their personal radiation sensitivity.

28.2  Tools to Evaluate Radiosensitivity and Exposure Dose

Currently, a number of tests have been described and used to assess responses to radi-
ation. In this light, peripheral blood lymphocytes are the preferred target for assess-
ing radiosensitivity, as they are among the most radiosensitive cell types in humans 
(Venkatesulu et al. 2018). Biological endpoints such as chromosomal aberrations (e.g., 
dicentrics, translocations, micronuclei, DNA fragmentation) and the repair capacity 
of radiation-induced damage have been used to determine individual radiosensitivity 
in vitro. These methods mostly rely on previous observations that the occurrence of 
chromosomal aberrations is associated with increased radiosensitivity. Furthermore, 
novel methods such as gene expression profiles both at the mRNA and protein level, 
as well as epigenetic changes may be suitable as radiation sensitivity biomarkers. 
Besides this, these same methods can also be used as biodosimeters, i.e., as biological 
measurements to predict the dose to which an individual has been exposed.

Thus, different methods can be used for the detection of radiation-induced dam-
age or biological effects and their choice depends on several parameters (expo-
sure duration, estimated absorbed dose, type of exposure, and time since exposure). 
Importantly, most of these methods can be used for rather low doses from about 0.1 
or 0.2 Sv and upward, which is within the range of what would be encountered by 
astronauts on interplanetary missions. Other important advantages of using biologi-
cal markers for assessing radiation exposure over physical dosimeters are that they 
take into account shielding by the body itself, and that they are sensitive to all types 
of radiation, including neutrons.

28.2.1  Chromosomal Aberrations: Dicentrics and Stable 
Translocations

The use of cytogenetic tests to monitor the occurrence of chromosomal aberrations 
induced by ionizing radiation dates back to the 1960s when Tough et al. described 
chromosomal aberrations in the blood of patients who had undergone radiotherapy 
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to treat ankylosing spondylitis (Tough et al. 1960). To date, chromosomal aberra-
tions have been widely accepted as biomarkers of exposure to ionizing radiation. 
Moreover, the frequency of radiation-induced chromosomal aberrations is associ-
ated with overall cancer risk (Distel et al. 2006; Tucker 2008) suggesting that they 
may also be used as indicators for individual radiosensitivity.

Two of the most used cytogenetics assays are the Dicentric Chromosome Assay 
(DCA) and fluorescent in situ hybridisation (FISH) for the analysis of stable chro-
mosomal translocations. The DCA usually uses metaphase spreads of lymphocytes 
to score for chromosomes with two centromeres. Advantages of the DCA are the 
low background, high specificity to radiation, low interindividual variability, and 
high correlation between in vitro and in vivo dose estimations (Hall et al. 2017). 
Their half-life is between 6 months to a year, which makes them suitable for retro-
spective analysis after most ISS missions, but not for long-duration missions span-
ning several years.

Chromosomal translocations refer to the occurrence of chromosome breakage, 
followed by transfer of the broken-off portion, often to a different chromosome. 
They are usually induced by the formation of DNA DSBs and subsequent interac-
tion of different DSBs with each other. The scoring of chromosomal translocations 
is mostly performed using FISH painting which uses fluorescently labeled DNA 
probes to mark specific regions in the DNA after which they can be visualized using 
fluorescence microscopy. Translocations are in general very stable, with a half-life 
of 6–12 years (Durante 2005) and can be transmitted by mitosis making them very 
suitable for retrospective biodosimetry (Awa 1997). However, the analysis of chro-
mosomal translocations is also useful in susceptibility studies to identify genetic 
polymorphisms of genes involved in the individual response to ionizing radiation 
(Rodrigues et al. 2005) and cancer. Currently, chromosomal translocations are used 
in the clinic as biomarkers for cancer risk and they have been validated as intermedi-
ate endpoints of cancer. This shows the potential of using chromosomal transloca-
tions as biomarkers for radiation sensitivity as well. One of the disadvantages of 
using FISH compared to the DCA is the rather large interindividual variability of 
chromosomal translocations. However, since it is easy to obtain preexposure (i.e. 
pre-flight) samples from astronauts to calculate their individual background levels, 
this is not really a concern (Beaton-Green et al. 2015).

The use of cytogenetics assays to assess radiation effects in astronauts during 
spaceflight, have been applied since the late 1990’s (Durante et al. 2003; Fedorenko 
et al. 2001; George et al. 2004, 2001; Obe et al. 1997; Testard et al. 1996; Yang et al. 
1997). In general, these studies and more recent ones (Beaton-Green et  al. 2015; 
Cucinotta et al. 2008; George et al. 2010, 2013) have shown that the number of chro-
mosomal aberrations significantly increased during the mission, although there were 
large interindividual differences, which could not be attributed to the measured dose. 
This variability could be a consequence of differences in radiation sensitivity, but the 
experimental uncertainties were so high that the result could also be explained by sta-
tistical fluctuations (Durante 2005) because the doses to which the astronauts were 
exposed were close to the sensitivity thresholds of the assays (Cologne et al. 1998). 
It may therefore be anticipated that these methods would have better sensitivity 
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in the case of missions of longer duration, when astronauts are exposed to higher 
dose equivalents. In this respect, it was shown that the occurrence of translocations 
increased in astronauts after repeated missions (George et al. 2013).

28.2.2  Micronuclei

The cytokinesis-blocked micronucleus (CBMN) assay is one of the most commonly 
used methods for the measurement of chromosome loss and breakage in nucleated 
cells (Fenech 2010). Micronuclei are small nuclear membrane-bound structures. 
They originate from acentric chromosome fragments or complete chromosomes 
which are unable to attach to the mitotic spindle during cytokinesis, thereby result-
ing in exclusion from the daughter nuclei into the cytoplasm. Since micronuclei are 
present in cells that have completed nuclear division, they are ideally scored in the 
binucleated stage of the cell cycle. To distinguish between nondividing cells and 
cells undergoing mitosis, cytochalasin-B, an inhibitor of the mitotic spindle that 
prevents cytokinesis, is added to the cell cultures. As a consequence, cells that have 
completed one nuclear division can be identified by their binucleated appearance. 
This leads to cells which contain two nuclei and one or more micronuclei if chro-
mosome breaks have occurred or the centromere is damaged (Fenech and Morley 
1985). New methods of detection, using high resolution in combination with flow 
cytometry may significantly enhance the usefulness of this assay by facilitating 
automation and quantification of the assay (Rodrigues et al. 2018).

Currently, the CBMN assay is being used successfully for biodosimetry after 
occupational, medical and accidental radiation exposure, although it is only useful 
after exposures above 200–300 mGy (Feng et al. 2015; Liu et al. 2009; Thierens et 
al. 2014;  Vral et al. 2011). Furthermore, since radiosensitive cells are more sus-
ceptible to radiation-induced micronucleus formation and because micronuclei 
originate from mis-repair or DSBs in DNA, the CBMN assay can be used to to 
assess individual in vitro radiosensitivity or cancer susceptibility (Vral et al. 2011). 
However, the CBMN assay seems less suitable for the assessment of exposure to 
energetic heavy ions (Wu et al. 2006), one of the major components of cosmic radia-
tion, especially in terms of expected health effects.

28.2.3  Premature Chromosome Condensation (PCC) Assay

The problems that arise with the study of metaphases (e.g., radiation-induced 
mitotic delay) can be circumvented by directly studying interphase cell aberrations. 
The PCC assay is very powerful for detecting chromatin damage in G1 or G2-phase 
cells and it has the advantage of being used to compare responses to different radia-
tion types such as heavy ions or X-rays (Suzuki et al. 2006). This is in contrast to 
chromosome aberrations in metaphase spreads, which are not always comparable 
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when cells are exposed to different types of radiation. The PCC method is especially 
suitable for studying radiation-induced chromatid breaks in the G2-phase, which is 
the cell cycle phase in which cells are the most radiosensitive (Wang et al. 2006). 
Therefore, the frequencies of aberrations as determined via PCC are higher than 
those of metaphase spreads, indicating increased sensitivity. Another advantage of 
the PCC method is that it can be used for dosimetry purposes, within a very high 
range of doses (from 200 mGy to ~20 Gy) depending on the specific application 
(Pernot et al. 2012).

PCC occurs when mitotic cells, containing condensed chromosomes, fuse with 
interphase cells causing the interphase cells to produce condensed chromosomes 
prematurely. Although the initial protocol was very laborious and did not hold much 
promise to become a widely used method, a study by Gotoh and Asakawa showed 
that it was possible to induce PCC in G2-phase lymphocytes using the protein 
phosphatase inhibitor okadaic acid (Gotoh and Asakawa 1996). Later, other protein 
phosphatases were also applied (Durante et al. 1998), thereby significantly enhanc-
ing the suitability of the technique.

The PCC assay has also been applied for retrospective biodosimetry of astro-
nauts, especially to compare results with those of metaphase analysis for complex 
chromosomal rearrangements. Some of these studies did not observe significant dif-
ferences in the number of complex damages between pre- and post-flight samples 
(George et al. 2002; Greco et al. 2003) probably because exposures were too low. 
Another study evaluating translocations via the PCC assay did find increases in 
chromosome damage during flight, which was additive for repeated long-duration 
missions (George et al. 2013). In general, it is assumed that the PCC may be more 
accurate than metaphases for assessing complex chromosome damage because 
problems of chromosome damage underestimation due to cell cycle delays are 
avoided (George et al. 2002).

28.2.4  Comet Assay (Single-Cell Gel Electrophoresis)

The comet assay, also known as the single-cell gel electrophoresis assay, is a sensi-
tive method for the detection of DNA damage and repair in individual cells (Singh 
et al. 1988). The size and shape of the comet and the distribution of DNA within the 
comet correlate with the extent of DNA damage (Fairbairn et al. 1995). For many 
years now, the comet assay has been utilized to study DNA damage induced by 
ionizing radiation. The dose range that can be investigated using the alkaline comet 
assay is 100 mGy to 8 Gy, although it has little potential as a radiation biodosimeter 
because of its lack of specificity for radiation-induced DNA damage (Pernot et al. 
2012). However, this assay may be of interest because it can be used to evaluate 
DNA repair capacity which is a measure of individual radiosensitivity. A low DNA 
repair capacity is in general associated with increased (radiation-induced) cancer 
risk (Curtin 2012).
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28.2.5  γ-H2AX Focus Assay

Upon DNA DSB induction in mammals, the histone H2A variant H2AX becomes 
rapidly phosphorylated at serine 139 in a region spanning several megabases around 
the initial lesion. The phosphorylated form of H2AX, termed γ-H2AX, facilitates 
the recruitment of other DNA repair factors to the damaged sites (Paull et al. 2000) 
and has an anchoring function to retain the broken chromosomal DNA ends in close 
proximity (Bassing and Alt 2004). As a result of the recruitment of DNA repair fac-
tors, a so-called focus is formed which can be easily visualized using light micros-
copy (Rogakou et al. 1999; Rogakou et al. 1998). As there is one focus formed per 
DSB, the number of DSBs can be directly determined from the number of foci that 
are present shortly after the induction of DNA damage.

The phosphorylation of H2AX occurs at a conserved carboxyl-terminal Ser-Gln- 
Glu (SQE) amino acid sequence and is catalyzed by members of the phosphoinosit-
ide 3-kinase (PI3K) family, such as DNA-PK catalytic subunit ATM, and ATR 
(Paull et al. 2000). The phosphorylation status of γ-H2AX is under tight control 
of the kinase activity of the abovementioned protein kinases, as well as the phos-
phatase activity of protein phosphatases such as WIP1/PPM1D (Cha et al. 2010). 
Another way of removing γ-H2AX, after DNA damage has been repaired, is by 
histone exchange. It has also been shown that the mechanism of γ-H2AX phos-
phorylation is dependent on the type of genotoxic stress. For example, at the site of 
ionizing radiation-induced DSBs, the phosphorylation of H2AX occurs mainly by 
ATM, whereas after UV irradiation the mechanism depends on the cell cycle and 
can occur in the absence of DSBs (Cha et al. 2010).

The γ-H2AX assay is probably the most sensitive method to detect radiation- 
induced DNA damage. DSBs can be visualized in cells after exposures to doses as 
low as 2 mGy (Rothkamm and Lobrich 2003). However, it does suffer from a number 
of drawbacks, including a lack of specificity for radiation-induced damage and the 
transient nature of the signal (depending on the dose and radiation quality, DSBs are 
repaired within hours after exposure). This precludes its usefulness as a biomarker of 
exposure, but like the comet assay, it could be an excellent method to assess individual 
radiosensitivity based on DNA repair capacity measurements (Hall et al. 2017).

28.3  Emerging Technologies for High-Throughput Screening

As previously mentioned, classical cytogenetic measurements such as dicentrics 
and chromosomal translocations have been mostly used to detect chromosomal 
aberrations in peripheral blood lymphocytes of astronauts returning from long-
term space missions (Beaton-Green et  al. 2015; Cucinotta et  al. 2008; Durante 
et al. 2003; Fedorenko et al. 2001; George et al. 2001, 2004, 2010, 2013; Obe et al. 
1997; Testard et al. 1996; Yang et al. 1997). In the next paragraphs, we will review 
some emerging technologies which might be useful for high-throughput screening 
of interindividual differences in radiosensitivity. So far, these methods have not yet 
been used to evaluate radiation exposure or sensitivity in astronauts.
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28.3.1  Transcriptomic Profiling

Intrinsic radiosensitivity is correlated with the ability of the cell to detect and repair 
DNA damage (Hennequin et  al. 2008), which is the ultimate factor for cell sur-
vival. To deal with radiation-induced DNA damage, cells have developed complex 
responses that rely on activation of genes that are involved in DNA damage repair 
and cell cycle arrest. However, when the cell damage is too severe, cellular apop-
tosis or cellular senescence can be induced, mainly via activation of p53 (Ou and 
Schumacher 2018), as a way to escape malignancy. Mechanistically, it is therefore 
likely that interindividual differences in DNA damage response gene activation 
may reflect individual radiation sensitivity. Thus, individuals having a genetic dys-
function of certain genes that are important for the DNA damage response display 
hypersensitivity toward ionizing radiation. In this context, not only the quality but 
also the quantity of changes in gene expression may differ greatly between individu-
als and contribute to the individual differences in response to radiation (Smirnov 
et al. 2009). For instance, in a screen of the radiation response between unrelated 
individuals and monozygotic twins it was shown that there was a very strong heri-
table component for the transcriptional response of the p53 target genes FDXR and 
CDKN1A to ionizing radiation. The variability in their postirradiation expression 
levels was much smaller amongst the monozygotic twins than the unrelated indi-
viduals (Correa and Cheung 2004).

Since the early 2000’s, many studies have demonstrated the usefulness of 
radiation- induced changes in gene expression as signatures that could be used for 
biodosimetry purposes [reviewed in Hall et al. (2017), Lacombe et al. (2018), and 
Pernot et  al. (2012)]. With time and the development of new methods for gene 
expression profiling, these studies have shown an increasing sensitivity of gene 
signatures towards prediction of ever lower doses, down to 100 mGy and below 
(Broustas et al. 2017; Knops et al. 2012; Macaeva et al. 2018; Macaeva et al. 2016; 
Nosel et al. 2013; Paul and Amundson 2011; Riecke et al. 2012), the dose range to 
which astronauts may be exposed. An important new application in this respect will 
be the identification of exon signatures, based on the observations of extensive radi-
ation-induced alternative splicing (Macaeva et al. 2016; Sprung et al. 2011) which 
will benefit from advances in RNA sequencing methods. Another important finding 
from these studies is that these identified gene signatures are in general very robust, 
and independent of experimental conditions or differences related to the radiation 
itself (i.e., radiation quality, dose rate) (Hall et al. 2017). Finally, although most of 
these biomarkers have been investigated using ex vivo-irradiated blood samples, 
they have been proven to work also for in vivo-irradiated cancer patients (Abend 
et al. 2016; O'Brien et al. 2018; Paul and Amundson 2011). This is an important 
asset for their potential applicability for astronaut screening.

From these observations it can be concluded that the genes most appropriate 
for biodosimetry are those involved in the p53-regulated DNA damage response 
pathways. Interestingly, the same panel of genes has been proposed as potential 
biomarkers for studying radiation quality and dose rate effects, relevant for model-
ing cancer risk from space radiation (Sridharan et al. 2016). However, in contrast 
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to gene expression signatures for individual radiosensitivity, genes that are useful 
for biodosimetry should ideally exhibit dose-dependent changes in expression with 
very little variation depending on age, gender, time, cell type, and/or other interin-
dividual confounding factors (Pogosova-Agadjanyan et al. 2011).

28.3.2  Epigenetic Profiling

Besides individual differences in gene expression, differences in epigenetic marks 
may also influence the individual response to ionizing radiation. The term epi-
genetics has nowadays many different meanings. One classical definition is that 
epigenetics refers to changes in gene expression that do not involve changes in 
the DNA sequence but are nevertheless inherited (through mitosis and possibly 
meiosis) (Holliday 1987). Two classical epigenetic mechanisms are DNA methyla-
tion and posttranslational histone modification, both of which mainly affect gene 
expression by altering the chromatin structure, thereby making genes more or less 
accessible for transcription. Other epigenetic information carriers that have been 
proposed include transcription factors, prions, small RNAs (e.g., microRNAs), long 
intergenic noncoding RNAs and chromatin structure (Kaufman and Rando 2010; 
Rando 2016).

DNA methylation is a widely studied and best characterized epigenetic modifica-
tion (Barros-Silva et al. 2018) and will therefore be mainly discussed here. It involves 
a covalent deposition of a methyl group, mostly catalyzed by DNA methyltransferases 
(DNMTs) at the 5′ position of a cytosine ring, which occurs mostly in the vicinity of 
a CpG dinucleotide (Taby and Issa 2010). The CpG dinucleotides tend to cluster in 
so-called CpG islands which are often located in promoter regions of genes (about 
60% of the human gene promoters are associated with CpG islands). In a normal 
differentiated cell, most promoter CpG islands are unmethylated whereas the CpG 
islands that are distributed across the genome—mostly associated with repetitive 
elements—are methylated. Methylation of CpG islands is generally associated with 
gene silencing via various mechanisms such as recruitment of methyl-CpG-binding 
domain proteins, recruitment of histone-modifying and chromatin- remodeling com-
plexes, or by precluding the recruitment of DNA-binding proteins (e.g., transcription 
factors) to their target sites (Portela and Esteller 2010).

The first observation that radiation affects DNA methylation was reported in 
E. coli in 1972 (Whitfield and Billen 1972) while the first report in mammals sug-
gested both hypo- and hypermethylation in Wistar and outbred rats exposed to high 
doses of γ-radiation (Rakova 1979). Following in vivo studies indicated that expo-
sure to radiation induces in general a loss of global DNA methylation in hemato-
poietic tissues as well as liver, but not in muscle and lung (Miousse et al. 2017). 
Nevertheless, alterations in DNA methylation of specific genes in response to radia-
tion exposure may go in both directions, and one gene often found to be hyper-
methylated, for instance in the sputum of uranium miners (Su et  al. 2006) or in 
lung-adenocarcinomas of Mayak nuclear facility workers (Belinsky et al. 2004) is 
the tumor-suppressor gene CDKN2A.
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Of relevance for space exploration are results from experimental animal studies, 
showing global DNA hypermethylation in lungs of C57BL6 mice after exposure 
to low absorbed doses of 56Fe ions (Nzabarushimana et al. 2014), which was cor-
roborated in a number of other studies demonstrating hypermethylation in repetitive 
elements in heart and lung of 56Fe-irradiated mice (Koturbash et  al. 2016; Lima 
et al. 2014; Prior et al. 2016). Another study investigated the correlation between 
56Fe-induced cognitive decline and changes in DNA methylation and hydroxymeth-
ylation (hmC) in the hippocampus, showing that especially hmC could be correlated 
to cognitive impairments (Impey et al. 2016). Interestingly, treatment of mice with 
the DNA methylation inhibitor 5-iodotubercidin partially restored DNA methyla-
tion levels and could improve cognitive function of mice exposed to a space- relevant 
dose of 28Si-ions (Acharya et al. 2017).

To link DNA methylation with other epigenetic markers, a recent study showed 
that the long noncoding RNA PARTICLE, which is specifically induced in response 
to low-dose radiation (O'Leary et  al. 2015) links DNA and histone methylation 
and thereby affects gene expression at a genome-wide scale (O'Leary et al. 2017). 
Whether and how epigenetic mechanisms affect individual radiation sensititvity is 
currently under further investigation. In this respect, it is interesting to note that 
the NASA Twin Study, in which an astronaut spent 1 year at the ISS while his twin 
brother and fellow astronaut stayed on Earth, supposedly identified large changes in 
epigenetic modifications during spaceflight (Garrett-Bakelman et al. 2019).

28.3.3  Multiple Protein Expression Profiling

Although changes in gene transcription can serve as good candidate biomarkers, 
protein changes may be relevant as well (Hall et al. 2017). Differences in protein 
levels can occur between radioresistant and radiosensitive individuals, and therefore 
protein signatures might also have a predictive value (Chaze et al. 2013). Recent 
advances in proteomics might allow the identification of proteins associated with 
radiosensitivity (Leszczynski 2014; Smith et al. 2009; Turtoi et al. 2011).

28.4  Conclusion

For manned spaceflight, the biological effects induced by cosmic ray exposure on 
the immune and other organ systems are of critical concern to risk assessment for 
astronauts, especially since the orbiting (so-called (Deep Space) Gateway) and 
habitats on the moon are now clearly planned and envisaged for the near future. 
In this light, and when expanding further to the manned exploration of Mars, the 
increased risk of cancer associated with radiation exposure is widely considered 
to be the main obstacle to interplanetary travel (Chancellor et al. 2014; Cucinotta 
and Durante 2006; Durante and Cucinotta 2008). Shielding of the astronauts from 
space radiation is therefore a very important protective measure. Material shielding 
may only be partially effective against cosmic radiation in certain energy ranges, 
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but may actually make the problem worse for some of the higher energy rays, as 
more shielding induces an increased amount of secondary radiation. Therefore, 
other protection measures such as onboard biodosimetry, or therapeutic measures, 
should also be considered, although their effectiveness in deep space is not yet 
established. Currently, several radioprotectors are available that can prevent and/
or reduce radiation- induced health effects by enhancing the body’s natural capacity 
to repair cell damage caused by radiation or by preventing DNA damage to occur 
(McLaughlin et al. 2017; Smith et al. 2017). Another possible preventive measure 
could be to include the individual’s radiation resistance to the induction of early and 
late radiation effects in the medical assessment of the mission crew applicants. This 
has to be complemented by the provision of adequate onboard biodosimetry tools to 
guarantee the best possible diagnostics and personalized care in-flight.
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29.1  Stress Markers

Cortisol represents a major tool to maintain homeostasis during times of stress and 
is hence one of the most efficient biochemical parameter to diagnose stress (see also 
Chaps. 4, 6 and 7). Cortisol (also “compound F”), like all rather lipophilic glucu-
corticoids (GCs), is secreted into and distributed via the blood stream and therefore 
easily accessible in most conventional matrices, i.e. plasma, oral fluid, and hair. 
The bioavailability of glucocorticoids is mainly limited by a significant protein-
binding to albumin and cortisol-binding globulin (CBG) which amounts to 97% (F) 
or 80–85% (cortisone, also “compound E”), increasing the stability and detection 
window of GCs. Its biological activity –and its detectability- ranges from seconds 
to few hours and is hence much longer than those of short-acting catecholamines. 
Additionally to glucocorticoids as primary stress marker, the substance group of 
endocannabinoids (ECs) (see also Chap. 10) gained significant diagnostic attraction 
due to its ability to modulate GC response (Hill et al. 2010; Finn 2009). Respective 
agonists of the cannabinoid receptors are chemically defined as ethanolamides, e.g., 
N-arachidonoyl ethanolamine (anandamide, AEA), and its oleoyl, palmitoyl, or 
stearoyl analogs (OEA, PEA, SEA) or glycerol ester (arachidonoylglycerol, 2-AG). 
Endocannabinoids are locally synthesized—in particular in the brain—and systemic 
EC activity deems not likely. Nevertheless, the correlation between circulating 
plasma concentration—whether overflow from brain synthesis (Hillard et al. 2011) 
or peripherally produced—and stress is undisputed and well documented (Chouker 
et  al. 2010; Dlugos et  al. 2012; Hillard 2014). The biochemical mechanisms of 
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habituation to repeated stress seem to differ between the chemical classes (Sharkey 
and Wiley 2016). AEA and 2-AG were both found to be elevated during acute stress 
but respective concentration did not correlate. AEA was postulated to represent 
a “tonic-like” mechanism, whereas 2-AG acts as a “burst-like” modulator of the 
hypothalamic–pituitary–adrenal (HPA) axis (see also Chap. 10).

Besides the activation of the EC system, e.g., by stimulated synthesis or admin-
istration of agonists, the prevention of its deactivation plays an important diagnostic 
and therapeutic role. Ethanolamides are rapidly cleaved by fatty acid amide hydrolase 
(FAAH, mainly AEA) or NAE-Hydrolyzing Acid Amidase (NAAA, e.g., OEA, PEA); 
2-AG is predominantly hydrolyzed by monoacylglycerol lipase (MAGL). The inhibi-
tion of respective enzymes; e.g., 4-nitrophenyl-4-[bis(1,3-benzodioxol- 5-yl)(hydroxy)
methyl]piperidine-1-carboxylate (JZL 184), (4-nitrophenyl) 4-[(3-phenoxyphenyl)
methyl]piperazine-1-carboxylate (JZL 195) or methoxyarachidonyl fluorophospho-
nate (MAFP) is suitable for in vivo or in vitro stabilization ECs in biological specimens 
(Long et al. 2009). There are numerous therapeutic concepts, e.g., in treatment of pain, 
depression, or maladaptive behaviors to acute and chronic stress (Griebel et al. 2018; 
Jiang et al. 2018; Ratano et al. 2018) based on this indirect enhancement of EC levels.

The different kinetics of EC-hydrolysis, e.g., its dependence on unsaturation and 
length of the fatty acids (Vandevoorde et al. 2005), will positively affect its concen-
trations (and corresponding ratios) in various specimens and need to be taken into 
account in its interpretation.

The choice of the most efficient stress testing strategy depends therefore on mul-
tiple parameters, i.e. the duration and intensity of triggers. Availability of minimal 
invasive biological matrices (e.g., hair) and feasibility of appropriate collection and 
stabilization requirements need to be granted. Rapid collection, centrifugation, and 
freezing of plasma samples appear to be most efficient as a diagnostic tool but 
extremely challenging to accomplish under stressful conditions.

29.2  Suitable Testing Matrices

The distribution of glucocorticoids and cannabinoids follows a common concept of 
many drugs and hormones. The majority of bioactive substances is rather lipophilic 
and is therefore rapidly absorbed, transported and bound to the respective receptors. 
The process of a quick deactivation of the agonists is similarly important for a quick 
and reversible stress response.

All endocannabinoids are easily cleaved by enzymatic hydrolysis in blood, the 
remaining fatty acids, alcylalcohols, and amides are identical to endogenous com-
pounds or their metabolites and hence of little diagnostic relevance.

Glucocorticoids are synthesized via a cascade of enzymatic reactions, stimulated 
by the adrenocorticotropic hormone (ACTH). Cortisol, the most relevant agonist in 
stress response is further oxidized to cortisone. Precursors (e.g., ACTH) as well as 
biotransformation products (cortisone) are highly specific and may well contribute 
to the GC-based stress investigation.

The choice of suitability specimens is closely related to the chemical and phar-
macokinetic behavior of respective markers. Moreover the access to noninvasive 
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matrices is of paramount importance when dealing with stress. Any potentially 
stressful manipulation (phlebotomy, liquor punctuation) will positively influence 
stress levels of tested individuals.

Due to the systemic mechanism of GCs there is no need for local sampling at 
the target receptor. Blood concentrations well represent bioavailable amounts at 
any target organ. Protein-binding represents the main interfering factor, because 
only free, i.e., protein-unbound portions of GCs are available for biological effects, 
biotransformation, migration into other compartments, incorporation into hair or 
excretion via sweat, saliva or urine. In case of the locally synthesized and bioactive 
ECs the collection of brain, brain areas (hypothalamus) or at least liquor appears 
clearly preferential over blood and other secondary matrices.

29.2.1  Blood (Plasma)

Finally, target concentrations and diagnostic value of drugs in different matri-
ces, e.g., brain, blood (plasma), urine, oral fluid or hair depend on a couple of 
physicochemical parameters. Transfer from brain to blood (relevant for ECs) 
requires moderate molecular masses and only limited numbers of polar substitu-
ents (e.g., hydroxyl groups, both prerequisites certainly given). The detection 
window in blood or plasma is mainly restricted by the half-life and stability of 
the markers. In particular the potential hydrolysis, isomerization (Vogeser and 
Schelling 2007; Zoerner et al. 2018) or in vitro formation (Vogeser et al. 2006) 
of ECs post sampling requires substantial effort and consideration. The bioavail-
ability and detection period of glucocorticoids is prolonged by its significant 
protein-binding.

Sample preprocessing includes rapid centrifugation of blood samples and immedi-
ate freezing of the plasma, which requires significant logistic and instrumental require-
ments, which is difficult to achieve under stressful conditions. Following thawing, the 
stored samples are purified by ether extraction (Hauer et al. 2014; Thieme et al. 2014).

29.2.2  Hair

An old and probably nonproven report that Marie Antoinette’s hair turned white 
the night before she was guillotined (16th October 1793) and presumably the stress 
of impending decapitation caused her locks to lose color within hours. This time 
course seems difficult to prove and one of the reasons discussed are that “the stress 
of the situation could have generated a swarm of free radicals in her hair follicles, 
which traveled along the hair shafts, destroying pigment and creating a bleaching 
effect” (Ballantyne 2007). The biology of incorporation into hair is mainly defined 
by the physicochemical conditions at the hair bulb. Basic lipophilic compounds 
are preferentially incorporated into the hair fiber due to the slightly acidic condi-
tion around the hair bulb. Bioactive parent drugs, which are typically lipophilic, are 
generally better incorporated into hair than polar metabolites. This is a major diag-
nostic advantage compared to blood and urine analysis. Direct detection of heroin 
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is almost impossible in blood due to its short half-life (20 min) and pointless in 
urine because of its high lipophilicity. In spite of its quick hydrolysis, heroin is 
significantly incorporated into hair and available as long-term marker for its abuse. 
Similarly all slightly basic lipophilic ethanolamides will be well transferred into 
hair while its acidic hydrolysis products (fatty acids) cannot be detected.

Moreover, basic compounds are often tightly bound to melanin in pigmented 
hairs. Therefore hair concentrations of basic compounds (e.g., cocaine) are known 
to depend significantly on hair color. Equal blood concentrations will result in high-
est hair concentration in black hair followed by brown, red, blond and gray hair. 
Once incorporated into hair, basic lipophilic drugs are well immobilized and only 
slowly washed out. Segmental analysis of hair strands, i.e., quantitation of drugs in 
adjacent hair segments can often provide retrospective information on administra-
tion (or production) profiles of basic drugs (Fig. 29.1). Owing to an average hair 
growth of 1 cm/month (human scalp hair (Pötsch and Skopp 2004; Cooper 2015)), 
a retrospection period of several months is mostly given. The active growing cycle 
of hair lasts ca. 3–5 years (anagen phase) followed by a transition (catagen) phase 
and a resting period of the nongrowing (telogen) hair. Owing to this fact, the amount 
of anagen hairs, which are kinetically relevant, is about 90–92% (Musshoff et al. 
2013).

External
contamination
(Cocaine)

Incorporation
from

bloodstream
(Anandamide)

Melanin binding
(Cocaine)

Incorporation
from

sweat and sebum
(Steroids)

Decomposition
UV-light
(Steroids)

Gradual
wash-out
(Cortisol)

Fig. 29.1 Incorporation and elimination of compounds into hair is mainly controlled by its chem-
ical structure. Lipophilic basic compounds (e.g., anandamide) are preferentially incorporated from 
blood into the hair fiber and may be tightly bound to hair pigments, e.g., melanin. Neutral com-
pounds (steroids) migrate typically into hair via sweat and sebum and are potential subjects of 
elimination (wash-out following cosmetic treatment)
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Neutral drugs (steroids, including GCs, probably 2-AG) are incorporated into hair 
via sweat and sebum into the keratinizing zone of hair formation. Those drugs are no 
subject of melanin binding, and wash-out is much more relevant when quantifying 
hair concentrations for retrospective considerations. A reduction of hair concentra-
tion following regular cosmetic treatment of 16% per month was estimated for corti-
sol (Krumbholz et al. 2013). Therefore, hair segmentation (Fig. 29.2) and long-term 
interpretation of respective concentration is much more critical for neutral glucocor-
ticoids than for basic compounds (Duvivier et al. 2016; Thieme and Sachs 2007), 
e.g., endocannabinoids. Metabolite ratios of cortisol to cortisone differ significantly 
compared to blood. The original F/E ratio in blood of ~8:1 changes to ~1:4 as a con-
sequence of different protein-binding rates (only the protein-unbound portion of GCs 
is available for hair incorporation) (Krumbholz et al. 2018), slightly different polarity 
(E > F) and potential local conversion of F to E (Zhang et al. 2016).

Long-term storage of hair samples does not require any precaution. Hair strands 
are typically stored at room temperature in aluminum foil following fixation of hair 
strands, which appear to be the easiest option for diagnostic purposes under cru-
cial conditions, e.g., space missions (Fig. 29.3). Hair sample preparation includes a 
methanol extraction followed by hair digestion (Krumbholz et al. 2013).

29.2.3  Oral Fluid

The quantification of GCs in oral fluid (saliva) became a standard diagnostic tool 
in clinical chemistry and endocrinology(Perogamvros et al. 2009; Inder et al. 2012; 

Elevated stress/
Substance intake

6 cm

3 cm

Time post administration →

1 Week 3 Months 6 Months

Affected segments

Segment 2

Segment 1

Fig. 29.2 Hair segmentation provides access to retrospective testing. Following a latency period 
of several days, hair segments affected by substance incorporation (administration or endogenous 
reaction, e.g. stress) reach the body surface and become available for testing until falling out. The 
live cycle, i.e. percentage of nongrowing hair, is critically dependent on its location and species, 
human scalp hair is known to growth ~1 cm/month
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Bastin et  al. 2018). Its noninvasive collection, commercial availability of robust 
collection devices—which use stabilization buffers to easily avoid decomposition—
and the extensive availability of testing laboratories are strong arguments in favor of 
saliva testing. There is little information of testing endocannabinoids in oral fluids. 
Owing to the similarity with tetrahydrocannabinol (THC), which is not sufficiently 
incorporated into oral fluid (Moore et al. 2007), it seems to be unlikely that EC test-
ing in saliva may become a suitable option.

29.2.4  Urine

Urine represents generally a preferential matrix for clinical and forensic tests due 
to the noninvasive collection mode and comparatively high substance concentra-
tion of xenobiotics. However, lipophilic compounds as GCs as well as ECs are not 
sufficiently excreted into urine without prior biotransformation. GCs are mainly 
excreted into urine as glucuroconjugates, whereas ECs are hydrolyzed into unspe-
cific metabolites. Inter-individual variations of these biotransformation reactions 
and subsequent renal excretion as well as the temporal delay of urinary collection 
discriminate against the use of urine for stress detection.

29.3  Analytical Methods

29.3.1  Immunoassays

There are numerous immunoassays available to test cortisol in different matrices, 
e.g., serum and oral fluid (El-Farhan et al. 2013). Well described systematic devia-
tions between those assays could be easily avoided by using identical assays within 
the same study. Therefore, there still is a justification for using these tests due to 

Fig. 29.3 Hair sample 
placed on line marked 
aluminum foil next to a 
pencil to illustrate the 
required thickness of the 
sample and indication of the 
cutting edges (vs. scull)
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their sensitivity, simplified sample preparation and stabilization, low investments. 
The use of immunoassays in hair testing for cortisol is widely used and requires spe-
cial consideration due to cross reactivity with other steroids, e.g., cortisone which 
is predominantly incorporated into hair. The cross reactivity to other steroids, e.g., 
cortisone or progesterone, represents the most crucial aspect whenever matrices 
with other composition than default (the matrix in which typical reference concen-
trations were tested, i.e. usually blood) were used. Moreover changes in the endog-
enous steroid pattern, i.e. its dramatic variation during pregnancy, may considerably 
interfere cortisol profiling. At present, there is no immunoassay available for quan-
tification of endocannabinoids and its feasibility is unlikely due to the structural 
similarity between all ECs and with other, highly abundant endogenous substances.

29.3.2  Gas Chromatography–Mass Spectrometry (GC-MS)

The general analytical approach consists in a combination of a separation technique 
(gas chromatography) with the selective detection technique of mass spectrometry, 
which is monitoring masses of ionized molecules and corresponding fragments. 
GS-MS requires an initial stabilization of most analytes (derivatization) because 
gas chromatography requires the evaporation of molecules prior to its separation in 
chromatographic columns. This includes an extra procedure of sample preprocess-
ing, e.g., formation of pentafluoropropionyl- (Zoerner et  al. 2009) dimethyl iso-
propylsilyl- (Obata et al. 2003) or trimethylsilyl derivatives of target compounds 
(Amendola et al. 2003) representing a significant extra effort which devaluates this 
approach.

29.3.3  Liquid Chromatographic–Mass Spectrometry (LC-MS)

The combination of liquid chromatography and mass spectrometry represents the 
default technique for both substance groups, endocannabinoids (Lam et al. 2008, 
2010; Ozalp and Barroso 2009; Zhang et al. 2009; Zoerner et al. 2011) and gluco-
corticoids. The general advantage over gas-chromatography coupling consists in 
reduced sample preparation and enhanced comprehensiveness of screening proce-
dures. Hyphenated techniques need to be applied to obtain a sufficient analytical 
selectivity and sensitivity. This improvement is nowadays technically achieved by 
either a combination of two mass spectrometers (tandem mass spectrometry) and/
or the elevation of mass resolution. Tandem mass spectrometer uses the concept 
of monitoring fragmentation reactions instead of detecting ions. Anandamide for 
instance (Fig. 29.4) may be tested in single or tandem mode at unit (one mass unit) 
or high (Res  =  M/ΔM ~16,000) resolution. A combination of tandem and high- 
resolution mass spectrometry (Ottria et al. 2014) proved to be the most robust and 
sensitive option. Respective analytical parameters are shown in Table 29.1, results 
from a representative plasma sample are shown in Fig. 29.5.
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29.3.3.1  Potential Implementation of MS Assays in Space
Any determination of biochemical parameters in isolated environments, e.g., space 
missions, needs to balance corresponding efforts between either sample return—
facing logistic and stability issues—or an implementation of suitable techniques 
on site. Technically, a clear shift of biochemical detection techniques from sensi-
tive target testing by immunoassays to flexible multitarget testing procedures using 
mass spectrometry is generally observed in clinical and forensic analysis. This is 
due to the fact, that mass spectrometers became recently more sensitive, selec-
tive, and robust. Mass spectrometry consists in accurate measurement of molecular 
masses, which necessarily requires their ionization and subsequent acceleration. 
The main technical prerequisite of mass spectrometry—besides high acceleration 
voltages—is the generation of high vacuum to allow undisturbed separation of ions. 

OH

Fragmentation

Anandamide: MS Mode

Low resolution

High resolution

Single

348.3 ± 0.5 Da

348.289 ± 0.006 Da

Tandem

348.3 → (62 ± 0.5) Da

348.3 → (62.064 ± 0.002) Da

Nitrogen, 35 eV

OH

CH3

NH2

NH O

Fig. 29.4 Potential mass spectrometric detection modes in LC-MS monitoring of anandamide. 
The intact molecule or its fragmentation reaction—i.e., the selective formation of ethanolamide by 
fragmentation of anandamide—can be monitored either in unit resolution (1 Da mass window) or 
focusing on a narrow mass detection window in high-resolution MS

Table 29.1 Modified (so far unpublished) experimental parameters of the LC-MS/HRMS assay

Compound Precursor m/z [Da] CE [eV] Product m/z [Da]
2-AG 379.2 21 269.2264 287.2369
AEA 348.2 35 62.064
OEA 328.2 22 62.064
SEA 326.2 25 62.064
PEA 300.2 35 62.064
F 363.2 24 309.1853 345.2066 327.1955
E 361.2 38 163.111

Details on sample preprocessing and LC parameters and published elsewhere (Krumbholz et al. 
2013, 2018)
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Fig. 29.5 Simultaneous monitoring of ECs (AEA, 2-AG, OEA, PEA, SEA) and glucocorticoids 
(cortisol (F) and cortisone (E), deuterated standards of AEA, 2-AG, PEA, F and E not shown) in 
an ether extract obtained from a plasma sample permits a direct access to corresponding stress 
markers from both substance groups
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Advanced mass spectrometers typically generate vacuum better than 10−5 Pa and 
corresponding pumps cover the majority of mass, volume and energy consump-
tion of current instruments. Compared to the situation at sea level, the effort of 
evacuation may significantly be reduced in space. Therefore, numerous attempts 
of utilizing MS in space missions were e.g., dedicated to measure gas composition, 
search for organic matter or quantify stable isotope compositions (Biemann et al. 
1976; Evans-Nguyen et al. 2008). Figure 29.6 illustrates the pressure reduction at 
elevated altitude, describing a rather complex variation due to temperature fluc-
tuations within the thermosphere. However, pressure values at an altitude >350 km 
appear to be compatible with requirements of mass spectrometry. This would enable 
to apply powerful and versatile MS detectors with low consumption of energy and 
limited space requirement. Moreover, investigation of biochemical matrices always 
includes an initial chromatographic separation, which means typically liquid chro-
matography. Neither respective LC-instruments nor the application of solvents 
constitute relevant safety hazards or unconquerable technical challenges. It appears 
likely that utilization of atmospheric vacuum and further miniaturization of MS 
detectors will soon become efficient and flexible alternatives to an elaborate storage 
and return of samples.
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Fig. 29.6 Reduction of atmospheric pressure at elevated altitude. Vacuum levels at an altitude 
>350 km provide mean free path lengths of molecules larger than 100 m and are hence compatible 
with requirements of mass spectrometry
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29.4  Analytical Results

Plasma concentrations of all relevant compounds do not pose an analytical chal-
lenge, reproducibility and detection limits of the established procedure proved to 
be more than adequate. Significant deviations from expected behavior and poten-
tial outliers are due to sample preprocessing issues, in particular the critical time 
prior to centrifugation and freezing of plasma samples. In particular the excessively 
high 2-AG concentrations up-to 400 ng/ml, i.e. 40 times the median value, could 
be analytically verified, but could not be attributed to exceptional situations and 
were attributed to storage limitations. The association of EC pairs was in good 
accordance with theoretical considerations, in particular the high correlation of 
ethanolamide pairs (Fig. 29.7, top) demonstrates a gratifying analytical robustness. 
The moderate correlation between AEA and cortisol would be in good accordance 
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Fig. 29.7 The highest 
correlation (p = 0.851) was 
observed between different 
ethanolamides (PEA and 
OEA) concentrations in 
plasma, compared to low 
correlation between AEA and 
F (p = 0.440) and 
uncorrelated levels of 2-AG 
and cortisol (0.006). Patients 
and volunteers from different 
clinical and scientific studies 
were summarized to this 
statistical evaluation (Atypical 
high values of F are thought 
to be due to infections of 
patients or its treatment in a 
respective inflammation 
study.)
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with an anandamide-modulation of chronic stress causing elevated cortisol levels 
(Fig. 29.7, middle), whereas 2-AG do apparently not correlate with corresponding 
cortisol concentrations (Fig. 29.7, bottom).

Hair testing includes higher analytical requirements, because of the limited 
amount of sample material. The available amount of sample remained often below 
the desirable amount of 50 mg hair. The resulting amount of biological material is 
therefore 10–30 times lower than the mass of corresponding plasma samples. The 
limit of quantitation (LOQ) of the most crucial compound AEA was found to be 
0.3 pg/mg (Krumbholz et al. 2013) and is hence in the order of magnitude of the 
median value of all samples whereas LOQs of other ethanolamides (OEA and PEA) 
were way below basal hair concentrations. This is due to the fact that relative concen-
trations differ significantly between hair and plasma. Concentration ratios of PEA to 
AEA were found to be 7 in plasma but ~1000 in hair (Table 29.2), demonstrating dif-
ferent stability and/or hair incorporation behavior. The latter deems unlikely, because 
neither the basicity (governed by the ethanolamide group) nor the lipophilicity (con-
trolled by structure of respective fatty acids) suggests significant physicochemi-
cal variations. It is therefore likely, that pharmacokinetic variations, in particular a 
limited temporal plasma stability of OEA and PEA may cause their increased hair 
concentrations.

However, it needs to be acknowledged that plasma and hair concentrations 
cannot be easily converted from hair to plasma, not even concentration ratios are 
suitable for direct comparison. Any quantitative evaluation requires highest stan-
dardization of all relevant constraints. The benefit of plasma samples consists in the 
access to short term variations, e.g. in cases of acute stress. This can turn out to be a 
disadvantage, if these short term variations are overlaid by endogenous (circadian) 
or pathological fluctuations. The logic benefit of hair testing is the averaging of high 
frequency fluctuations to quarterly (if 3 cm segments were collected) averages and 
the access to long-term trends. Short term variations are in return not accessible, 
the shortest feasible segmentation of hair samples amounts to 1 mm segments, cor-
responding to an average time window of 3 days.

Exemplary data from few participants of an overwintering mission to 
CONCORDIA Station in the high Antarctic at Dome C (see also Chap. 16) 

Table 29.2 Comparison of endocannabinoid concentrations in blood and hair

2-AG AEA OEA PEA
Plasma concentration [ng/mL]
Min 0.80 0.05 0.20 0.47
Max 402.3 0.92 9.42 6.64
Median 10.82 0.26 1.01 1.79
Hair concentration [pg/mg]
Min 181.5 0.20 359.6 897.8
Max 4476 33.16 2041 3929
Median 1142 2.0 884.6 2032
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(Figs. 29.8 and 29.9) demonstrate the tendency of moderate increase of endo-
cannabinoids during isolation on the Antarctica station. This effect is observed 
for different individuals and markers (AEA, OPE, PEA) in plasma and was 
in principle confirmed in hair samples, keeping in mind that there is a tempo-
ral offset of 3  month, according to segmentation length. However, individual 
interpretations require a comprehensive analysis of all corresponding data and 
information.
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Fig. 29.8 Synchronized variations of the ethanolamide-type endocannabinoids AEA, OEA, and 
PEA in two of a 9-month isolation study in plasma, compared to baseline data collection (BDC)
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29.5  Discussion

Space is a stressful environment and any analytical evaluation of biochemical stress 
markers needs to account for numerous confounding factors which may signifi-
cantly affect its interpretation. Appropriate biochemical markers need to be defined 
to reflect the relevant stress kinetics, e.g., acute vs. chronic mechanisms to cope 
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Fig. 29.9 Variations of the ethanolamide-type endocannabinoids AEA, OEA, PEA, and of gluco-
corticoids in two participants of a 9-month isolation study in hairs, compared to baseline data 
collection (BDC). The length of each proximal hair sample was 3 cm representing the recent quar-
terly period before collection
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external influences. These markers—or corresponding diagnostic biotransformation 
products—need to be sufficiently stable in the relevant timeframe of stress adapta-
tion and differ significantly from basal values. Another critical parameter is the 
selection of suitable biological matrices which reflects stress-related variations of its 
markers in a diagnostic way and permits retrospective diagnostics. Blood represents 
the most suitable and logical compromise between diagnostic value and practical 
feasibility (i.e., low-invasiveness) of sample collection. However, also hair samples 
start to serve for certain parameters as a very reliable biospecimen. Because of the 
growth rate they may not allow high time resolution of days or hours, but permit 
an integration of stress responses over several weeks and months, as a retrospective 
calendar of stress. Any other common specimen is affected by additional biotrans-
formation reactions (in particular urine) and by substance-specific incorporation or 
excretion mechanisms and lacks specificity and sensitivity.

Interpretation of presumptive stress as based on monitoring of its biochemical 
markers is always a complex challenge, because respective markers may be affected 
by the variables and their combinations as listed (see box below):

Therefore, it deems helpful to combine different markers and matrices to ver-
ify the consistency of analytical results. Plasma and hair samples cover different 
time windows and can provide complementary data on acute vs. chronic stress. 
Introduction of apparently redundant (i.e., highly correlated) markers may help to 
identify analytical issues.

From an analytical point of view, respective data exhibits a high robustness and 
reproducibility. Finally, analytical techniques for the quantitation of respective 
markers need to be considered. Immunoassays and other specific low-cost screen-
ing methods are often well established under well-controlled default conditions, 
e.g., clinical chemistry, but cannot be easily extended to different matrices and situ-
ations. Therefore hyphenated techniques, in particular the use of mass spectrom-
etry in combination to chromatic separations, became a golden standard in stress 

• Stress,
• Chemical instability (isomerization of 2-AG, hydrolysis of ECs) in plasma, 

wash-out of glucocorticoids from hair,
• Influence of nutrition and exposure to sunlight,
• Temporal, e.g., circadian variations (Valenti et al. 2004),
• Exceptional metabolic statuses, e.g., pregnancy (Abbassi-Ghanavati et al. 

2009), potentially leading to duplication of cortisol levels in third 
trimester,

• Acute diseases (e.g., infections) causing metabolic syndromes or influenc-
ing the endocrine system,

• Use (or abuse) of any steroid involved in the endogenous synthesis of glu-
cocorticoids including its endogenous precursors (Hengevoss et al. 2015).
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diagnostic. This can typically not be accomplished in a local manner including the 
problem of proper stabilization and transporting of sample material.

The high correlation of ethanolamides, i.e., anandamide and its analogs OEA, 
PEA and SEA demonstrate their synchronized variation under various conditions 
whereas 2-AG acts apparently more independently. A moderate correlation between 
AEA and cortisol would be in line with the concept of a modulation of chronic 
stress causing elevated cortisol levels by ethanolamides.

Topical data from small cohorts involved in a 9-month isolation study (Antarctica 
Concordia station on the high Antarctic plateau) suggested mild variations of endo-
cannabinoids plasma concentrations relative to the basal levels, whereas this was 
more pronounced and elevated during overwintering in coastal stations (Neumayer 
III base). Moreover there were seen in preliminary analyzed samples variations of 
endocannabinoid and particularly glucocorticoid concentrations in hair samples. 
However, a final assessment of the data requires the statistical evaluation of the total 
cohort and the consideration of individual confounding factors.

29.6  Summary

Monitoring stress is challenged by the variability of the compliance when psycho-
social stress is assessed by questionnaires and requires new and innovative tool (see 
Chaps. 22 and 23). Monitoring the extent and time slope of the adaptive responses 
of the human body to extreme environments seems to be very compelling. To assess 
the degree of allostatic load (Chap. 4) in a low-invasive or noninvasive fashion 
can be of importance to maintain crew health and to include and apply appropri-
ate countermeasures. Moreover, ground analogs to mirror exploration class mission 
scenarios, such as winterover deployments to Antarctica, could also help to identify 
the effects of living conditions and to modulate the latter to reduce overspill of stress 
hormone release with all its effects as described in this volume on mood, cognitive 
performance, memory, metabolism, and immunity, to name a few.

Analytically there are two technical options, i.e., using low invasive specimens, 
e.g., saliva, to specifically determine selected biochemical markers (e.g., cortisol) 
on site with minimum technical effort for sample preparation and quantitation. 
Respective assays are highly selective and sensitive but focused on very few bio-
chemical targets. Any comprehensive “stress screening” including acute and chronic 
markers and modulators is technically more challenging and requires thoroughly 
sample preprocessing to preserve the mostly unstable biochemical markers and sub-
sequent return of the samples under controlled conditions. Both options include 
significant logistic efforts. An alternative application of hair testing was consid-
ered as a compromise, because of the high stability of compounds incorporated in 
the hair matrix. Target concentrations of stress marker—whether glucocorticoids 
or endocannabinoids—were found to be sufficient for combination to multitarget 
quantitation procedures based on high-resolution mass spectrometry. Moreover, 
segmentation of hairs permits a retrospective evaluation of concentration profiles 
which may give rise to estimation of stress variations. Concentration profiles of 
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cortisol, cortisone and 5 endocannabinoids could be determined. A clear limitation 
of the procedure consists in its limited temporal resolution. Segment lengths of 
~2 mm corresponding to an average growth cycle of a week are supposed to repre-
sent the minimum time span which could be tackled.
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to Counter Immune System 
Dysfunctioning During Spaceflight
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30.1  Considerations for Preventive and Therapeutic 
Strategies

Because about half of the astronauts have experienced altered immune functions 
during spaceflight (Kimzey 1977; Crucian et al. 2016a), one might consider robotic 
missions to circumvent any further risk to humans on mission to space. However, 
even though robotic mission will undoubtedly precede and further accompany 
manned exploration mission (“human robotic exploration teams”), the capabilities 
of man to support space exploration missions with his capacity to estimate situation 
by previous experiences, to change plans considering complex conditions, develop 
and communicate ideas and not just data, and react intuitively makes him irreplace-
able for now. It is therefore crucial to develop preventive and therapeutic strategies 
to preserve astronaut health.
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Maintaining crew health requires the development of efficient measures to pre-
vent from and combat the deleterious effects of spaceflight on the immune system 
before undertaking prolonged space voyages (Brumfiel 2007; Heppener 2008; 
Frippiat et  al. 2016; Crucian et  al. 2018). Indeed, as described elsewhere in this 
volume, the effect of spaceflight stressors on the immune system are manifold, 
especially since the “mobile” immune system is embedded and any targeted organ 
will likely affect cells of the immune system, and vice versa, and a countermeasure 
targeting the immune system will affect the other organs (see Fig. 30.1).

These preventive or even therapeutic measures include psychological (Chap. 31), 
physical (Chap. 32), nutritional (Chap. 33), microbiome (Chap. 34) as well as pharma-
cological (Chap. 35) approaches, alone or in combination, as summarized in Fig. 30.2. 
Several investigations have been conducted to investigate the role of psychological mea-
sures to mitigate the likelihood of psychological problems among the crew during 
extended space missions, the effectiveness of physical exercise to maintain and amelio-
rate mood, to maintain adequate immune allostasis, and thereby reduce health risks 
under those extreme conditions of life. Moreover, laboratories have undertaken studies 
to understand the impact of malnutrition (often reported in astronauts and cosmonauts 
(Smith et al. 2009) that may exacerbate immune function alterations in long-term space-
flight) and nutritional and pharmacological approaches to combat the deleterious effects 
of spaceflight on the immune system. Despite the increasing knowledge in the field, an 
appropriate understanding of the complex nutrition/immune interactions is required to 
find an approach to “the right” balance for nutrient supply or even supplementation. Gut 
microbiota is also important to consider because its equilibrium and composition are 
important factors for host defense against infection. Sympathetic nervous system (SNS) 
and  hypothalamic- pituitary- adrenal (HPA) axis are strongly involved in the brain-gut 
axis that drives communication between the central nervous system and the gastrointes-
tinal tract, including microbiota (Dinan and Cryan 2017) (see also Chap. 34). As an 
imbalance in gut microbiota could be correlated with a shift from a healthy to a diseased 
state, it is important to evaluate the status of astronauts’ gut microbiomes for long- 
duration space missions. Indeed, spaceflight and terrestrial models of microgravity 
showed that the integrity of rodent intestinal microbiota and epithelium could be affected 
(Li et al. 2015; Ritchie et al. 2015; Shi et al. 2017; Alauzet et al. 2019).

Finally, it is essential to understand the need, timing, and efficiency in space for 
all kind of interventions triggered by adequate immune read-out parameters. This 
will require achieving a better understanding of stress challenges during space mis-
sions and the description of the environmental effects which can add also to opera-
tional reasons (e.g. lowering oxygen tension, see Chap. 16) and purely space 
environment (e.g. radiation, see Chap. 20).

Testing of an efficient and balanced set of nutrients and pharmacologics together 
with physical and psychosocial measures will open up new preventive and therapeu-
tic tools helpful to counterbalance immune dysfunctions encountered in space and 
on Earth, such as those induced by aging or acute and chronic stress exposures 
(Godbout and Glaser 2006) resulting in immunosenescence (Benjamin et al. 2016; 
Crucian et al. 2016a, b; Pereira and Akbar 2016; Bektas et al. 2017; Mehta et al. 
2017; Feuerecker et al. 2019; Hirano and Matsunaga 2018).
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Nutrition
Vitamin D important promoter of T cell regulation:

↓ Vitamin D = Th1 shift,↓ Treg (Hamzaoui 2010)
T cell signaling/induction of PLC isoenzymes Vitamin D  dependent (von Essen 2009)
Vit D enables early innate response to microbes (Schauber 2007)
Vit D deficiency = increased latent viral reactivation during Antarctic WO (Zwart 2010)

Other:
Protein energy malnutrition = impairment of CMI, Phagocyte function, cytokine production, etc.
Deficiency of zinc, selenium, glutathione or vitamins C, E, B6  (and others) correlates with reduction in T cell function
Antioxidants prevent free radical damage, maintain immune function
Omega 3:  generally anti-inflammatory

Detail slides

Neurology (1)
•Neural targets that control thermogenesis, behavior, sleep, and mood can be affected by pro-inflammatory cytokines, 
which are released by activated macrophages and monocytes during infection. Within the central nervous system 
production of cytokines has been detected as a result of brain injury, during viral and bacterial infections, and in 
neurodegenerative processes
•Pathfinding molecules creating the complex pattern of neuronal connectivity in the brain and nervous system, the 
semaphorins and their receptors, Netrins, are expressed also in cells of the immune system and as such are components  
of a complex circuitry of positive and negative signals controlling neuroimmune functions.
•innervation of immune organs such as spleen, thymus, and lymph nodes by sympathetic and parasympathetic neurons
•participation of the sympathetic nervous system in immune functions is evidenced also by the observation that 
sympathectomy and lesioning of specific regions of the brain can both enhance and/or suppress immune responses.
•Firing rates of hypothalamic neurons have been shown to be altered during immune responses.
•Monocytes, macrophages and T-cells are able to cross the blood brain barrier. Macrophages can persist for very long 
intervals as resident microglial cells of the brain and constitute approximately 10 % of the total glial cell population.  
Activated T-cells are retained for days if they react specifically with central nervous system antigens. A variety of stimuli 
have been shown to induce expression of MHC molecules on astrocytes, microglial cells, and oligodendrocytes, which  
then can function to present antigens and to become targets for cytotoxic T-cells. Functionally significant concentrations
of some neuropeptides are found also at sites of immune and inflammatory reactions.
•Many different classes of molecules, including cytokines, neurohormones, neurotransmitters, and many non-peptide 
mediators are involved in the amplification, coordination, and regulation of communication pathways within the 
neuroimmune system. Moreover, many classical cytokines of the immune system have been shown to be produced by a 
variety of brain cells, including neurons and glial cells. 
•Neurohormonal involvement in immune reactions has been known for some time, in particular through the 
immunosuppressive effects of glucocorticoid hormones. Pituitary and/or hypothalamic hormones in turn are usually 
controlled negatively by end products of the particular neuroendocrine cascade; glucocorticoid hormones, for example, 
suppress ACTH production (see also: GIF, glucocorticoid increasing factor). These interactions form the basis of the 
physiologically important regulatory entity known as the Hypothalamic-pituitary-adrenocortical axis

Neurology (2)
•Many of these neuromediators and neurohormones have been shown to be released also by cells of the immune  
system in response to cell activation. Immune cells have been shown to produce authentic neuromodulatory molecules 
identical with those produced also by brain and nerve cells. Precisely how these factors can modulate immunity and/or 
neuronal processes (cell growth, survival, and differentiation) remains to be determined. 
•classical cytokine mediators including, for example, IL1, IL2, IL6, TNF, LIF, IFN(interferons), thymic hormones, and 
bFGF, also have potent neuroendocrine activities
•IL1 is produced by pituitary cells. It has been shown to be as potent as corticotropin releasing hormone in some 
systems to induce the production of ACTH
•It has been shown that IL6, which is produced also by pituitary cells, is also a more potent secretagogue for ACTH than 
corticotropin releasing hormone in some systems. Intravenous injection of IL6 causes a dose-dependent increase in 
plasma ACTH levels.
•TNF-alpha is produced by astrocytes and probably also by pituitary cells. It stimulates adrenal and inhibits thyroid 
functions. All interferons (see: IFN) have been shown to act within the hypothalamic-pituitary-adrenal axis. IFN-gamma 
has been shown to inhibit corticostatin releasing hormone induced ACTH secretion by cultured pituitary cells. 
•One of the interferons (see: IFN), IFN-beta, has been found to be an unconditioned stimulus signal responsible for the 
bidirectional communication which links the central nervous system with the immune system (augmentation of natural 
killer cell activity). 
•It has been suggested that the immune system possesses sensory functions (Blalock, 1984). Leukocytes are capable of 
identifying stimuli/stressor signals that are not recognizable by the central and peripheral nervous system (see also: 
acute phase reaction). Cytokine receptors on cells of the immune and nervous system seem to play a sensory and 
regulatory role enabling the brain to monitor the progress of immune responses. The brain may be able also to 
modulate immune responses, for example, by using its neuroimmunomodulatory factors to alter the functional 
capacities of immune cells.
•The complexity of the system suggests that there will be no single unifying role of one individual factor in nervous and 
immune system interactions.

Fig. 30.1 (continued)

J.-P. Frippiat et al.



559

The most promising psychological, physical, nutritional, and pharmacologic 
approaches deduced from human investigations as well as from experimental set-
ting are presented in the following chapters. However, this overview can neither 
cover all detailed strategies of combined action of tentative countermeasures, nor 
tentative concepts of immune modulation by e.g., boosting immunity through vac-
cinations in space. This last strategy may be less efficient than originally expected 
since somatic hypermutation, which diversifies antibody-binding sites to improve 
their quality, occurs in space following immunization but at a frequency that is two 
times lower than the frequency observed when animals are immunized on Earth 
(Bascove et al. 2011).

Acknowledgments The authors wish to thank all participants of the 2017 meeting of the 
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tional meeting was funded by the European Space Agency and focused on countermeasures for 
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DAR 4800000950), AC and MH are funded under the German National Space Program (DLR) on 
behalf of the German Ministry of Economics and Energy (for AC BMWi 50WB1622).

Potential immunologic countermeasures for deep space missions 

Pre-mission immunological screen Diet optimized to reduce nutrient deficiency
Functional foods/bioactive compounds
Nutritional supplements:

• Antioxidants
• Probiotics
• Omega 3 fatty acids
• Supplemental nucleotides
• AHCC
• Pegylated-IL-2

Beta blockers
Anti-cortisol
Antibiotics
Antiviral
Anti-inflammatory
Cytokine therapy

Optimized exercise regimen
Adequate sleep schedules
Psychological support - family 
communication
Stress relieving techniques

Antiviral (VZV) vaccination

Multisystem countermeasures

Nutritional countermeasures

Pharmacological
intervention

Pathogen-specific mitigations

Pre-flight medical operations screening of 
crewmembers
Pre-flight quarantine
Microbial screening of vehicle/payloads/foods
Environmental control
Optimized exercise equipment
Radiation shielding

Pre-mission immunological screen may include:
Personal history of allergy/hypersensitivity, etc.
Medication history (antihistamines, etc.)
Leukocyte distribution (NK subsets)
Cytokine concentration:  Th1/Th2, etc.
Allergy screen, patch testing
Latent herpesvirus sero-positivity

General
countermeasures

Specific
countermeasures

Precision
countermeasures

Already in place/will be optimized

Launch Transit phase Cis-lunar station/
lunar surface OPS

Mars flyby or orbit/
Mars surface OPS

Pre-flight

In-flight monitoring of
immune parameters?

Fig. 30.2 Listing of likely biomedical and/or operational countermeasures for deep space 
exploration missions with the potential to benefit spaceflight-associated dysregulation of the 
human immune system. Broadly, the countermeasures may be considered general/operational 
multisystem influencing the entire crew, or specific biomedical treatments (generally ingestible). 
A third category, precision or personalized, describes the possibility to “screen” crewmembers 
pre-flight to determine their unique immunological biases or susceptibilities, against which spe-
cific in-flight countermeasures may be tailored for individual crewmembers. Reprinted from 
Crucian, Choukèr et al. (2018)
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31Psychological Countermeasures

Gro Mjeldheim Sandal and Gloria R. Leon

31.1  Introduction

Psychological research has been recognized as a major part of understanding chal-
lenges associated with human space exploration. Long-duration missions may 
involve chronic exposure to many stressors that can negatively impact health, per-
formance, and even safety. A growing body of research on crews working for 
extended periods in different kinds of isolated, confined environments reveals the 
existence of psychological and performance problems in varying degrees of magni-
tude. Psychological reactions have included depression, emotional lability, fatigue, 
sleep difficulties, decrements in cognitive functioning, psychosomatic symptoms, 
irritability toward crewmates, and/or mission control staff, and a considerable 
decline in vigor and motivation (Kanas 2015).

In the book “Dragonfly: NASA and the Crisis Aboard Mir,” Bryan Burrough 
(1998) described many of these reactions among astronauts and cosmonauts who 
served aboard the Russian space station. For example, at one stage, communication 
between one of the NASA astronauts and the ship’s cosmonaut commander was so 
limited as to be almost nonexistent. A veteran astronaut returned from Mir suffering 
from exhaustion and depression, blaming both on NASA’s lack of ground support. 
Clashes of cultures were evident within the crew as well as among the personnel in 
the mission control particularly in terms of handling of safety-sensitive 
information.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16996-1_31&domain=pdf
mailto:gro.sandal@psysp.uib.no
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Together with other spaceflight factors, such as microgravity, exposure to pro-
longed stress can alter physiological responses, including the immune system, and 
thereby pose increased health risks for crewmembers during long-duration space-
flights (Pagel and Chouker 2016; Choukèr et al. 2001). The purpose of this chapter 
is to discuss countermeasures that may act to reduce or even prevent psychological 
and interpersonal problems during long-duration missions, and more generally to 
support the psychological resilience of crewmembers, which will have a positive 
impact on organ function, health, and mission success. In psychological science the 
concept of resilience refers to the capacity to cope successfully and even experience 
personal growth under significant adverse conditions (Fletcher and Sarkar 2013). 
Resources associated with psychological resilience in space crews go beyond indi-
vidual traits and abilities, and also involve how the crew functions as a team, family 
characteristics, and organizational features (see Fig.  31.1). Actions to support or 
increase resilience may focus on different components of these aspects.

Kanas and Manzey (2008, p.  161) defined psychological countermeasures as 
including “all actions and measures that alleviate the effects of the extreme living 
and working conditions of space flight on crew performance and behavior.” They 
distinguished between two complementary approaches.

The first approach focuses on the accommodation of the working and living 
conditions during space missions to the psychological capabilities and needs of 
humans, for example, ergonomics, work design, and work–rest scheduling.

The second approach focuses on adapting crewmembers to the psychological 
vicissitudes of space missions. The latter can be achieved by psychological selec-
tion of astronauts, crew composition based on interpersonal compatibility, preflight 

Individual e.g. physical and genetic
makeup, emotional stability, personality,
coping strategies, motivation,
training background

Crew e.g. interpersonal compatibility,
social support, cohesion, leadership

Family, e.g. health
promotion, stability, support

Work design e.g. shifts,
autonomy, meaningful
efforts/tasks
Organizational culture:
Resilience training;
countermeasures

Fig. 31.1 Resource factors associated with psychological resilience can be represented by succes-
sive layers, from individual characteristics to organizational features
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psychological training, and psychological support to individual astronauts and 
crews while they are on-orbit as well as to their families. In addition, postflight sup-
port activities assisting with the readjustment of astronauts to life on Earth after a 
space mission is also a psychological countermeasure, since they help to prevent 
adverse psychological aftereffects of spaceflight. As the former approach typically 
represents multidisciplinary efforts and approaches, the focus of this chapter will be 
on countermeasures falling into the latter category (see Fig. 31.2).

A review of the history of human spaceflight reveals large differences between 
national agencies in the extent to which psychological challenges have been offi-
cially recognized and addressed by appropriate countermeasures. From the begin-
ning of the Soviet/Russian space program psychological countermeasures have 
been an important element. In contrast, attention to psychological factors in 
research and operations were not a high priority for NASA over a considerable 
period of time (Harrison and Fiedler 2011). Many observed that the NASA culture 
discouraged questions about the behavioral health of astronauts since they were 
assumed to have the “Right Stuff.” The importance of psychological factors in mis-
sion success has become more salient as a result of experiences during the Russian/
American Mir/Shuttle and the International Space Station (ISS) programs. 
Psychological countermeasures are now being used by all agencies in current oper-
ations on ISS and they will be an indispensable factor during future long-duration 
exploration space missions that go beyond Low Earth Orbit and eventually, a mis-
sion to Mars.
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Mission control
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Fig. 31.2 Elements of 
psychological countermea-
sures (from Kanas and 
Manzey 2008. Reproduced 
with permission)
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31.2  Selection

Selection is the process of identifying from a pool of applicants those who are best 
fit to work as astronauts (see also Chap. 3). At the individual level, the objective of 
selection strategies is twofold: to eliminate unfit or potentially unfit applicants, and 
to select from otherwise qualified candidates those who will adapt and perform 
optimally. A distinction is therefore made between “select-out” and “select-in” 
criteria.

Select-out: The select-out process most often involves psychiatric and psycho-
logical screening procedures designed to reduce the likelihood of psychological 
dysfunction and impaired performance. Psychiatric screening, interviews and stan-
dardized tests (in particular, the Minnesota Multiphasic Personality Inventory) have 
been used by the U.S., Russian, and European space agencies. Some mental disor-
ders, for example, certain types of depression and anxiety disorders, as well as lia-
bility for schizophrenia have a considerable genetic component that might be 
detected by inquiries about family psychopathology as part of the interviews. As the 
field of epigenetics, genetic testing, and other psychometrically based predictors of 
dysfunction develop over time, this information will be used in screening, selection, 
and follow-up evaluations.

A challenging issue in selecting crews for future long-duration and planetary 
missions is the prediction of the later development of psychopathology in initially 
healthy individuals (Leon 2009; Sandal and Leon 2011). The onset of a serious 
disorder during a space mission would affect not only the disabled person but would 
also have a deleterious impact on the performance of the full crew, their safety, and 
potentially could jeopardize the mission. Passing a psychological/psychiatric 
screening examination at initial selection does not necessarily predict the absence of 
psychological/behavioral problems that might occur at a future time. Therefore, it is 
imperative that assessment of the psychological fitness of the astronauts is carried 
out on a regular basis and in particular before and after participation in space 
missions.

Select-in: Establishing assessment tools to select the best individuals for the 
astronaut corps from a pool of healthy applicants also represents a challenge. The 
psychological select-in process focuses on identifying candidates who, according to 
their operational aptitudes, attitudes, and personality characteristics, appear to be 
best suited for spaceflights. Best practices from organizational research emphasize 
that essential precursors for efficient selection involve three steps: (a) a job analysis 
identifying essential competencies; (b) ratings of criticality and importance of com-
petencies; and (c) validation of assessment methods (Landon et al. 2017). Kanas 
(2015) pointed out that attempts to define select-in factors for astronaut selection 
have been based primarily on expert judgments, which may seem plausible but usu-
ally lack scientific validation. To date, the absence of formal criteria for assessing 
astronaut performance and the limited research opportunities for longitudinal stud-
ies have made it difficult to evaluate the predictive power of individual traits and 
capabilities in the context of space missions. However, relevant research has been 
conducted during shorter missions and in analog environments on Earth that entails 
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some similarities to the conditions that astronauts experience in space. For example, 
a study of military units undertaking survival training identified strong associations 
between cortisol levels and personality traits that have been suggested as criteria for 
astronaut selection (Sandal et al. 1998). The stress hormone cortisol may have a 
negative impact on performance through the generation of anxiety and fatigue 
states, and may also affect health parameters though suppression of the immune 
system (see Chaps. 6 and 7).

There is growing interest in the study of resilience and hardiness (the latter 
defined more broadly as dispositional resilience, maintaining health while undergo-
ing psychological stress) to identify individual characteristics associated with sus-
taining optimal performance in difficult conditions. For example, studies have 
demonstrated large individual differences in tolerance for sleep deprivation and 
shift work that in part are linked with personality traits that might be viewed as 
hardiness characteristics (for review, see Saksvik et  al. 2011). Other researchers 
have demonstrated associations between hardiness and healthy immune and neuro-
endocrine responses to stress (Sandvik et al. 2013). Such research represents steps 
in providing empirical evidence on personality traits or styles that can be applied in 
identifying the “Right Stuff” in astronauts, and assist in defining scientifically sound 
select-in criteria.

NASA historically has focused its selection process on select-out procedures 
based on psychological tests and psychiatric interviews. The Soviet/Russian pro-
gram, in addition, has included careful assessment of psychophysiological responses 
in induced high stress situations. Comparing the different select-in approaches 
applied in Russia, Japan, Canada, Europe, and the USA, there seems to be overall 
agreement that at least the following aspects need to be considered in evaluating 
psychological fitness for spaceflight: motivation, relevant biographical experiences, 
cognitive and psychomotor capabilities, stress-coping, and interpersonal and team- 
work skills. Despite this consensus, differences in the national and organizational 
cultures of the space agencies are probably reflected in the choice of methods used 
as part of the selection process.

For the European Space Agency (ESA), representing 22 member states, an impor-
tant consideration is that psychological selection methods should not favor or disfavor 
applicants from certain countries or language groups. In the selection round performed 
in 2008, a total of 8413 valid applications were received. After psychological, medical 
and professional screening (Maschke et  al. 2011), six new ESA astronauts were 
selected. From an assessment point of view, assuring a fair and accurate evaluation in 
a multicultural and multinational pool of applicants raises a number of challenges. 
One issue is whether candidates should complete the same or different language ver-
sions of a psychological measure. Another issue is whether the results from multina-
tional candidates should be compared using a common norm or the local norms of 
their countries. At present, there are no definite answers to these questions.

It is important to distinguish between select-in criteria to enter the astronaut- or 
cosmonaut corps and crew assignment for specific missions, for example essential 
individual characteristics for short-term missions may be completely different from 
those needed for long-duration missions.
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31.3  Crew Composition

Psychological guidance in crew composition for specific missions involves consid-
eration of the interpersonal compatibility of crewmembers assigned to particular 
missions. Interpersonal compatibility is a concept that describes the long-term inter-
action among individuals in relation to ease and comfort of communication and 
behavior. It assumes greater importance with increasing mission duration as long- 
term social monotony and confinement are likely to increase the risk for interper-
sonal tension that may negatively impact on psychological health and the ability of 
crewmembers to collaborate efficiently. While no general theory of interpersonal 
compatibility exists within psychology, research on groups operating in confined 
and isolated environments suggests that compatibility is determined by compatibil-
ity in personality characteristics, needs, values, and motivation (Sandal et al. 1995, 
2011); expectations about specific work performance roles; and congruence of abil-
ities with task requirements (Leon et al. 2011).

An important question is the selection of the most efficient tools for assessing 
interpersonal compatibility. Because congruent personality traits and values seem to 
play an important role, comparing individual scores on standardized instruments 
assessing such characteristics represents one approach. Russian space psychologists 
have based their compatibility assessments in part on psychophysiological testing 
undertaken during group exercises (e.g., the “Homoestat,” Gazenko 1980). Yet, very 
little empirical research has been published about these methods in the accessible 
literature, and the theoretical basis of at least some of these approaches has been 
called into question (Manzey 2003; Santy 1994). At present, careful observation of 
group interactions in high-fidelity analogs or simulations, that may include behav-
ioral exercises combined with mutual peer ratings, seems to be the most accepted 
basis for assessment of interpersonal compatibility across agencies (Inoue and 
Tachibana 2013; Maschke et al. 2011; Slack et al. 2014). Since the beginning of 
long-term flights in the Salyut 6 orbital station, the Russian space program has 
strongly emphasized interpersonal compatibility of crewmembers. In these earlier 
days, crew composition was decided well in advance of the mission, which allowed 
for observation of the interactions of crewmembers as they trained together on 
Earth. In the Mir program, the addition of astronauts from foreign agencies, whose 
flight assignment was not under the full responsibility of the Russians, added a new 
dimension of complexity to maintaining crew compatibility. Suddenly, the proce-
dure of rotating one crewmember from a flight no longer allowed for the well- 
established practice of replacing the entire prime crew with the backup crew if the 
prime crew was found to be interpersonally incompatible. Within the ISS program, 
the shift from three to six crewmember operations, the rotation of individual crew-
members at different time intervals, and the required handover of leadership have 
injected a change. As a result of these constraints, it is hardly feasible to compose a 
psychologically guided crew based on observational data. Also, in practice, each 
partner agency nominates its own candidates for certain missions, and social, politi-
cal, and cultural forces will always be contributing factors. On the other hand, it will 
be even more important for the success of long-duration exploration missions to use 
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a psychologically informed method of composing the crew. While this already has 
been ascribed some significance for orbital space missions (Gazenko 1980; Manzey 
2003), it will become a pivotal element for missions involving high levels of crew 
autonomy, such as a mission to Mars.

31.4  Pre-mission Training

Psychological training programs aim to prepare the crew for individual, psychoso-
cial, and cultural challenges they may experience during the mission. Promoting the 
ability of crewmembers to cope with their individual reactions is one important 
aspect of pre-mission training. Many stressors involved in space missions are 
chronic and beyond the control of crewmembers. Under such conditions, there is a 
risk that they may experience sustained activation and an inability to relax. Ongoing 
activation in the skeletomuscular, vegetative, and endocrine systems may result in 
immunosuppression (see Chaps. 8–11) and represents a health risk. The negative 
effects of prolonged microgravity on the astronaut’s immune system is well docu-
mented (Sonnenfeld 2002). It is therefore crucial that astronauts and cosmonauts 
learn to use efficient strategies to reduce activation during spaceflights. For exam-
ple, learning principles for optimizing the quality of sleep (“sleep hygiene” and 
relaxation techniques) may be of great value based on the frequency of sleeping 
problems reported by crews in space. Equally essential with regard to long-duration 
missions, is to prepare crewmembers to cope with hypostimulation resulting from 
monotony and boredom. Given the psychosocial demands of long-duration, interna-
tional missions and the interdependence between crewmembers for task accom-
plishment, conflict management and team building activities are also important 
aspects of pre-mission training. In addition, addressing language issues and cultural 
differences during training are particularly important for multinational missions. 
These activities aim to build an optimal crew cohesion, which is known to have a 
strong influence not only on the impact on performance but also on the psychologi-
cal resilience of group members in stressful situations.

Of special concern for long-duration missions to Mars and beyond is the reten-
tion of optimal cognitive and perceptual-motor skills over long periods without “on- 
the- job” practice. To compensate for this problem, crewmembers and mission 
control personnel may receive computer-based psychosocial education refresher 
courses to remind them of key issues discussed prior to launch. Such programs were 
tested during a Mars mission simulation study at the Institute of Biomedical 
Problems (IBMP) in Moscow.

The Russian, American, and European space programs all offer team building 
and group activities as part of pre-mission training. However, published information 
about the contents and methods of training has been sparse. According to Santy 
(1994), Russian psychological training focused mainly on stress management and 
the familiarization with stressful events during field exercises like survival training, 
parachute jumping, or periods in isolation chambers. American approaches during 
the Mir/Shuttle program were limited to theoretical briefings to crewmembers and 
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their families about psychiatric and psychological issues of long-duration space-
flight (Ritsher 2005). Now that the Russian, European, American, Canadian and 
Japanese space agencies are partners on joint projects such as the ISS, they are faced 
with challenges related to collaboration of multinational teams representing differ-
ent national and organizational cultures. This situation has increased the need for 
empirically tested standardized training programs. In 2008, a working group that 
included experts and specialists from different disciplines and all major ISS interna-
tional partners was tasked to develop the “International Space Station Human 
Behavior and Performance Competency Model” (Bessone et al. 2008) specifying 
training requirements to help ensure competencies that are critical for the success of 
long-duration missions. For example, the guidelines call for the early and frequent 
exposure of astronauts and cosmonauts to relevant ISS languages and cultures 
through professional trips and full-immersion language courses. This training aspect 
has also been emphasized by crewmembers who have experience with multinational 
missions.

Crewmembers and mission control personnel have emphasized that prelaunch 
psychosocial training should involve key members of both groups to prepare them 
for coping with psychological issues occurring during long-duration missions and 
to establish mutual trust. A frequent observation during actual as well as simulated 
space missions is that crewmembers express frustration about lack of empathy from 
mission control personnel (Gushin et  al. 1997; Sandal et  al. 1995; Kanas et  al. 
2000). Although this tendency to some extent has been interpreted to be a displace-
ment of tension, it is extremely important that the space crew and the mission con-
trol are able to understand each other’s perspectives. When training for a specific 
ISS mission, joint training of crewmembers and flight control teams is often not 
possible due to scheduling constraints. However, it is still possible to perform joint 
training at an earlier stage, namely, during basic and preassigned crew training. 
Exposing the crew and mission control teams to the same behavioral training, using 
similar case studies, situations, and role-play scenarios creates a basic, common 
culture and language for all operational personnel throughout the program.

31.5  In-Flight Support

Countermeasures necessary for long-duration space missions can be described as 
targeted at two interrelated actions. The first involves monitoring the mental, emo-
tional, and psychophysiological state of crewmembers, prevention of and interven-
tion when problems are evident; the second action involves several in-flight support 
measures to prevent feelings of monotony, boredom, and social isolation. In addi-
tion, countermeasures are needed to enhance the positive experiences of spaceflight, 
as well as mitigating interpersonal tensions among crewmembers and between 
space crews and mission control.

The purpose of behavioral monitoring is to identify the possible emergence of 
psychological dysfunction among crewmembers. Early, accurate detection of even 
mild symptoms and the rapid implementation of countermeasures to deal with these 
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problems are extremely important in long-duration space missions because of the 
extraordinarily high level of sustained performance required for safety and mission 
success. Methods for psychological monitoring are dealt with in Chap. 22.

Basic elements of in-flight support involve helping astronauts to stay connected 
to life or Earth. In-flight support has been carried out in Russia since the earliest 
days of human spaceflight. Learning from this experience, a similar system has been 
established by other agencies. Activities have included frequent communication 
with families via two-way video, radio, and television programs, and delivery of 
gifts, letters, and favorite food via the cargo vehicles. In addition, the arrival of visit-
ing astronauts and cosmonauts on Mir and ISS has helped break the monotony and 
provided stimulation and assistance in performing mission activities (Kanas 2015).

The spaceflight experience affects individual astronauts differently. The enhance-
ment of individually tailored leisure time activities that takes into account changing 
interests and needs over the course of the mission is an important element of psy-
chological support systems. As an illustration, clear differences in leisure pursuits 
were described among crewmembers on Mir: Shannon Lucid read books; John 
Blaha watched videos, and Andy Thomas sketched. The U.S. astronaut Jerry 
Linenger (2002) published a book “Letters from MIR: An astronaut’s letters to his 
son” that he wrote during his period on the ISS. Chris Hadfield recorded a music 
video in space with his guitar; Scott Kelly took pictures that he posted on Twitter; 
and in 2016 Tim Peake completed a run that coincided with the London marathon 
(see also Chap. 32).

Family separation and concerns about beloved ones on Earth may represent a 
significant source of mood and morale change in people who work in extreme envi-
ronments (Johnson 2012). Nonetheless, some astronauts indicate that they are able 
to set aside these concerns during training and flight through so-called “compart-
mentalization.” Astronaut Daniel Tani was living on the space station, with no way 
to get back to Earth quickly, when his mother died in a car crash in 2007. He declined 
his bosses’ offer to cut his workload and continued to work productively for the rest 
of his stay in orbit. Astronaut Mark Kelly decided to continue as Commander of a 
space shuttle mission even as his wife recovered from being shot. Providing psycho-
logical and social support to families during the mission can be helpful in maintain-
ing the crewmembers’ concentration on the objectives of the mission by relieving 
them of considerations about possible problems at home and feelings of 
responsibility.

Families need to be coached in interacting with their in-space family member 
and be prepared for possible psychological changes during and following the 
mission. Regularly scheduled private psychological conferences between crew-
members and ground consultants, using two-way audio or video transmissions, is 
routinely offered to crewmembers on the ISS.  For this countermeasure to be 
effective, it remains essential that information is treated in a highly confidential 
manner. During international flights, crewmembers should be given the opportu-
nity to speak with consultants who share the same cultural background and in 
their native language. On future missions to Mars, access to expertise on Earth 
will become more limited as most of the mission will occur at so great a distance 
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that the communication delay will impair the effectiveness of the consultation. 
These communication challenges will mandate the use of methods for self-
assessment to identify and deal with psychological/psychiatric or interpersonal 
disorders. Such systems are currently being developed with clinical populations 
and during simulated space missions. For example, computer-interactive instruc-
tion programs for the treatment of conflict, stress, and depression have been 
developed by investigators funded through the NASA-supported National Space 
Biomedical Research Institute (Anderson et  al. 2016). The feasibility of an 
autonomous computer-based Virtual Space Station encompassing psychological 
training and treatment programs was recently evaluated in a high-fidelity analog 
environment (Anderson et  al. 2016). The goal of these programs is to enable 
astronauts to overcome emotional and behavioral problems through teaching 
modules they can access in private.

Other types of virtual reality (VR) and robotic programs are being developed and 
tested with a focus on psychological and biological support for long-duration explo-
ration missions to Mars. These include immersive scenes from the natural Earth 
environment to alleviate the feeling of distance from Earth and loved ones; however, 
questions have been raised whether Earth scenes might have a negative effect when 
turned off in increasing the sense of isolation from one’s home environment. A 
ground-based study found promising results evaluating whether a software gener-
ated exercise partner (avatar) that accompanied/competed with a crewmember dur-
ing exercise stints was effective as a motivational device (Feltz et  al. 2016). A 
NEEMO analogue exercise study with positive findings assessed the motivational 
potential of running with a virtual coach avatar in a virtual environment (Hanson 
et al. 2017). In addition, a robotic crew companion/assistant with artificial intelli-
gence is currently being tested on the ISS. The robot, named CIMON, was designed 
for the DLR to provide in a very first proof of concept verbal commands to ESA 
astronaut Alexander Gerst to facilitate his efforts conducting several onboard exper-
iments (see also Chap. 21). The use of VR technology is still in its infancy; it opens 
new possibilities for psychological as well as technical support for astronauts dur-
ing long-duration missions.

Psychoactive drugs always need to be part of the onboard medication kit as a 
countermeasure for emergency and chronic psychological/psychiatric problems 
developing during long-duration missions and have to complement other concepts 
of countermeasures (see Chap. 30). However, the choice of specific mood/behav-
ioral altering medications needs to be based on research findings regarding their 
effectiveness in the space environment.

31.6  Postflight Support

Space voyagers have to deal with the return to the Earth environment and the adjust-
ment to a more usual routine. Personal and marital problems that the crewmember 
tried to ignore during the mission may become more evident upon return, and 
behavioral health problems may be intensified by the external pressure and media 
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attention postflight (Abraham and Aldrin 2009). Moreover, family problems may 
become exacerbated while the voyager is in space, particularly as the length of the 
mission increases. Access to and encouragement in making use of individual and 
family counseling for at least 1 year post mission could be needed, either directly 
through the particular space agency, or else through referral sources outside of the 
agency. The latter may be more comfortable for astronauts and their families who 
desire privacy and to alleviate concerns that the disclosure of problems could jeop-
ardize assignment to future missions.

31.7  Concluding Remarks

The success of most human space missions and the numerous examples of ambi-
tious tasks that have been accomplished are generally taken as evidence of the abil-
ity of most astronauts to perform and cope in space, both as individuals and as 
teams. Despite this, psychological and interpersonal challenges associated with 
long-duration missions must not be ignored. A positive development in the history 
of space exploration is that greater attention is being paid to the importance of psy-
chological factors in mission success by all national agencies. Along with this rec-
ognition, psychological countermeasures have been more accepted as part of 
mission planning. Such countermeasures have the potential not only to help astro-
nauts maintain performance and well-being, but also mitigate the potential for 
health problems due to immune dysfunctional states and other physiological altera-
tions induced by the exposition to stress of the space environment (see Crucian et al. 
2018). Evidence-based research is required to support the use of countermeasures, 
as well as the most effective methods of crew selection, training, and in-flight and 
postflight psychological support. For this purpose, high-fidelity ground-based mod-
els of spaceflight are of great value to supplement the limited flight studies in this 
area, also to test and validate the benefits and risks of new technologies involved, 
such as virtual reality or crew supporting artificial intelligence robotic entities. In 
addition, while human spaceflight used to be exclusively the domain of the massive 
governmental programs, the challenging era of space tourism is about to begin. The 
involvement of commercial entities flying people in space, even for short durations, 
raises questions regarding guidelines for pilot training, passenger selection and psy-
chological and medical support needing attention by mission planners.
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32Physical Countermeasures to Stress

Vera Abeln, Alexander Choukér, and Stefan Schneider

32.1  Introduction

Since the first Apollo missions, exercise in space has been an important field of 
research (Halberg et al. 1970; Rummel et al. 1973; Rummell et al. 1975). For scien-
tists it has always been a major interest how fundamental physiological systems as 
the cardiovascular and the musculoskeletal system are affected by missing gravity; 
how they adapt, how they degrade. A number of exercise ideas and concepts have 
evolved since that time, to minimize both, the effects of microgravity on degenera-
tive processes as well as the amount of time that needs to be spent on exercise.

Besides its impact on the cardiovascular and musculoskeletal system, physical 
activity is also known to affect brain cortical function and to have a positive impact on 
psychophysiological parameters (Schneider et al. 2009b). Especially endurance train-
ing is regarded as a pertinent compensatory activity for different kinds of stress 
(Hollmann and Strüder 2000). So, in addition to the positive effects of exercise on the 
peripheral physiological system (Convertino 1996, 2002), it is assumed that adequate, 
individually specified exercise programs will help to maintain possible neurocognitive 
decrements of long-term confinement (Lipnicki and Gunga 2009) as well as counteract 
the effects of confinement on the mental health status in space (Palinkas and Suedfeld 
2008) and result in an improvement of general well-being and mood (see Fig. 32.1).

Although in general positive effects of exercise on musculoskeletal and neuro-
cognitive processes predominate, for further space missions it needs to be taken into 
consideration that specific problems might evolve out of different exercise 
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programs. Besides the fact that individual exercise preferences need to be consid-
ered (Schneider et al. 2009a), exercise, if not adequately applied, might provoke 
additional stress and, therefore exercise recommendations for further space mis-
sions need to be carefully defined.

A Holistic Approach to Exercise: The Balance of Activity/Inactivity (ora et labora)
An important number of papers in the last decades have addressed the benefit of exercise 

on physiological and psychological well-being. Nevertheless, apart from some very detailed 
and complex physiological mechanisms, there are some anthropological mechanisms that 
might explain the power of exercise.

Looking back, physical habits of the human being underwent a dramatic change within 
the last 30 years. Throughout the evolution of mankind, until the late 1970s when the indus-
trial age ended, working life was widely categorized by physical work (from hunters to 
pitmen). Unsurprisingly recreational exercise and sports were not very common before the 
1970s as the physical work load during a working day did not allow for much further energy 
expenditure. In contrast, today working life is widely characterized by nonphysical work. 
Accordingly exercise has developed as a key variable to stay physically and mentally fit. 
This has been acknowledged by a recent initiative of the American Society of Sports 
Medicine (ACSM) “Exercise is medicine.”

With regard to the underlying metabolic and hormonal changes caused by exercise, it 
can be assumed that a balance of activity and inactivity is important for a general well- 
being. This has been identified already by the regula benedicti, which sums up in the tradi-
tional “ora et labora,” pray and work. Whereas “labora” was physical work, the prayer was 
characterized by physical recovery. So one might postulate that exercise itself is not impor-
tant for a mental well-being but it is the adequate alteration between inactivity and activity. 
Therefore it might be regarded as counterproductive and stress-evoking when people, living 
in space are forced to exercise beside a physical stressful working day (see concrete 
recommendations).

32.2  Exercise in Space: Ideas and Concepts to Prevent 
and to Counteract Physical Stress

With the end of the industrial age and the beginning of the information age in the late 
1970s, physicians realized that regular exercise and an active lifestyle is a helpful 
tool to substitute missing physical workload and to prevent civilization diseases as 
diabetes, cardiovascular disease, and an increasing obesity among all age groups. 

Fig. 32.1 Astronaut Tim 
Peake during his marathon 
run in the microgravity 
condition at the 
International Space Station 
(© ESA)
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Since then a tremendous amount of research activities and publications has validated 
the positive effects of exercise on the cardiovascular system, the musculoskeletal 
system, on the immune system, as well as the metabolic system. With the beginning 
of manned space flight in the late 1960s it was realized that the loss of physical work 
load caused by weightlessness results in a decrease of muscle mass, bone density/
stability, and cardiovascular changes. A new area of exercise science was born in this 
time, and research has very well documented the positive effects of exercise on the 
cardiovascular and the musculoskeletal system. This research has helped scientists to 
understand fundamental principles of musculoskeletal and cardiovascular decon-
ditioning and to develop countermeasures (Richter et al. 2017), which are nowadays 
used, for example, in the rehabilitation of patients suffering from the negative effects 
of immobilization after surgery. However, their interaction with other organ systems 
(e.g., immune system) especially in space are warranted in future investigations.

In the first decades mainly standardized gym equipment such as treadmill and 
bike ergometry have been used to exercise in space. However, this exercise takes up 
to 2 h off of the precious work time every day. Therefore in the recent years more 
efficient, new devices have been developed and evaluated (e.g., Fly Wheel, Short 
Arm Human Centrifuge (SAHC), vibration training) in order to increase efficiency 
by maximizing the output and minimizing the time spend for exercising.

Today an “exercise in space” program is guided by three fundamental principles, 
which all are aiming to counteract the physiological stress of weightlessness. 
Exercise in space aims

 1. To counteract a loss of muscle mass/muscle force in order (a) to protect work 
capabilities and (b) to accelerate postflight recovery.

 2. To counteract cardiovascular deconditioning as to prevent postflight orthostatic 
intolerance.

 3. To counteract osteoporotic deconditioning to facilitate postflight recovery 
(Fig. 32.2).

32.2.1  Exercise, Weightlessness, and the Muscle

Despite a well-designed and intensive (up to 2  h/day) exercise program, it still 
seems impossible to counteract the loss of muscle mass and muscle strength during 
long-term space flights. In a recent study, Gopalakrishnan et  al. (2010), report a 
decrease of 15% muscle mass and approximately 20% of isokinetic strength in the 
plantar flexors of four subjects although they were regular exercisers. This decon-
ditioning is more emphasized in the early phases of spaceflights, which exponen-
tially decreases in the following weeks. So far it is not clear whether this 
deconditioning levels out and shows no further decline. Recreation follows a similar 
pattern with rapid improvements in the early phases postflight. It needs to be men-
tioned that muscular deconditioning mainly affects the locomotor system. Muscle 
mass and strength for the upper extremities show no major changes and also the 
strength losses in the ankle dorsiflexor group was negligible, probably due to the 
regular use of foot loops, which are used to align and move the body against the 
resistance of inertial forces.
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32.2.2  Exercise, Weightlessness, and the Cardiovascular System

As recent study by Verheyden et al. (2010) has shown that under weightless condi-
tions cardiovascular parameters (heart rate and mean arterial pressure) are similar to 
those of being in a supine position on Earth. It is concluded that the cardiovascular 
system is chronically relaxed in space due to an increase of venous return and car-
diac output (Norsk et al. 2006; Verheyden et al. 2010). Instead of deconditioning 
they name it neural adaptations to changed gravity conditions and in doing so it is 
indirectly marked that, despite postflight orthostatic problems, these adaptations 
have no negative impact on in-flight health.
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Fig. 32.2 Living in microgravity is known to result in a multitude of stressors resulting from physi-
ological changes (e.g., hemodynamic changes in the brain) in combination with psychological 
effects caused by the confined situation (e.g., workload, limited nutritional supply, isolation) exist 
while living in space. This has a negative impact on brain cortical activity, cognitive performance, 
mental health, and mood. In contrast, exercise is known to have a positive impact on brain cortical 
function, performance, mental health, and mood. It is therefore proposed that, individually specified 
exercise programs might help to counteract the negative impacts of microgravity on brain function
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Unfortunately, exercise itself is not able to provide a blood pressure gradient 
from head to feet in space, which would be helpful to counteract orthostatic intoler-
ances postflight. As a result, a combination of low body negative pressure (LBNP) 
and exercise was proposed, and showed promising results. The data suggest that 
treadmill exercise using a graded lower body compression suit, and 100  mmHg 
lower body negative pressure provides equivalent or greater physiologic stress than 
similar upright exercise on Earth (Hargens 1994).

32.2.3  Exercise, Weightlessness, and the Skeletal System

Exposure caused by routine exercise stimulates bone formation and prevents bone 
loss, whereas unload causes a loss in bone density. Although, as compared to the 
muscle system, the decline in bone markers during spaceflight and recovery post-
flight occurs much slower (recovery may require 1–3 years (LeBlanc et al. 2000)) 
several similarities between muscle and bone exist. Those similarities include a very 
large inter- and intra-subject variability, a distinct localization with significant losses 
in the lower extremities and no significant changes measured in the upper body (e.g., 
arms) (LeBlanc et al. 2000). Most importantly it is worth to note that a loss of bone 
density AND muscle mass/strength cannot be completely prevented by exercise.

In summary, it can be concluded that exercise in space is simply used to facilitate 
postflight recovery processes on the organ systems as described above. Although 
some authors account for the necessity to exercise in order to maintain work produc-
tivity in space or to promote a physical healthy lifestyle, the main focus today is to 
counteract musculoskeletal and cardiovascular deconditioning in order to prevent 
postflight physical stress. As unfortunately no tool, no exercise routine, is able to com-
pletely prevent physical deconditioning so far, a number of new ideas are currently 
implemented in space exercise research, such as artificial gravity produced by a short 
arm human centrifuge (SAHC) or vibration augmented resistive exercise. The main 
attempt is to reduce precious work time spent on exercise by increasing exercise effec-
tiveness. Although in general, one might support those approaches, we need to take 
into consideration that during long-term trips to Mars and beyond, time limitations 
seem to be negligible and a packed schedule will probably be replaced by boredom 
and the need to entertain oneself. Moreover, these attempts so far are guided by physi-
ological definitions and rarely take into account that there is a need to exercise beyond 
counteracting physical stress and facilitating postflight recovery processes.

32.3  The Effects of Exercise on Brain Cortical Function, 
Cognitive Performance Mood and (Mental) Health

While regular physical activity is primarily recommended for its beneficial effects 
on cardiorespiratory health and fitness, habitual exercisers often cite the positive 
effect of exercise and physical activity on mood and general well-being. There is a 
growing body of evidence to support the positive psychological effects of exercise, 
and this is acknowledged in a recent report of the US Surgeon General on Physical 
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Activity and Health. Yeung (1996) reviewed 81 studies that investigated the influ-
ence of a single bout of exercise on mood and mental state. The vast majority (85%) 
of these studies found an improvement in mood and mental state with exercise, and 
this benefit seems dependent on the duration and intensity of the exercise (Lind 
et al. 2005; Ekkekakis and Lind 2006). The mechanisms underlying the link between 
exercise and acute changes in mood are not clear, but it is likely that changes in the 
concentration of different neurotransmitters (Buckworth and Dishman 2002; 
Hollmann and Strüder 2003) and alterations in central neural activity (Hall et al. 
2007) play a role.

Also the effects of physical exercise on cognitive performance have been studied 
throughout the last 30 years. While research concentrating on simple motor perfor-
mance tasks after exercise provided inconsistent results (for review see Tomporowski 
2003) recent studies provided clear support for an improvement of cognitive perfor-
mance and emotional well-being during and after exercise (Schneider et al. 2013; 
Abeln et al. 2015; Wollseiffen et al. 2016). One of the main contributing factors for 
enhancement of cognitive performance seems to be the increase in the level of 
arousal related to physical exercise, which seems to affect central nerval processes 
in those brain areas responsible for emotional and cognitive processing (see also 
Chap. 7).

In spite of a general agreement that exercise improves mood and cognitive per-
formance, there is an ongoing debate about dose–response effects of exercise 
(Ekkekakis and Petruzzello 1999; Ekkekakis et al. 2000). Recent evidence suggests 
that the transition from aerobic to anaerobic exercise metabolism seems to have an 
impact on mood (Hall et al. 2002). Furthermore, there is a consensus that changes 
in mood should be monitored on an individual level as experiments on a group level 
might blur important variations (Ekkekakis and Petruzzello 1999; Schneider et al. 
2009b; Brümmer et al. 2011).

In the past two decades, there has been an increased interest in detecting the 
underlying neurophysiological processes of these behavioral findings (Boecker 
et al. 2012). However, research is still in its early stages as standardized brain 
imaging methods as positron emission tomography (PET) or functional mag-
netic resonance imaging (fMRI) are limited in an exercise setting. An overview 
of the applicability of different imaging techniques during and after exercise 
was presented in an edition of the Methods Journal from 2008, Volume 
45, Issue 4. So far we can conclude from several studies that exercise does not 
only affect cortical activity in regions that have been identified to control motor 
activity like the sensory-motor cortex or supplementary motor areas (SMA) but 
also areas that have recently been connected with emotional and cognitive pro-
cesses, especially (pre-)frontal cortex (PFC) areas. From affective neuroscience 
and exercise psychobiology, it is known that the PFC plays a major role in regu-
lating and coping with emotions such as fatigue, distress, and tension (Faw 
2003). Today, two main theories exist which describe and explain the effects of 
exercise on PFC areas: (1) the transient hypofrontality hypothesis and (2) the 
dual mode theory.
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32.3.1  The Transient Hypofrontality Hypothesis

Dietrich’s (2006) transient hypofrontality theory assumes that exercise reduces 
activity within the prefrontal cortex. This idea is based on the assumption that cere-
bral blood-flow remains stable during exercise and that an increase in oxygen con-
sumption in regions that are directly involved in motor control (e.g., motor cortex, 
sensory cortex, SMA, etc.) coercively results in a decrease in cortical activity in 
regions that are not directly involved with exercise, like the PFC. The hypofrontality 
theory is supported by PET findings (Tashiro et al. 2008) showing a decreased pre-
frontal cortex activity during exercise. A similar theory (the dual mode theory) has 
been raised by Ekkekakis (Ekkekakis and Lind 2006; Ekkekakis 2009). Several 
studies in the recent years brought empirical evidence for this theory, which today 
is commonly accepted (Boecker et al. 2012).

Following both theories of a shift of cortical resources away from regions respon-
sible for cognitive and emotional processing during exercise, studies have shown 
that also after exercise, previously “overloaded” brain regions are now downregu-
lated due to the increased computational demand of brain regions associated with 
exercise (Schneider et al. 2009, 2013; Vogt et al. 2012). If we regard the brain as a 
multiprocessor unit, then exercise is able to reduce clock frequency in specific pro-
cessors (because calculating capacity is needed elsewhere) and this seems to reset 
cognitive as well as emotional processors and might explain positive effects of exer-
cise on emotional as well as neurocognitive performance. A less technical, more 
resource-orientated model would assume that, during exercise, the brain is, with 
increasing intensity and duration, more and more concerned about keeping the 
physical system running. If there are limited resources available this will prevent 
from dealing with emotions (you will definitely not worry any more about the ques-
tion whether your wife still loves you or not while spending the 10th minute at 90% 
VO2max or with cognitive processes you won’t be able to worry about your compa-
ny’s next year’s business plan at this intensity). After exercise, the tremendous 
workload will result in physical relaxation, which is accompanied by neurophysio-
logical relaxation. Body and mind need to recover from an exceptional physical 
experience and from organizing this experience, and there is some experimental 
evidence to confirm this understanding: Tashiro et al. were able to demonstrate that 
the adjusted regional metabolic rate ratio is increased in sensorimotor and premotor 
but decreased in temporal and prefrontal cortex areas while running (Tashiro et al. 
2008). Within two recent studies, Schneider et al. reported a decrease of cortical 
high-frequency activity (beta-activity, desynchronized state of the brain, indicator 
for excitatory brain activity) in areas that are responsible for language processing 
(Brodmann areas 21/22) (Schneider et al. 2009c, 2010), as well as an increase in 
alpha activity (synchronized state of the brain, indicator for decrease of brain corti-
cal activity) in prefrontal cortex areas (Schneider et al. 2010). Apart from that, an 
increase in cortical alpha frequency was reported in somatosensory areas after exer-
cise (Schneider et al. 2009c). This indicates on a cortical level that exercise results 
in physical relaxation, which is definitely going along with cortical relaxation.
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32.3.2  A Neurotransmitter Theory

Besides these theories that are more focused on changes in regional brain cortical 
activity, changes within the neurotransmitter system, especially dopamine and sero-
tonin might be considered to be involved in the improvement of mood and cognitive 
performance. There is good evidence that the neurotransmitter serotonin plays an 
important role in the etiology of mood changes. The precursor of serotonin 
Tryptophan (TRP), but not serotonin (5-HT), can pass the blood–brain barrier 
(BBB) via a carrier system, in which TRP and large neutral amino acids (LNAA), 
especially the branched-chain amino acids (BCAA), compete for transport into the 
brain (Fernstrom and Wurtman 1971; Pardridge 1977). If TRP entry from blood 
across the BBB into the brain is attenuated, central TRP concentration as well as 
consecutive 5-HT biosynthesis is increased (Chaouloff 1989; Strüder and Weicker 
2001a). Experimental depletion of TRP induces a transient lowering of mood in 
control subjects (Klaassen et  al. 1999), and can induce an acute depressive syn-
drome in patients actually remitted from major depression (Delgado et al. 1990). In 
contrast, a sufficient amount of aerobic physical exercise >30 min is known to affect 
the TRP uptake across the BBB positively, which consecutively increases serotonin 
biosynthesis (Strüder and Weicker 2001a, b). In parallel, previously reported effects 
of exercise on cognitive performance, mood, and mental health might be correlated 
with a release of neurotrophic factors like brain-derived neurotrophic factor 
(BDNF), insulin-like growth factor (IGF-1), vascular endothelial growth factor 
(VEGF), and prolactin (PRL) (Rojas Vega et al. 2006, 2008). In those studies, an 
increase of BDNF during physical exercise was shown and from animal studies it is 
well known that the release of brain BDNF triggers neurogenetic processes in dif-
ferent brain areas such as the hippocampus and prefrontal cortex areas (van Praag 
et al. 1999). A recent meta-analytic review targeted the effects of exercise on BDNF 
in more than 1000 humans (Szuhany et al. 2015) indicating that exercise indeed 
improves cognition and mood and it is giving more evidence suggesting that BDNF 
could mediate these effects of exercise. Interestingly, the authors concluded that 
“the magnitude of these effects may be lower in females relative to males.”

The effects of exercise on brain functions and mood can of course also be dis-
cussed in the light of other phenomena like the runners high as caused by opioidergic 
mechanisms (Boecker et al. 2008) or endocannabinoids (Butterly et al. 2010) (see 
also Chaps. 10 and 29). Unfortunately it seems—at least from individual reports—
that the runners high is hardly predictable nor reproducible but seems to be con-
nected to a number of framework conditions which are hard to entitle (“sometimes it 
works—sometimes not”). Moreover a runners high seems to be connected to a per-
sonal bias to running. At least first findings indicate that a runners high is limited to 
exercise intensities and durations far beyond what is used for health aspects.

To sum up, for now we can only speculate about the underlying neurophysiologi-
cal processes caused by exercise. Existing approaches to access to the brains’ elec-
trical and neurochemical (sub)systems during exercise are restricted. This includes 
limited access by MRI imaging techniques and the fact that the analysis of periph-
eral blood is not of much support due to the impenetrability of the BBB by several 
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of the mentioned neurotransmitters and neurotrophic factors. However, new tech-
nologies have provided modern tools to get more insight into neurophysiological 
changes of the brain in the course of exercise. Just recently, software-based elec-
trotomography, in combination with recently developed active EEG systems, allows 
to localize exercise-induced changes in brain cortical activity, supporting a transient 
hypofrontality theory. In contrast to standard brain imaging techniques, electroto-
mography therefore allows an easy to use tool for brain imaging even under extreme 
conditions like exercise or in weightlessness (Figs. 32.3 and 32.4).

32.3.3  Exercise Immunology

As physical health plays a major role on mental well-being, this last paragraph is 
briefly dedicated to the effect of exercise on the immune system. Shephard has 
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reported the need for a more integrative view of exercise and its positive and nega-
tive effects on the immune system functions and disease (Shephard 2010). This is 
likely because exercise can affect different immune responses as a function of the 
duration, degree, and type of the exercise. This includes several organs as well as a 
redistribution of immune cells (Adams et al. 2011) and direct functional control of 
innate and adaptive immune cells (see Chaps. 11–16) through complexly orches-
trated levels of interaction including (1) direct brain region and nerval structures 
(e.g., the autonomous nerve systems (ANS), see Chap. 8) (2) neurohumoral (e.g., 
catecholamines) or hormone-like stress mediators (e.g., endocannabinoids, NPY) as 
well as metabolites released from either degradation of energy rich phosphates dur-
ing strenuous exercise or from direct release from stressed and damaged cells (see 
Chap. 16) (Choukèr et al. 2005). These and other yet not fully understood interac-
tions of mechanisms affect immune cell proliferation and function (Giraldo et al. 
2009) hereby finely tuning immune functions and either resulting in higher resis-
tance to infection or tumor growth, or inversely to higher risk of disease (Kakanis 
et al. 2010). The U-shaped or inverted J hypotheses have been discussed to describe 
the incremental effects of exercise on immune (dys-)function. Here it is stated that 
moderate exercise improves immune functional states, hereby increasing health by 
decreasing the susceptibility for disease (Woods et al. 1999). Moreover, the immune 
system functions, the percentages of immune cells in circulating blood are consid-
ered to be adapted as function of the intensity of activity, as well as the duration over 
which such activities are elevated. E.g. acute physical activity and longer-term, also 
incremental changes can have dissimilar effects on immunity. From an ecological 
and evolutionary point of view, the energy to support immune answers is often 
traded off to the use of energy to migrate (e.g. birds) or to mate (van Dijk and 
Matson 2016) which may guide to the conclusion that long duration and exhaustive 
exercise is limiting energy sources for appropriate immune answers, and hence limit 
immune cells’ proliferation. In a meta-analyses some more evidence was provided, 
that the lymphocyte proliferation is suppressed even more when exercise is pro-
longed for more than 1 h (Siedlik et al. 2016). In contrast very short, 20 min of 
strenuous physical exercise (80% V̇O2 Max) was shown to mobilize plasmacytoid 
dendritic cells (DCs) which are playing a critical role in the presentation of antigens 
to naïve T cell (at the immunologic synapse). Brown et  al. (2018) reported, that 
because of the functional repertoire of these cells, their role in orchestrating also 
antiviral and antibacterial pathogens, it is considered that short bouts of exercise 
increase “immune-surveillance by preferentially mobilising effector cells.” Similar 
effects were seen also for virus specific T-cell that are mobilized and increased in 
their activitiy after excerice (Kunz et al. 2018). But not only circulating immune 
cells but also resting immune functions and tissue microenvironments are affected. 
Recently, Koelwyn et al. (2017) reviewed the beneficial effects of physical exercise 
on e.g. the metabolic properties and immune responses that are all in all resulting in 
an anti-tumor reprogramming of the tumor microenvironment.

This ambiguity of immune activation and suppression became evident in a study 
reported after strenuous endurance exercise showing that both pro-inflammatory 
and anti-inflammatory pathways are activated (Ostrowski et  al. 1999). How this 
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immune balance turns into a not favorable direction and which molecular mecha-
nisms are involved in the immune regulation in response to exercise and the subse-
quent neural, hormonal, or metabolic pathway remains unclear but certainly involves 
expression of genes which are differentially regulated by different transcription fac-
tors, alternative splicing, gene silencing by small RNAs (miRNAs or miRs), or oth-
ers (Wessner et al. 2010). More recent mechanistic investigations are further needed 
to understand these ambiguous effects if and how exercise may increase or impair 
the immune dysfunctional states. “The immune system shows remarkable plasticity 
in response to exercise” which “may be used as a tool to optimize the immune sys-
tem for patients receiving cancer immunotherapy and other patients exhibiting 
abnormal immunity caused by obesity, infections, or other diseases” (Gustafson 
et al. 2017) but could serve along this understanding to overcome or prevent from 
immune dysfunctional states during space flight.

In brief, this chapter tried to identify the positive effects of exercise on emotional 
and cognitive processes as well as the underlying neurophysiological processes. 
How exactly and to which degree this is affecting immune function and health 
remains to be understood. However, it is a major contribution of exercise science 
together with other fields, to provide a more detailed and more precise descriptions 
of the functionality of the (neuro-) physiological system and its implication on the 
behavioral system and “downstream” pathways affecting the immune homeostasis.

32.4 Recommendations

Exercise might be used as a suitable “global tool,” not only for counteracting physi-
ological stress but also to mitigate psychological stress during long-term space mis-
sions. Exercise might therefore be defined as one key factor for crew performance 
and mission success. The following paragraph will try to identify exercise recom-
mendations in order to maximize a psychophysiological health outcome. These rec-
ommendations are based on simple principles how exercise affects 
psychophysiological health and a general well-being.

 1. The current exercise recommendations on board of the International Space 
Station (ISS) foresee a daily exercise routine of up to 2 h/day. With respect to the 
immense workload and the tight schedule that astronauts and cosmonauts experi-
ence while in space, it needs to be questioned whether a strict exercise schedule 
provokes additional stress physiologically as well as psychologically.

 2. As described before, the balance of physical activity and inactivity is a major 
determinant for the well-being and health. Physically demanding activities (e.g., 
extravehicular activity, EVA) should not be followed by additional exercise rou-
tines the same or following day as they are likely to result in immune imbalance 
(as seen in athletes).

 3. To further minimize the impact of exercise routines on the time management 
while in-flight, new time-saving approaches like vibration training, or artificial 
gravity provided, for example, by a short arm human centrifuge should be 
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broadly evaluated. This evaluation must include effects on cognitive perfor-
mance, mood, and immune function. For example, vibration training might be 
a time-saving method to counteract muscle loss and bone stability, but perhaps 
duration and not intensity of training has a major impact on neurocognitive and 
mental processes. Current research (unpublished) shows that artificial gravity 
levels, which have been shown to be tolerated over a longer time frame (30 min) 
on a centrifuge (≤2 × g) can not provoke cardiovascular reactions (e.g. increase 
in heart rate) similar to moderate exercise. Higher g-loads (>2.5 × g) are neces-
sary to gain cardiovascular reactions similar to exercise, but obviously this 
goes along with an increased risk of syncope. Cognitive impacts have to be 
explored.

 4. In general, healthy individuals will feel a need to exercise if they are physically 
underchallenged. For mission success, it is of utter importance not only to physi-
cally train astronauts/cosmonauts but also to sensitize them in their predeparture 
training years to the effects of exercise on psychophysiological health and men-
tal performance.

 5. Besides all this, we need to keep in mind that an individual dose–response rela-
tionship as well as an exercise preference hypothesis exists. If we aim to opti-
mize exercise, we need to aim for individual exercise prescriptions, taking into 
account individual habits and an individual bias rather than generalizing exercise 
on a physiological level.

 6. The individual preferences and needs of a “personalized exercise suite” might 
become even expanded by adjusted regimen when it comes to very long space 
flights, when continuous excerice programs are in place throughout the entire 
mission but which might further be deepened by special training programs in the 
months before return to the gravitational pull. This is yet very speculative and 
will be much dependent on the individual again, and on the mission duration and 
other (gravitational) countermeasures.

32.5  Concluding Remarks

In the last 20 years, an increasing number of studies from exercise science were 
devoted to the positive effects of exercise on cognitive performance, mental health, 
and a general well-being. Exercise is a “global tool” that might help to facilitate the 
individual’s psychophysiological adaptation to extreme conditions of life, to micro-
gravity, and therefore to act positively on the crews’ performance level, mission 
safety, and mission success.

However, when the role of exercise in space is discussed, there is a need to dis-
tinguish physiological aspects from health aspects. One example for this differential 
view, is the applicaton of artificial gravity. Although one might state that if research 
within the next years will show that artificial gravity is the non plus ultra to prevent 
musculoskeletal deconditioning, too high g-levels might have an overall negative 
effect on the individuals health status, especially if individuals would prefer “real” 
exercise. While physiological reactions to a given exercise stimulus are supposed to 
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be widely similar, the emotional reactions hereto are not. This reflects well, that the 
general idea of health does not equal physical health alone.

Throughout the last decades exercise has been regarded as a countermeasure to 
physiological deconditioning in space. Within this chapter, it is proposed to identify 
exercise not only as a countermeasure solving problems, but as a preventive tool to 
avoid problems inter- as well as intra-individually. While developing tools and pro-
grams to fragmentarily prevent musculoskeletal deconditioning as an organ-directed 
approach, we should also aim to enhance crew performance level as well as indi-
vidual mental and physical health in a more holistic view. This integrated approach 
is needed because mission success is endangered by a multitude of stressors (social, 
workload, environment, confinement, and others) that can be likely avoided by reg-
ular and individually adapted exercise. The degree and the consequences of exer-
cise, respectively, have to be assessed also in the light of their effects on other 
general health relevant conditions, such as “healthy ageing” as well as on distinct 
organ entities such as on to the immune system. A good reason for exercising how-
ever was already acknowledged in the first century by Juvenal “mens sana in cor-
pore sano.”1 And finally, what we currently see in the new generation of European 
Astronauts: The best thing to avoid physical degeneration in space is to start the 
mission in a fit state!
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33.1  Introduction

Every cell, from a single-cell organism to the most complex biological system as 
we learn in humans, requires energy to maintain the cell’s function and homeosta-
sis (see also Chap. 5). Optimal function of the cells of the immune system—with a 
mass of all in all about 4 kg for all immune organs and cells depends like all other 
organs upon adequate nutrient supply. This led to the concept of “Immunonutrition,” 
which describes diets that are specifically designed to enhance immune functions, 
and without adequate nutrition the immune system is clearly deprived of the com-
ponents needed to generate an effective immune response (Beisel 1992; Mizock 
2010) and support host defense mechanisms (McCarthy and Martindale 2018). 
Nutrients act as both antioxidants and as cofactors at the level of cytokine regula-
tion (Cunningham-Rundles et al. 2005). Crews during spaceflight generally have 
lower dietary intake than their requirement (requirement is based on the World 
Health Organization equation for energy or on individual measurements of resting 
metabolic rate before flight) (Smith et  al. 2014, 2009b). It is well known from 
ground research that a lack of macronutrients or selected micronutrients (e.g., zinc, 
selenium, and the antioxidant vitamins) can have profound effects on immune 
function (Chandra 1992; Chandra and Kumari 1994; Keith and Jeejeebhoy 1997). 
Micronutrient deficiency suppresses immune functions by affecting the innate and 
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T-cell-mediated immune response and adaptive antibody response. It leads also to 
a dysregulation of the balanced host response (Wintergerst et al. 2007) and seems 
to be rather important to maintain immune homestasis than to reestablish it in the 
course of severe inflammation, where, e.g., intravenously applied selenium could 
not improve the outcome in humans (Bloos et  al. 2016). Disruption of dietary 
intake and nutritional balance of astronauts and cosmonauts during spaceflight, 
which is often accompanied by a stress response, might influence their immune 
response as the nutrition status can influence host immune responses and resistance 
to infection (Sonnenfeld 2002; Sonnenfeld and Shearer 2002). Some of the immune 
function alterations documented in astronauts (see Chaps. 11–15) have been 
reported also in states of nutrient deficiencies, and could potentially be counter-
acted by improving crew nutrition (Crucian et al. 2018). Detailed information on 
the absorption, metabolism, and excretion of many micronutrients during space-
flight are required before general nutritional recommendations can be made, and 
especially with regard to their relationship with the immune system function as 
well as other newly discovered thermoregulatory dysfunction (Chap. 26). It was 
recently quantified on board the International Space Station (ISS) that crews’ body 
core temperature increased in space by 1°C at rest and even higher during exercise 
which can further aggravate catabolism and may result in adjustments of the nutri-
tional regimen (Stahn et al. 2017).

33.2  Energy Intake

During brief space shuttle flights of 8–14 days duration, energy expenditure was 
measured using doubly labeled water (Lane et al. 1997). This study demonstrates 
that energy expenditure for 13 men during short spaceflights was nearly identical to 
that measured in a 5-day ground-based baseline period. Another study, on a similar 
mission with intensive exercise, actually documented increased energy expenditure 
during flight (Stein et  al. 1999). Therefore, human energy requirements during 
spaceflight are—at least in short-term missions—similar to those on Earth, and 
increased depending on exercise. Whether this also holds true for long-term space 
missions is the aim of an ESA-sponsored study on ISS, being completed as of this 
writing.

Despite the data suggesting no change in energy requirements during (short- 
term) flights, energy intake during flight is often lower than the estimated require-
ments for individual crew members (Fig. 33.1). Many astronauts could be considered 
malnourished during their mission, meaning their appetite is decreased and thereby 
their nutrient supply is inadequate (Bourland et al. 2000) leading to body mass loss 
during flight (Fig. 33.2, and Zwart et al. 2014). Although permissive underfeeding 
in critically ill patients rather than aggressive nutritional support might be evolu-
tionarily conserved and beneficial, a continuous reduced energy intake in space 
travelers may not (van et  al. 2016). There is anecdotal data from recently flown 
astronauts who were able to maintain body mass suggesting adequate energy intake, 
but that is still not true for the all the space travelers.
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A study on the Russian Mir space station assessed the urinary excretion of 8-iso- 
prostaglandin-F2 alpha and 8-oxo-7,8-dihydro-2 deoxyguanosine (8-OH-dG), 
markers for oxidative damage in six subjects during and after long-duration space-
flight (90–180  days) (Stein and Leskiw 2000). Although urinary isoprostane 
decreased significantly during flight, 8-OH-dG excretion tended to increase. A simi-
lar observation was made on the ‘Life and Microgravity Science Spacelab Shuttle’ 
mission. The regression of the excretion rate of 8-OH-dG against the energy deficit 
of either Mir or Spacelab showed that the greater the deficit in energy intake, the 
more extensive free radical propagation occurs because of the diminished protein- 
based antioxidant defense mechanisms (Stein 2002).
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Fig. 33.1 In-flight dietary intake of crew members in different space programs. Data are expressed 
as percentage of energy requirements predicted by the World Health Organization (WHO) (WHO 
(World Health Organization) 1985). Apollo n = 33, Skylab n = 9, Shuttle n = 32, Mir n = 7, ISS 
n = 70. Apollo and Skylab data are from Bourland et al. (2000). Figure is adapted from Smith and 
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33.3  Protein and Amino Acids

Protein and amino acid deficiencies can have profound effects on a variety of 
immune system functions (Chandra et al. 1984; Guadagni and Biolo 2009). When 
the body is deprived of energy, protein is one of the most important limiting fac-
tors, because indispensable amino acids are not stored in the body. There is evi-
dence that inactivity amplifies the catabolic response of skeletal muscle to 
inflammatory mediators (Bosutti et  al. 2008). Guadagni and Biolo (2009) con-
cluded that optimal protein (amino acid) intake could be much greater than the 
minimum amount of protein required to mitigate whole body protein wasting. This 
concept of optimal protein intake to promote non-anabolic actions of specific 
amino acids could also be applied to microgravity. Physical inactivity is associated 
with a low-grade inflammatory condition, as Steffen and Musacchia (1986) dem-
onstrated in a study of experimental bed rest in healthy volunteers. Results from 
this bed rest study showed that physical inactivity might also be associated with 
increased protein requirement. Microgravity is generally a state of physical inac-
tivity, more so on some missions than others. Shuttle astronauts did not routinely 
have access to exercise equipment, and future missions will depend on small 
spacecraft. ISS missions have multiple exercise devices, and crews typically exer-
cise nearly every day. Whether or not those transient periods of exercise are enough 
is not yet known.

Moreover, Stein and Gaprindashvili (1994) used the 15N-glycine method to mea-
sure whole body protein syntheses in-flight. The studies showed that whole body 
protein synthesis rates were increased by approximately 30% on the second and 
eighth day of spaceflight, with decreased nitrogen balance. At the same time, uri-
nary cortisol, fibrinogen, and IL-2 levels were elevated, suggesting that the increased 
protein synthesis was due to stress. Stein et al. suggest that spaceflight triggers a 
stress response similar to injury-induced stress.

The defined spaceflight requirement for protein intake is 0.8 g/kg per day, not to 
exceed 35% of the total daily energy intake (Smith and Zwart 2008; Smith et al. 
2009b). About 2/3 of the total amount of protein is to be provided in the form of 
animal protein, and 1/3 of the total should be in the form of vegetable protein. A 
study by Heer et al. showed that, on long missions, reaching (or exceeding) nominal 
protein intakes is common, but that on short flights (shuttle missions) protein intake 
is less than the recommended amount because of insufficient food intake (Heer et al. 
2000). An energy deficit, as seen during short-duration spaceflight (Lane et  al. 
1997), will also lead to loss of protein.

Altering dietary amino acid composition or concentration of certain amino acids 
in food products may differentially affect immune system function. Supplementing 
whey protein, which has a high leucine content, has been shown to enhance natural 
killer (NK) function and IL-12 concentration (Kang et al. 2017) and increase plasma 
glutathione concentrations in HIV-infected patients (Micke et al. 2001). While fur-
ther study is required, provision of protein- and/or amino acid-rich foods and/or 
supplements might be a means to maintain immune system function on exploration 
missions.
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Glutathione is the most abundant endogenous intracellular antioxidant and 
plays a central role in antioxidant defenses. Glutathione concentrations decline 
with aging (al-Turk et al. 1987; Lang et al. 1992; Matsubara and Machado 1991; 
Samiec et al. 1998). Glutathione is synthesized from the amino acids cysteine and 
glycine; and in older adults, increasing dietary intake of these amino acids brought 
reduced glutathione levels back to the concentration in young controls (Sekhar 
et al. 2011). In a limited number of mice flown to ISS for 3 months, red blood cell 
glutathione concentrations were higher than in ground controls, an effect suggest-
ing an adaptation to increased oxidative stress (Rizzo et al. 2012). One could spec-
ulate that providing food products rich in cysteine and glycine may support 
glutathione synthesis to help mitigate oxidative stresses during spaceflight, but this 
has not been tested up to date.

In general, caution must always be taken in interpreting protein or amino acid 
supplementation studies, given the inherent energy content of protein. Experimental 
designs often fail to capture the effects of energy supplementation alone, and rather 
compare an energy restricted group to a protein supplemented group, with inher-
ently confounded outcomes. This point was highlighted in the review by Stein and 
Blanc (2011).

33.3.1  Arginine

Arginine is a necessary amino acid for normal T-cell function and may become 
essential in catabolic states. Many studies have shown improved immune response 
following arginine supplementation as part of immunonutrition (Bronte and 
Zanovello 2005; Joyner 2005; Popovic et al. 2007; Ralph et al. 2008; Van Buren 
2004). Supplementary dietary arginine has been shown to have useful effects on 
cellular immunity in animal studies, showing an increased thymic size, enhanced 
lymphocyte proliferation to mitogen and alloantigen, augmented macrophage and 
killer cell lysis, and increased lymphocyte interleukin-2 production and receptor 
activity (Kirk and Barbul 1990). In mice, arginine supplementation induced 
changes of the intestinal microbiota which contributed to the activation of the 
innate immune system through the reduced expression of NF-κB, MAPK, and 
PI3K-Akt signaling pathways (Ren et al. 2014). In another study, in a rodent model 
for mammalian tumor, l-Arginine supplementation inhibited the growth of breast 
cancer by enhancing innate and adaptive immune responses mediated by suppres-
sion of MDSCs in vivo (Cao et al. 2016). In humans, supplementation of arginine 
led to improved wound healing and immune responses in elderly subjects (Kirk 
et al. 1993) and to lower C-reactive protein levels and earlier discharge from the 
hospital following total hip arthroplasty when an immune supplement also contain-
ing arginine was supplied (Alito and de Aguilar-Nascimento 2016). Based on these 
observations, it seems promising to supplement arginine during long-term mis-
sions; however, no studies have been carried out up to now testing arginine as a 
measure to improve immune response during space missions or in ground analog 
studies with humans.
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33.3.2  Glutamine

Glutamine is the most abundant free amino acid in the body. It can inhibit NF-кB 
activation and cytokine expression following sepsis (Singleton and Wischmeyer 
2008). Beneficial effects of glutamine include: antioxidant effects, serving as a pre-
cursor to glutathione, for arginine through inter-organ transport of citrulline, as an 
energy substrate for lymphocytes and neutrophils, and stimulation of nucleotide 
synthesis (Wischmeyer 2007, 2008). Glutamine supplements seem to have a signifi-
cant benefit on mortality, length of hospitalization, and infectious morbidity in criti-
cal illness (Wischmeyer 2008). Positive results of glutamine supplementation have 
been shown patients undergoing thoracic surgery (Brinkmann et al. 2016) and in 
critically ill patients in whom supplemental glutamine reduced complications, mor-
tality rates (Mondello et al. 2010; Novak et al. 2002), and increased gut barrier and 
lymphocyte function, and preserves lean body mass (Singleton et al. 2005). On the 
other hand, supplementation of glutamine during strenuous exercise in hypoxic con-
ditions did not mitigate the stress effects of strenuous exercise on the immune sys-
tem as demonstrated by oral mucosal immunity (Caris et  al. 2017). Up to now, 
however, the use of glutamine as a pharmaconutrient has not been tested in space-
flight or spaceflight analogs (i.e., bed rest).

33.4  Vitamins and Minerals

33.4.1  Vitamin D

Although Vitamin D can be derived from the diet, the main supply of vitamin D3 
(cholecalciferol) for humans on Earth is obtained through endogenous synthesis in 
the skin following exposure to ultraviolet (UV) light (270–300 nm). Once in the 
circulation, to attain the biologically active metabolite 1,25(OH)2D3, vitamin D3 
must first be hydroxylated in the liver into 25-hydroxyvitamin D3 (25(OH)D3) and 
then in the kidney by the 25(OH)D3-1-hydroxylase into 1,25(OH)2D3, vitamin D3 
(calcitriol). The latter step is under control of parathyroid hormone; however, in 
case of vitamin D deficiency/insufficiency, renal hydroxylation becomes substrate 
dependent, that is, dependent on the circulating 25(OH)D (Schleithoff et al. 2008). 
Vitamin D status can best be assessed by measuring circulating 25(OH)D concen-
trations (Zittermann 2010). The 2011 Dietary Reference Intake (DRI) report from 
the Institute of Medicine (Institute of Medicine 2011) states that 50 nmol/L is opti-
mal for serum 25(OH)D concentration to maximize benefits for bone. There contin-
ues to be debate regarding non-skeletal benefits of vitamin D, and many have argued 
for potential benefits of vitamin D for immune function, which may require higher 
serum concentrations. To this end, many maintain that 75–80 nmol/L is optimal, as 
this is the point of maximum suppression of parathyroid hormone. Cut-offs for 
defining vitamin D status are: <30 nmol/L for deficiency, <50 nmol/L as insuffi-
ciency, >125 nmol/L as of concern, and ≥200 nmol/L for intoxication (Institute of 
Medicine 2011; Zittermann and Gummert, 2010).
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Most of the astronauts in space stations like Mir or ISS do have low 25(OH)D 
levels due to almost absent natural UVB from sunlight and limited food sources 
(Rettberg et  al. 1998; Smith et  al. 2009b). Indeed, it was reported in 2005 that 
decreased vitamin D status was one of the most striking nutritional changes that 
occurs during spaceflight (Smith et al. 2005a, b). The mean serum 25(OH)D con-
centration for US ISS crew members was 62 ± 14 nmol/L (Smith et al. 2009b), 
given the initial ISS supplement provision of 400  IU vitamin D per day. Serum 
25(OH)D concentrations have typically been about 30% lower after 4–6  month 
spaceflights, and in several crewmembers, even decreased to levels considered 
clinically significant (i.e., <25  nmol/L) (Smith et  al. 2005b). The current docu-
mented spaceflight requirement for dietary intake of vitamin D is 25 μg per day 
(National Aeronautics and Space Administration Johnson Space Center 2005), an 
increase from the original ISS recommendation of 10  μg per day (National 
Aeronautics and Space Administration Johnson Space Center 1996). The ISS food 
system provides less than half of this amount (4 μg per day on average) (Smith 
et  al. 2009b). Given this shortfall, and because astronauts in space are shielded 
from sunlight, considering them to be in a high-risk group seems appropriate. 
Based on early ISS crew data, in 2006 the recommended was increased for ISS 
crew members take 800 IU of vitamin D per day during long-duration spaceflight 
(Smith et al. 2009b), and this resulted in crews maintaining serum vitamin D in the 
“optimal” range of 75–80 nmol/L (Smith et al. 2012). Investigations in the Antarctic 
overwintering crew are very useful as they mimic the effects of sunlight depriva-
tion on the vitamin D status during long-duration spaceflight. Here it was observed 
that overwintering is associated with a decrease in 25-OH D levels, where only the 
baseline 25-OH D concentrations impacted the concentrations after 13 months of 
overwintering (Steinach et  al. 2015). Another study carried out in the Antarctic 
winter aiming at the optimal level of vitamin D supplementation revealed that 
1000 IU per day is a sufficient to maintain adequate blood concentrations (Smith 
et al. 2009a).

The classical function of vitamin D is to regulate calcium homeostasis and thus 
bone formation and resorption. However, in the last three decades a considerable body 
of evidence confirms the link and causal interaction between vitamin D and immune 
functions as identified in different innate antigen presenting cells (macrophages and 
dendritic cell), and adaptive immune cells (the T and B cell subsets), respectively 
(Vanherwegen et  al. 2017). Vitamin D plays an important role in modulating the 
immune response to infections and exerts also other biological activities including 
immunomodulation (Lang and Aspinall 2017; Pincikova et al. 2017). The latter seems 
to be mediated via the (nuclear) vitamin D receptor (VDR) expressed in antigen-pre-
senting cells and activated T-cells (van Etten and Mathieu 2005). Vitamin D and the 
VDR are required for normal numbers of regulatory T-cells. The discovery that VDR 
is inducibly expressed by lymphocytes following activation suggests a role for 
1,25(OH)2D3 in the immune system (Mathieu and Adorini 2002). Moreover, even the 
enzyme 25(OH)D3-1-α-hydroxylase is expressed by active macrophages, enabling to 
synthesis and secretion of calcitriol (Hewison et al. 2003). However, here the enzyme 
is mainly activated by immune signals such as interferon (IFN)-γ rather than the 
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parathyroid hormone as the mediator in the kidney (van Etten and Mathieu 2005). 
Moreover, the active vitamin D metabolite 1,25(OH)2D3 can also modulate by alterna-
tive mechanisms to increase the ability of PBMC from sensitized human donors to 
resist to microbes (here mycobacteria). Martineau et al. found that 1,25(OH)2D3 sup-
pressed both bacillus Calmette Guérin (BCG-) infected cell cultures and 
Mycobacterium tuberculosis likely through “non-classical” mechanisms including the 
induction of antimicrobial peptides (Martineau et al. 2007a, b). The effect of vitamin 
D on the “switch” of transition of information from adaptive to innate immunity as 
occurring by the antigen presenting cells (see Chap. 12) is of critical interest to enable 
adequate immune response and to prevent from a failure of immune tolerance result-
ing in allergic immune response (Pfeffer and Hawrylowicz 2018). Moreover, in 
tolerogenic dendritic cells metabolic reprogramming could be induced by a shift of 
heir intracellular metabolism under influence of 1,25(OH)2D3 (Vanherwegen et  al. 
2017), it also affects cells of the adaptive immune system stimulating the function of 
T-cells and activated B-cells (reviewed in Lang and Aspinall 2017).

Studies during or after spaceflight have shown numerous changes in astronauts’ 
immune status, including altered distribution of circulating leukocytes, altered pro-
duction of cytokines, decreased activity of natural killer cells, decreased function of 
granulocytes, decreased activation of T-cells, altered levels of immunoglobulins, 
latent viral reactivation, altered virus specific immunity, expression of Epstein–Barr 
virus immediate early/late genes, and altered neuroendocrine responses (see Chap. 
19). Furthermore, there is an interactive effect between vitamin D status, stress 
(serum cortisol), and viral reactivation identified in crews wintering-over in the 
Antarctic (Zwart et al. 2011). Hence, vitamin D insufficiency of astronauts during 
space missions might impact the immune status of astronauts. Further studies are 
mandatory to distinguish between the effects of vitamin D and microgravity effects.

33.4.2  Vitamin B6

Vitamin B6 is essential in the biosynthesis of nucleic acid and protein by providing 
one-carbon units used in the production of deoxythymidylate and purines affecting 
DNA and mRNA synthesis. The active form of vitamin B6, pyridoxal 5′-phosphate, 
is known to be a cofactor for many enzymatic reactions. Pyridoxal 5′-phosphate in 
plasma is reported to be inversely associated with inflammatory markers and a sup-
plementation of vitamin B6 improves some immune functions in humans who are 
deficient of vitamin B6 (Ueland et al. 2017). Antibodies and cytokines are built up 
from amino acids and therefore require vitamin B6 as a coenzyme in their metabo-
lism. A deficiency in vitamin B6 impairs lymphocyte maturation and growth in 
human, as well as antibody production and T-cell activity (Wintergerst et al. 2007) 
while supplementation could provide also benefits to autoimmune compromised 
patients (Huang et al. 2010).

Weightlessness has been shown to reduce the cross-sectional area of muscle 
fibers and is associated with a change from type I to type II muscle fibers 
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(Kraemer et al. 2000). Since vitamin B6 is stored mainly in muscle tissue (Coburn 
et al. 1988), a decrease in muscle cross-sectional area could reduce the amount 
of the vitamin that is stored. Increased excretion of 4-pyridoxic acid (4-PA) dur-
ing bed rest, a finding observed in short- (Zwart et al. 2009a) and long-duration 
bed rest studies (Coburn et al. 1995), likely reflects this loss of muscle stores of 
vitamin B6.

33.4.3  Vitamin B12

Vitamin B12 functions in many enzymatic reactions, and deficiencies result in ane-
mia and neurological disorders. Vitamin B12 functions as a coenzyme in two meta-
bolic forms: adenosylcobalamin and methylcobalamin. Vitamin B12 works as a 
cofactor for three different enzymatic reactions: (1) the conversion of homocysteine 
to methionine, (2) the conversion of l-methylmalonyl-coenzyme A (CoA) to 
succinyl- CoA, and (3) the isomerization of l-leucine and β-leucine. Vitamin B12 
deficiency may cause the accumulation of folate in the serum because of a reduction 
in B12-dependent methyltransferase, also known as the methyl-folate trap (Shin 
et al. 1975). Vitamin B12 also functions in the synthesis of choline, which can be 
converted to the neurotransmitter acetylcholine.

Unlike other water-soluble vitamins, vitamin B12 can be stored in the body for 
years. It is stored predominantly in the liver, but smaller amounts can also be found 
in the muscles, kidneys, bones, heart, brain, and spleen. About 2–5 mg of vitamin 
B12 is stored in the body (Institute of Medicine 1998). The size of B12 stores remains 
relatively stable, partly because urinary and fecal excretion decrease in direct rela-
tionship to decreases in the body pools. The half-life of vitamin B12 in humans is 
350–400 days.

A human study in vitamin B12 deficient patients evaluated the alterations of 
immunological indicators following administration of vitamin B12. In these patients, 
the number of lymphocytes was significantly decreased and NK activity was sup-
pressed. Supplementation with vitamin B12 reversed these effects indicating that it 
may act as a modulatory agent for cellular immunity (Tamura et al. 1999). In elderly 
subjects (aged 70 years) who received over 4 months in addition to the regular diet 
a special nutritional formula providing, among other nutrients, 120 IU vitamin E, 
3.8 mg vitamin B12, and 400 mg folic acid, NK cytotoxic activity increased in sup-
plemented subjects, indicating increased innate immunity in elderly people (Bunout 
et al. 2004). These few studies demonstrate the importance of a sufficient vitamin 
B12 status to maintain an adequate immune response (Maggini et al. 2007).

The current documented spaceflight requirement for dietary intake of vitamin B6 
is 1.7  mg/day (National Aeronautics and Space Administration Johnson Space 
Center 2005) and vitamin B12 is 2.4 μg/day. The interaction between the immune 
system and vitamin B6 and B12 status has not been investigated up to now in 
spaceflight.
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33.4.4  Sodium

Sodium is the major cation of the extracellular space and as such responsible for 
water and electrolyte metabolism. Sodium intake, mainly as sodium chloride, is 
very high in the Western world, being 2379 mg/day for women and 3216 mg/day in 
men in Germany, which is above the recommended intake per day of 550 mg/day 
(Max-Rubner-Institut 2008). Sodium intake on Skylab and shuttle missions aver-
aged 4000–5000 mg/day, and were similar to preflight values (Bourland et al. 2000). 
In the ISS missions, typical intakes have been in excess of 4500 mg/day and in some 
cases intake as high as 10,000–12,000 mg/day have been observed (Smith et  al. 
2009b).

High sodium intake is correlated with development of hypertension in sodium 
sensitive people. We have shown in spaceflight as well as in ambulatory conditions 
that already at a level of about 4000 mg/day sodium is retained without accompany-
ing fluid retention (Drummer et al. 2000; Heer et al. 2000, 2009). The hypothesis 
how sodium can be bound in an osmotically inactive way has been brought forward 
by Titze et al. (2003, 2004) and proposes that sodium can be stored on proteogly-
cans in interstitial sites. This uniquely bound sodium can induce a state of local 
hypertonicity in the skin interstitium. In a further study, they suggest that the local 
hypertonicity is sensed by macrophages which then activate a transcription factor 
(tonicity-enhanced binding protein (TonEBP)) which, in turn, induces VEGF-C 
(Machnik et al. 2010, 2009; Marvar et al. 2009) signaling. It seems that in mice the 
hyperosmotic stress induced by high salt intake leads to enhanced induction of Th17 
response upon immunization suggesting an unknown function of the inflammasome 
(Ip and Medzhitov 2015). In vitro high salt concentrations, comparable to concen-
trations found in animals fed a high salt diet, dramatically boost the induction of 
murine and human Th17 cells (Kleinewietfeld et al. 2013). In a study with different 
level of sodium intake in humans, a high intake level (12 g NaCl/day) displayed a 
higher number of immune cell monocytes while low intake (6  g NaCl/day) was 
accompanied by reduced production of proinflammatory cytokines IL-6 and IL-23 
together with enhanced production of anti-inflammatory cytokine IL-10 (Yi et al. 
2016). Macrophages play a key role in innate immunity and therefore further stud-
ies in microgravity should distinguish between the effects of microgravity and high 
sodium intake on the immune system and to the pathways of how sodium induces 
bone cell turnover and demineralization (Frings-Meuthen et al. 2011).

33.5  Antioxidants

Endogenous antioxidants play an important role in minimizing cellular damage 
(Stein 2002) (see also Chap. 5). The antioxidant vitamins A, C, and E are cofactors 
in the immune response. Vitamin A deficiency impairs mucosal barriers (Zeng et al. 
2016) and diminishes the function of neutrophils, macrophages, and NK (Stephensen 
2001a). Vitamin E is a strong antioxidant that can support monocyte/macrophage- 
mediated responses (Park et al. 2003) and vitamin C is a regulator of redox and 
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metabolic checkpoints controlling activation and survival of immune cells 
(Wintergerst et al. 2006).

Selenoproteins are an important component of the antioxidant host defense sys-
tem affecting leukocyte and NK function (Ferencik and Ebringer 2003).

33.5.1  Vitamin A

Vitamin A plays a well-known role in immune function and protection against 
infections (Ross 1992; Stephensen 2001b). Vitamin A deficiency can affect host 
defenses directly through its essential functions in metabolism in the various 
immune cells (Semba 1998) or indirectly through its role in epithelial cell differen-
tiation and host barrier function (Ross 1992; Stephensen 2001b). The considerable 
immune benefits, which would contribute in reducing the risk of various pathogen- 
mediated diseases, warrant a recommendation to supplement individuals with mini-
mal or poor vitamin A status. Supplementing vitamin A after training in rats led to 
increased total serum antioxidant capacity, but concurrently expression of superox-
ide dismutase-1 was downregulated and upregulation of superoxide dismutase-2 
induced by exercise was blunted by vitamin A (Petiz et  al. 2017). Additionally, 
IL-10 and heat shock protein 70 expression, which are both positive for tissue dam-
age protection after exercise, were decreased (Petiz et al. 2017). In a study in healthy 
aged subjects, vitamin A supplementation did not affect lymphocyte proliferation 
(Bouamama et al. 2017).

The current documented spaceflight requirement for vitamin A intake is 700–
900 μg/day. Vitamin A content and stability in the space food supply should be 
determined. The role of vitamin A as an antioxidant in spaceflight has not been 
investigated up to now. Whether vitamin A supplementation would be a desired 
measure to improve immune response in spaceflight needs to be thoroughly thought 
through.

33.5.2  Vitamin C

Ascorbic acid (vitamin C) is an essential component of every living cell. The con-
centration of vitamin C is very high in leukocytes and is used rapidly during infec-
tion to prevent oxidative damage. A deficiency in vitamin C status is associated with 
reduced immune function (Schwager and Schulze 1998). The immune-enhancing 
role of vitamin C has been reviewed (Carr and Maggini 2017; Wintergerst et al. 
2006). Vitamin C has been shown to stimulate the immune system by enhancing 
T-lymphocyte proliferation in response to infection increasing cytokine production 
and synthesis of immunoglobulins (Jeng et al. 1996). Vitamin C stimulates neutro-
phil migration to the site of infection, enhances phagocytosis and oxidant genera-
tion, and microbial killing (Carr and Maggini 2017).

Spaceflight requirement for dietary intake of vitamin C is 90 mg/day. Vitamin C 
status of crew members has not been investigated to date. However, in analog 
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studies like short-duration bed rest, no significant change in vitamin C, but a trend 
for an increase, could be shown (Zwart et al. 2009b). This might be related to dietary 
vitamin C intake during the study compared to the intake before the study (Zwart 
et al. 2009b).

33.5.3  Vitamin E

Vitamin E and selenium have synergistic functions in tissues to reduce damage to 
lipid membranes by the formation of reactive oxygen species (ROS) during infec-
tions. The ability of vitamin E to scavenge lipid soluble-free radicals is dependent 
to some extent on the status of two other antioxidant compounds, vitamin C and 
glutathione, which are involved in reducing oxidized vitamin E back to a reusable 
(i.e., able to be oxidized) form (Carmeliet et al. 2001). Additionally, vitamin E may 
improve T-cell function by decreasing macrophage prostaglandin E2 production by 
modulating the amino acid cascade initiated by lipoxygenase and/or cyclooxygen-
ase (Chapkin et al. 2007). Furthermore, vitamin E influences lymphocyte matura-
tion, possibly by stabilizing membranes and allowing enhanced binding of 
antigen-presenting cells to immature T cells via increased expression of intercellu-
lar adhesion molecule-1. Although a vitamin E deficiency is not common, intake 
above currently recommended levels may help restore T cell function as seen in an 
aging population were T-cell functions are significantly impaired. “This effect of 
vitamin E can be accomplished by directly impacting T cells as well as indirectly, 
by inhibiting production of prostaglandin E2, a T cell-suppressing lipid mediator 
known to increase with aging” as reviewed by Wu and Meydani (2014).

After early ISS crew members had spent 4–6  months in space, their plasma 
γ-tocopherol was 50% less than preflight levels (Smith et al. 2005b). No change in 
α-tocopherol occurred in these subjects.

Although no striking changes occurred in plasma vitamin E concentrations, the 
spaceflight menus provide only about 60% of the documented requirement for vita-
min E (Smith et al. 2009b). Antioxidant properties of vitamin E may help to coun-
teract the free-radical damage caused by high-linear energy transfer radiation in 
space. Pretreatment with antioxidants may help decrease radiation damage during 
mission (Pence and Yang 2000), and it may be necessary to provide enough vitamin 
E so that astronauts’ blood levels of the vitamin is higher during spaceflight than on 
Earth. However, knowledge gaps weaken the evidence for use of vitamin E as a 
countermeasure.

33.5.4  Copper

Copper is an important mineral, and has wide-ranging functions, including many 
that are considered vital for spaceflight (Borchers et al. 2002; Crucian et al. 2008; 
Levine and Greenleaf 1998; Taylor et al. 1997; Tipton et al. 1996). This might have 
direct or indirect (when alterations are induced by psychological stress or radiation 
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stress) implications for nutrition and nutritional status as possible causes or effects 
on immune system function (Smith et  al. 2009b). Nonetheless, to date, little/no 
information is available about copper metabolism during spaceflight, especially 
with regard to immune system function.

33.5.5  Zinc

In addition to its many essential functions in growth and development, zinc is essen-
tial for the function of cells of the immune system and has been described as a 
gatekeeper of the immune system. It has an important role in promotion of wound 
healing and in maintenance of intestinal integrity. A deficiency of zinc is pro- 
inflammatory and it is also associated with reduced concentrations of IGF 1 and 
reduced rates of protein synthesis (Wessels et al. 2017). Therefore, zinc deficiency 
could be especially detrimental during immobility. However, zinc status of astro-
nauts, as assessed by mean serum zinc and urinary zinc excretion (admittedly, not 
the best markers of zinc status), did not change after long-duration spaceflight 
(Smith et al. 2009b). There is no knowledge available on the use of zinc supplemen-
tation as a countermeasure in spaceflight.

33.5.6  Polyphenols (Resveratrol, Quercetin, Curcumin, Catechins)

Naturally occurring polyphenols like resveratrol, quercetin, curcumin, and cate-
chins have shown antioxidant and anti-inflammatory effects (Chung et al. 2010). 
These effects seem to be modulated via different pathways such as NF-кB- and 
mitogen-activated protein kinase-dependent pathways, as well as preventing the 
generation of reactive oxygen species by binding iron (Perron and Brumaghim 
2009). Additionally, polyphenols seem to activate sirtuin 1 (SIRT1) directly or indi-
rectly and thereby are beneficial—besides others—for regulation of oxidative stress, 
inflammation, and autoimmunity. Accumulating evidence has shown that polyphe-
nols such as resveratrol, curcumin, catechins, and quercetins, have a regulatory role 
in immune function in vitro and in vivo (Devine et al. 2007; Gao et al. 2003; Park 
et al. 2009; Sharma et al. 2007; Shim et al. 2008; Singh et al. 2007; Song et al. 2003; 
Vasamsetti et al. 2016). Therefore, they might also have beneficial effects in preven-
tion of immune dysfunction during long-term missions, particularly because body 
iron stores are higher during spaceflight. However, the role of polyphenols in 
SIRT1-mediated or iron-related regulation in immune function remains still to be 
studied.

There is an increasing amount of studies investigating the effect of effective 
candidates of natural compounds such as polyphenols on the immune system. As 
summarized in a recent review, different immune cells express polyphenols recep-
tors and the polyphenols may activate signaling pathways in the cells and subse-
quently initiate immune response (Ding et al. 2018). Specific polyphenols, such as 
curcumin and epigallocatechingallate may induce epigenetic changes within cells 
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(Ding et al. 2018). An impact on epigenetic mechanisms such as DNA methylation 
or histone modification may also be induced by quercetin (Cuevas et  al. 2013). 
Polyphenols are also the most studied natural compounds with regard to their capa-
bility to prevent allergies. They seem, for instance, to dampen the onset of allergic 
inflammation by inhibiting microsomal prostaglandin E2 synthase-1 or inhibit the 
expression of pro-inflammatory TH-2-cytokines IL-4 and IL-13 cytokine- 
producing signaling factors, and prostaglandin-endoperoxidase 2, indicating that 
specific polyphenol candidates broadly inhibit allergic inflammation (Chirumbolo 
2014). The main mechanism of polyphenol inhibitory effects on allergy develop-
ment seems to be the interference with T-helper 2 cell activation (Magrone and 
Jirillo 2012). Although there is some evidence for polyphenols as a promising tool 
to modulate immune function, further studies are mandatory to demonstrate posi-
tive effects in situations where inflammation and oxidative stress is induced, for 
instance by exercise. In cyclists a blend of freeze-dried juice powder or a water-
melon puree did not alter inflammation and oxidative stress or immune function 
during or after intensified exercise sessions at the end of the supplemental period 
(Knab et  al. 2014; Shanely et  al. 2016). In endurance athletes, myeloid DCs 
increase and plasmazytoid DCs decrease during exercise, while levels of viral anti-
gen presenting toll-like receptor (TLR) 7 messenger RNA are declined. Providing 
a polyphenol-rich beverage for 3  weeks before a marathon did not affect the 
changes in the DCs; however, it supported the regeneration of the viral antigen 
presenting TLR7 (Lackermair et al. 2017). To prove any effects of an antioxidant 
cocktail during inactivity such as bed rest, the European Space Agency sponsored 
a 60-day bed rest study which has been finished recently. The antioxidant cocktail 
consisted of an antioxidant and anti- inflammatory food supplement (a mixture of 
natural polyphenolic extracts from edible plants) which was supplied in the form 
of capsules. The respective experiments will address changes in effects of the 
cocktail on metabolism, the cardiovascular system, muscles, bones, immunology, 
the neurosensory system, and sleep.

No results are obtained during spaceflight up to date. Therefore, it is very obvi-
ous that further studies are also warranted to examine polyphenols as potential 
dietary measures to counteract immune dysfunction in microgravity.

33.5.7  Iron

Iron is a critical micronutrient involved in many cellular processes. Functions 
include oxygen binding, electron transport, and serving as a catalyst for literally 
hundreds of enzymes. Iron deficiency can have irreversible consequences, but 
excess iron can be toxic through the formation of oxygen free radicals. Iron over-
load can increase cardiovascular disease risk and cancer risk, impair immune func-
tion to activated or inhibited states (Kernan and Carcillo 2017), and contribute to 
eye diseases such as cataracts and age-related macular degeneration (Crichton 2009; 
Loh et al. 2009). Thus, maintenance of iron homeostasis is extremely important for 
human health.
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During spaceflight, it is well established that iron homeostasis is altered (Smith 
et al. 2009b). There is a decreased red blood cell mass, increased serum ferritin, 
decreased transferrin receptors, and increased serum iron—all of which document 
increased iron storage during spaceflight. Furthermore, the space food system pro-
vides almost three times the recommended intake (Smith et al. 2009b), at a time 
when dietary iron recommendations for the general population being lowered. This 
can in turn bring iron into an even more ambiguous “role,” as it is not only necessary 
for host survival, but microorganisms require iron acquisition from the environment 
for survival as well. Generally, during an infection, iron in the body is made less 
available for invading microorganisms by increasing iron uptake into cells or by 
increasing protein-bound iron. Cells of the innate immune system have genes which 
regulate proteins that can modulate iron homeostasis at the cellular and systemic 
level in order to restrict iron availability to invading microorganisms. One such 
protein is hepcidin, a key regulator of iron homeostasis and critical factor in the 
anemia of inflammation (Ganz 2006). Hepcidin has been shown to be endogenously 
expressed by innate immune cells—macrophages and neutrophils, and it plays a 
role in making iron less available by increasing intracellular iron sequestration and 
decreasing circulating iron concentrations and it is influenced by cytokines IL-6 and 
IL-1 (Lee et al. 2005; Nemeth et al. 2004) and represents one component of the 
innate immune cell’s response to acute infections (Armitage et al. 2011). Iron is also 
associated with certain optic neuropathies and retinal degeneration (Theriot et al. 
2016). Studies suggest that some types of radiation exposure, which is increased in 
spaceflight, and oxidative stress can release ferrous iron (Fe2+) from ferritin 
(Aubailly et  al. 1991), further adding to the load of free iron in the body. 
Independently, both radiation exposure and high dietary iron load promote a state of 
oxidative stress with increased risk of pathophysiological outcomes (Sannita et al. 
2004; Stevens et al. 2000). In a recent study in rats the effect of high dietary iron 
intake and whole-body radiation exposure was analyzed (Theriot et al. 2016). They 
found increased levels of 8-OH-dG in the high iron intake-, radiation and the com-
bined group. An attenuation of radiation-induced DNA oxidation in the retina of 
animals under the high-iron diet was observed (Theriot et al. 2016).

Further research is warranted to determine what role increased iron storage dur-
ing spaceflight plays on changes in immune function, viral reactivation, microbial 
growth, and virulence.

33.6  Polyunsaturated Fatty Acids (PUFAS)

Omega-3 fatty acids are long-chain, polyunsaturated fatty acids (PUFA). Extensive 
documentation exists showing that omega-3 fatty acids provide protection to the 
general population for the cardiovascular and immune systems (Fernandes et  al. 
2008; Kang and Weylandt 2008; Yaqoob and Calder 2003), for psychiatric diseases 
(Pusceddu et al. 2016), stress-related cognitive dysfunction in experimental model 
(Pusceddu et al. 2015) and even protection from oxidative damage and radiation- 
related risks (Turner et al. 2002; Vanamala et al. 2008), all of which are concerns for 
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space travelers. Moreover, a summary on human and animal studies strongly indi-
cates the potential action of omega-3 PUFAs to affect “the gut-brain axis, acting 
through gut microbiota composition” (Costantini et al. 2017) (see also Chap. 34), 
but also to directly affect inflammatory states (Michalak et al. 2016).

The mechanism of action of omega-3 fatty acids on these systems is likely related 
to multiple pathways, but there is evidence that the nuclear transcription factor, 
NF-κB, is affected differently by omega-3 or omega-6 fatty acids (Camandola et al. 
1996). This transcription factor affects transcription of genes involved in cell cycle 
regulation and inflammatory processes. Not only is NF-κB activated by arachidonic 
acid and specifically by prostaglandin E2, but Camandola and colleagues have also 
found that eicosapentaenoic acid (EPA) inhibits NF-κB activation (Camandola et al. 
1996). Interestingly experimental data indicate the potential to block autoimmune 
response and to hereby regulate autoimmunity (Bi et al. 2017).

Cytokines such as tumor necrosis factor (TNF) can activate NF-κB, and subse-
quently stimulate other processes such as muscle protein loss through upregulation 
of mRNA and expression of various ubiquitin-proteasome protein subunits (Li and 
Reid 2000). Not surprisingly, conditions associated with a chronic elevation of TNF 
are also commonly associated with muscle atrophy. We have reported elevated 
NF-κB after short-duration spaceflight (Zwart et al. 2010). The effects of omega-3 
fatty acids on inflammatory cytokines, and specifically TNF, are well documented 
on the ground (Kang and Weylandt 2008; Kim et al. 2008; Magee et al. 2008; Zwart 
et al. 2010), but warrant further studies during spaceflight.

33.7  Prebiotics

Intestinal microbiota is a major player in immune tolerance and inflammation. Its 
crosstalk with the innate and adaptive immune cells is involved in the regulation of 
immunomodulatory effects and disrupted communication seems to negatively influ-
ence the intestinal immune homoeostasis (Frei et  al. 2015). For an appropriate 
immune function, early bacterial colonization seems to be very important to develop 
respective immune regulatory networks, which may influence disease risks in later 
life (Frei et al. 2015). Prebiotics in mothers’ milk, such as certain oligosaccharides, 
will support the development of a healthy gut microbiota composition. Even supple-
menting prebiotics, such as Xylo-Oligosaccharides to healthy adults for a 3-week 
period increased bifidobacterial counts, as well as changes in the cell-surface mark-
ers on NKT cells and lowered IL-10 secretion, suggesting an immunomodulatory 
effect of Xylo-Oligosaccharides (Childs et  al. 2014). Supplementing prebiotics 
might be a promising tool to improve immune function in space exploration mis-
sions and warrants further investigation space exploration.

33.8  Conclusion

The understanding of the impact of nutrition on cell/organ functions is continuously 
increasing. Also the interactions of direct effects of nutritional compounds/nutra-
ceuticals or indirect effects have come more to our attention. The field of 
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immunonutrition has emerged as a scientific topic critical for improving outcomes 
in a wide range of patients, particularly when subject to distinct stressors, such as 
trauma or inflammation, and as in under/malnourished individuals. Since astronauts 
in space are generally not optimally nourished, dietary formulas tailored to the 
astronauts needs may be beneficial for immune system function. Furthermore, the 
environmental stress of spaceflight (see Chap. 3) can altogether lead to changes in 
immune response as well as the individual needs of the respective astronaut. These 
and other factors are required to support optimal astronaut health during long-dura-
tion missions.

However, it is important to be aware that “one size does not fit all.” This implies 
that genetics and the immune nutrient profile that is appropriate for one astronaut or 
one condition may be of minimal benefit for another one and could be potentially 
harmful in other settings. Moreover, further understanding is needed to which 
degree changes in the thermoregulatory functions of crew subject, the microbiome 
or microbiota composition in the gut and new opportunities of grown fresh food in 
the space vessel or habitat during a long-duration space missions might strongly 
affect the strategy of a personalized and adequate nutrition. Making evidence-based 
decisions in choosing the optimal diet or formula will minimize adverse effects. In 
order to reach that level of individualized immunonutrition for astronauts, further 
research is needed to assess whether immune function is benefited by individually 
tailored immunonutrient formulas.

The use of basic clinical pharmacology, genetics, molecular biology, and clinical 
research principles in the study of nutritional therapy during spaceflight and analog 
studies will lead to answers on how to administer the right nutrients, in the right 
amounts, at the right time during astronauts’ exploration missions. In summary, we 
have to provide the “Right Stuff” for exploration missions after all the research and 
the new challenges ahead (see also Chap. 3). This means that out of the mix of 
things we need to do everything right, may be starting with an optimized and indi-
vidualized nutrition at the forefront.
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34.1  Introduction

Everyday humans intimately interact with trillions of microbes that live and thrive 
across every inner and outer surface of the human body. This huge collection of 
microorganisms, known as the human microbiome, is mostly composed of bacteria, 
viruses, archaea, and unicellular eukaryotes that have coevolved with humans over 
millions of years, establishing a mutualistic, beneficial relationship of such depth 
that it would not be possible for humans to survive without them. Indeed, it is known 
that the human microbiome performs many functions that are essentials to humans 
including the processing and absorption of otherwise indigestible complex nutri-
ents, the synthesis of essential compounds such as vitamins and antioxidants, the 
maturation and modulation of the immune system, the biotransformation of xenobi-
otics and the prevention of infections by pathogenic organisms (Ottman et al. 2012).

It is estimated that the microbiome contains as many bacterial cells as the number 
of cells in the human body (Sender et al. 2016). This enormous microbial population 
performs a remarkable metabolic activity driven by a microbial genetic pool (known as 
metagenome) whose size is a hundred times larger than the number of genes encoded 
by the human genome. During the first weeks of life, the composition of the gastroin-
testinal microbiome is heavily influenced by the maternal vaginal microbiota, mode of 
delivery and feeding (Backhed et al. 2015). As we become older, the microbiome gains 
in complexity by the incorporation of new microbial species acquired from the envi-
ronment and the interaction with other animals and its composition is strongly influ-
enced by eating habits. Even though the microbiome composition varies from person 
to person, its diversity is greater between body sites of the same person than across 
individuals. This observation indicates that, across the human body, the microbiome is 
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a highly variable ecosystem as a result of the different environmental properties spe-
cific to each body site. In spite of this variation, it is still possible to define a core human 
microbiome associated with a “healthy state” across different body sites and people, 
mainly composed of different combinations of four major bacterial phyla, Firmicutes 
(Gram positive), Bacteroidetes (Gram negative), Actinobacteria (Gram positive), and 
Proteobacteria (Gram negative) (Costello et al. 2009). For example, while more than 
95% of the gastrointestinal tract (GIT) microbiota belongs to the phyla Firmicutes and 
Bacteroidetes, the skin microbiome contains approximately 45% Actinobacteria, 30% 
Firmicutes and 10% Proteobacteria (Costello et al. 2009).

Host–microbiome interactions are complex and fluid, capable of adjusting to 
physiological perturbations that are encountered on a daily basis and are further 
subject to myriads of environmental stressors and interactions (see Chap. 3). 
However, large or selective shifts in the gut microbiota (known as dysbiosis) as a 
consequence of host pathobiology, alterations of diet, medications, and other envi-
ronmental triggers can upset critical inter-microbe as well as host–microbe relation-
ships to initiate pathophysiological processes leading to disease. During a space 
mission, astronauts are constantly exposed to a series of stressors (microgravity, 
sleep deprivation, radiation, dietary changes, etc.) that are likely to affect the com-
position and dynamic of the astronauts’ microbiome. Several foundational studies 
on specific culturable commensal and opportunistic pathogenic bacteria performed 
under real or simulated microgravity conditions suggest that space travel can disturb 
the composition and function of the microbiome, including bacterial virulence, anti-
biotic resistance, and growth (Ott et al. 2016).

In order to maintain health, the immune system plays an essential role in main-
taining a delicate balance between eliminating invading pathogens and keeping the 
homeostatic relationship with beneficial resident microorganisms of the GIT. At the 
same time, resident bacteria have a significant immunomodulatory activity that pro-
foundly shape mammalian immunity. This chapter will focus on what is currently 
known about the interaction between the human intestinal microbiota and the 
immune response and how conditions found in space might alter this interaction and 
pose a risk to astronauts’ health.

34.2  The Role of the Gut Microbiome in Immunity

By far the most heavily colonized organ is the gastrointestinal tract; the colon alone 
is estimated to contain over 70% of all the microbes in the human body (Ley et al. 
2006; Whitman et al. 1998). The human GIT has an estimated surface area of 200 m2 
(Gebbers and Laissue 1989) and, as such a large organ, represents a major surface for 
microbial colonization. Therefore, the intestinal immune system faces unique chal-
lenges relative to other organs, as it must continuously confront an enormous micro-
bial load and avoid a systemic infection by keeping commensal and pathogenic 
microorganisms from breaking through the intestinal epithelium barrier. At the same 
time, it is necessary to avoid pathologies arising from exacerbated innate immune 
signaling or from microbiota alterations that disturb essential metabolic functions.
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A first mechanism to minimize bacterial access to internal host tissues consists 
of a viscous coating made out of mucin glycoproteins secreted by goblet cells that 
covers the luminal surface of the intestinal epithelium and that works as a first bar-
rier of the immune defense. In the colon, this mucus layer is very thick and poses a 
physical barrier that significantly reduces the number of bacteria that can access and 
penetrate the colonic endothelium.

A second immune mechanism that limits bacteria–epithelial cell contact is the 
secretion of antimicrobial proteins (AMPs) by intestinal epithelial cells. AMPs 
span a number of diverse protein families, including defensins, cathelicidins, and 
C-type lectins. The expression of most AMPs is controlled by bacterial signals 
through the activation of pattern recognition receptors (PPRs), which recognize 
microorganism- associated molecular patterns (MAMPs) that are species-specific 
and essential for their viability. For example, in the small intestine the secretion 
to the luminal space of the C-type lectin REGIIIγ is under the control of a sub-
family of PRRs named Toll-like receptors (TLRs) (Brandl et al. 2007; Vaishnava 
et al. 2008). REGIIIγ binds to the peptidoglycan layer located on the surface of 
gram-positive bacteria. On the other hand, the expression of a subset of 
α-defensins and defensin-related cryptdins is controlled by another PRR named 
nucleotide-binding oligomerization domain-containing protein 2 (NOD2) 
(Wehkamp et al. 2005; Kobayashi et al. 2005), located in the cytoplasm of intes-
tinal Paneth cells. NOD2 recognizes muramyl dipeptide, a constituent of gram-
positive and gram-negative bacterial peptidoglycan (Ogura et al. 2003; Inohara 
et  al. 2003). Also, it has been shown that molecules of meso-diamino pimelic 
acid, a degradation product of peptidoglycans from gram- negative bacteria, can 
translocate the epithelial barrier and reach the blood stream where they activate 
neutrophils via intracellular NOD1 receptors (Clarke et  al. 2010). These acti-
vated neutrophils can kill bacteria more efficiently, suggesting that the microbi-
ome can directly influence neutrophil activity and prepares them for possible 
invading pathogenic bacteria (Clarke et al. 2010).

Keeping intestinal bacteria on the luminal side of the epithelial barrier also 
depends on secreted immunoglobulin A (IgA). IgA specific for intestinal bacteria 
is produced with the help of intestinal dendritic cells (DCs) that sample bacteria at 
various sites along the GIT. DCs located beneath the epithelial dome of Peyer’s 
patches take up the small number of bacteria that penetrate the overlying mucosal 
epithelium. In addition, lamina propria DCs extend dendrites between epithelial 
cells to monitor bacteria that associate with the mucosal surface. These bacteria- 
laden DCs migrate to the mesenteric lymph nodes where they induce B cells to 
differentiate into IgA+ plasma cells that translocate to the intestinal lamina pro-
pria. From there, secreted IgA is transcytosed across the mucosal epithelium and 
deposited on the apical surface. Transcytosed IgA binds to luminal bacteria, limit-
ing bacterial associations with the epithelium and preventing microbial transloca-
tions across the epithelial barrier (Macpherson et  al. 2000). In addition, IgA 
secretion helps to contrast the inflammatory activity of bacteria through opsoniza-
tion and to reduce the expression of inflammatory epitopes on the microbiota 
(Peterson et al. 2007).
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In spite of the aforementioned immune mechanisms to protect the intestinal epi-
thelium from direct bacterial contact, occasionally some bacteria translocate through 
the intestinal epithelial barrier. Microorganisms that penetrate the mucosal epithe-
lium are phagocytosed and eliminated by lamina propria macrophages (Kelsall 
2008) through mechanisms that include AMPs and reactive oxygen species (ROS) 
(see also Chap. 5). Intestinal macrophages also contribute to the restoration of the 
physical integrity of the epithelial cell barrier by migrating to damaged areas and 
secreting growth factors that interact with the epithelium, promoting enterocyte pro-
liferation to replace damaged epithelial cells (Pull et al. 2005). This restorative pro-
cess is activated by bacterial MAMPs recognized by TLRs expressed by intestinal 
macrophages (Pull et  al. 2005; Rakoff-Nahoum et  al. 2004). In addition, innate 
lymphoid cells that reside in the lamina propria and produce IL-22 are also essential 
for containment of lymphoid resident bacteria to the intestine, thus preventing their 
spread to systemic sites (Sonnenberg et al. 2012).

One important property of the intestinal immune system is its capacity to keep a 
balanced response able to eradicate pathogenic organisms and simultaneously toler-
ate the presence of a huge number of commensal microorganisms and their deriva-
tives without triggering an exacerbated inflammatory response that could eventually 
lead to immunopathology. CD4+ regulatory T (Treg) cells play an essential role 
keeping immune tolerance and homeostasis in the intestine. In the GIT, commensal 
microbiota and dietary metabolites promote specialized host immune responses 
through differentiation of appropriate effector and regulatory T-cell populations. 
Segmented filamentous bacteria, that directly interact with the apical side of the 
mucosal epithelium, promote effector T-cell accumulation, particularly of pro- 
inflammatory Th17 cells, within the intestine. In the colon, some specific groups of 
bacteria, such as Clostridiales IV and XIVa, or Bacteroides fragilis promote accu-
mulation of Foxp3+ Treg populations and induction of IL-10. In addition, produc-
tion of cytokines and chemokines by antigen-presenting cells, such as DCs, heavily 
influences the balance between effector and regulatory T-cell responses. Secretion 
of STAT3-activating cytokines, IL-6, IL-23, and IL-12, favors effector T-cell dif-
ferentiation. For example, IL-6 and IL-23 promote Th17 cell-mediated pathogenic 
effector responses as well as restrain Treg differentiation and IL-10 production in 
the intestine (Ahern et  al. 2010), while IL-12 is required for Th1 differentiation 
(Coghill et al. 2011). DC-secreted retinoic acid and TGF-β production, on the other 
hand, modulate the balance between effector and regulatory responses, depending 
on the inflammatory microenvironment and associated cytokine production. Foxp3+ 
Treg secretes anti-inflammatory IL-10 and TGF-β, which reciprocally inhibits Th17 
and Th1 cells. In the small intestine, another Foxp3− Treg cell subset, referred to as 
TR1 cells, is also stimulated by IL-6 to express IL-10. Th17 cells secretes IL-17A 
and IL-17F that have pro-inflammatory effects and mediate neutrophil chemotaxis. 
Th17 cells also express IL-22, which contributes to epithelial homeostasis and stim-
ulates the secretion of AMPs. The mechanisms through which the microbiota modu-
lates Treg differentiation have recently started to be unraveled. B. fragilis releases 
outer membrane vesicles that contain the capsular polysaccharide (PSA) that is 
involved in Treg differentiation (Shen et al. 2012). PSA targets Toll-like receptor 
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TLR2 on intestinal DCs and induces their differentiation to Treg-promoting DCs. In 
addition, bacteria-derived short chain fatty acids, produced during the fermentation 
of dietary fiber by commensal anaerobic bacteria, are also involved in Treg differen-
tiation (Arpaia et al. 2013; Furusawa et al. 2013; Smith et al. 2013). It has been 
proposed that metabolite-sensing G-protein-coupled receptors GPR43 and 
GPR109a, located at the apical surface of the GIT epithelium, are involved in this 
process (Macia et al. 2015).

The immune system plays an important role shaping the composition of the GIT 
microbiome by the production and secretion of AMPs into the lumen of the gastro-
intestinal tract. For example, in graft-versus-host disease (GVHD), disruption of 
Paneth cell function results in reduced luminal secretion of α-defensins altering 
intestinal microbiota causing dysbiosis, which further accelerates the underlying 
diseases (Eriguchi et al. 2015). Therapeutic treatment with recombinant α-defensins 
restore GVHD-mediated dysbiosis in mice (Hayase et  al. 2017). In addition, the 
pro-inflammatory response is able to control the microbial population of the 
GIT.  Mice lacking the bacterial flagelin Toll-like receptor TLR5 develop altered 
GIT microbiota, spontaneous colitis and metabolic syndrome. Similarly, mice with 
intestinal epithelial cells unable to express the inflammasome component NLRP6 
develop GIT dysbiosis, increased recruitment of inflammatory cells to the intestine 
and susceptibility to chemically induced colitis (Elinav et al. 2011). All this evi-
dence suggests that the immune system provides the mammalian host some control 
over the composition of the microbial communities of the GIT and that immune 
dysregulation can alter host-microbial homeostasis in the gut leading to dysbiosis- 
associated diseases.

34.3  Dysbiosis in Outer Space

Dysbiosis in the GIT microbiome has been implicated in auto-immune and inflam-
matory diseases, some cancers and mental disorders. To date, several space-related 
studies have identified shifts in the microbial composition of the oral, intestinal and 
nasal microbiome using culture-based methods on samples collected from astro-
nauts before and after spaceflights of up to 2 months of duration (Decelle and Taylor 
1976; Lencner et  al. 1984; Brown et  al. 1976; Lizko et  al. 1984). Although it is 
likely that the observed compositional changes were caused, at least in part, by the 
stress associated with the flight back to Earth, some moderate inflight increases of 
dental plaque and gum inflammation were observed (Brown et al. 1976). Among the 
observed compositional changes in cosmonauts’ GIT were decreased post-flight 
levels of lactobacilli, some of which are beneficial to human health (Shao et  al. 
2017; Ganji-Arjenaki and Rafieian-Kopaei 2018), and increased enterobacteria and 
clostridia. Another study looking at changes in the intestinal bifidoflora of eight 
astronauts before and after flight detected a significant drop in the abundance of 
bifidobacteria before flight but no significant post-flight changes. It was suggested 
that the observed reduction of bifidoflora before the mission could be a result of the 
effect of nervous and emotional tension during the period of training and 
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preparation for the incoming flight (Goncharova et  al. 1981). Several species of 
bifidobacteria produce anti-microbial molecules that prevents intestinal coloniza-
tion by know gram-negative pathogens, including Salmonella enterica, Shigella, 
and Vibrio cholera (Lievin et al. 2000; Gibson and Wang 1994). Also, studies look-
ing at the effect of short-term space travel on the upper respiratory tract of astro-
nauts identified a significant post-flight increase and potential inflight 
cross-contamination with Staphylococcus aureus (Decelle and Taylor 1976) but no 
changes in other microorganisms were detected.

It has been proposed that the number of bacterial species that populate the differ-
ent ecological niches of the human body are likely to decrease during long space 
missions (Taylor and Sommer 2005; Hales et al. 2002) due to the environmental 
conditions astronauts are exposed to in space. However, a comprehensive 16S anal-
ysis of the intestinal flora from mice flown on the Space Shuttle Atlantis mission 
STS-135 for a period of 13 days did not revealed any post-flight drop in bacterial 
diversity. Moreover, the same study noticed a reduction of lactobacillales with a 
concomitant increase in clostridiales (Ritchie et al. 2015), as observed in post-flight 
gut microbiome samples from crew members (Lizko et al. 1984). The absence of a 
drop in bacterial diversity associated with space travel is also supported by prelimi-
nary post-flight results from our astronauts’ Microbiome project, that investigated 
the effect of long-term space travel (6  months or longer) on the astronauts’ gut 
microbiome (Voorhies et al. 2017).

In spite of all the existing evidence suggesting the composition of the human 
microbiome changes in space, it is important to emphasize that most of these studies 
rely on the contrast between the microbial content of samples collected pre- and 
post-flight and therefore, extrapolations to what happens in space should be done 
with caution. Both, astronauts and animal models are subject to highly stressful 
situations during takeoff and landing. It is known that the stress response is coordi-
nated by the central nervous system through the hypothalamic-pituitary-adrenal 
(HPA) axis, which in turn maintains a complex cross talk with the GIT microbiota 
and the immune system (Rea et al. 2016). It has been shown that through the HPA 
axis different types of psychological stressors can alter the composition of the GIT 
microbiome and lead to bacterial translocations through the intestinal epithelial bar-
rier inducing the production of immunomodulatory cytokines such as IL-6 and 
CCL2/MCP-1 (Rea et al. 2016; Bailey 2014; De Palma et al. 2015; Bailey et al. 
2011, 2006). Therefore, it is likely that the microbial composition of samples col-
lected immediately after a space mission are highly influenced by the acute stress 
experienced by the crew or animal models during the flight back to Earth. Moreover, 
it is possible that during short space missions, the proximity of two very stressful 
situations, takeoff and landing, might synergistically impact the microbial composi-
tion of samples collected immediately after flight.

Two more recent studies made use of 16S analysis and metagenomic sequencing 
to characterize the influence of long space missions (of 6 months or longer) on the 
astronauts’ microbiome by sampling the stool, skin, nose, and tongue of crew mem-
bers before, during and after flight (Voorhies et al. 2017; Turek et al. 2017). Although 
these studies are still ongoing at the time of writing this book edition, preliminary 
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results from inflight samples revealed that the overall composition of bacterial com-
munities from the GIT, skin, and nose significantly change in space. Moreover, for 
some crew members, intestinal microbial diversity increased under microgravity 
conditions (Voorhies et al. 2017) most likely promoted by the new spaceflight diet 
and/or the crowded living conditions of the International Space Station (ISS) that 
might favor a more fluid interchange of microbial flora among crew members. In 
addition, increases in plasma levels of CCL2/MCP-1 suggest that inflight microbial 
dysbiosis may lead to intestinal bacteria translocations, as reported by Bailey et al. 
(Voorhies et al. 2017; Bailey et al. 2011, 2006).

34.4  Microbial Physiological Changes Associated 
with the Space Environment

Over the past 50 years a significant amount of microbial research has been done to 
investigate the effects of space travel on microbial organisms. Although much of the 
accumulated data correspond to studies focused on a limited number of opportunis-
tic pathogenic and probiotic organisms (Ott et al. 2016), their conclusions may well 
provide hints about the way commensals from the human microbiota respond to 
stressors to which they are exposed during a space mission. It is important to con-
sider, however, that the main conclusion derived from these studies is that there 
exists no common, predictable bacterial response to Low Shear Modeled 
Microgravity (LSMMG) and spaceflight and therefore, any extrapolation of these 
studies to the microbial communities that conform the human microbiome must be 
taken with caution.

It has been shown that exposure of several bacteria species to LSMMG or the 
spaceflight environments results in altered bacterial behaviors including increased 
final population density, thicker cellular envelope, reduced sensitivity to antibiotics, 
improved resistance to acidic environments, reduced cellular volume, bacterial 
aggregation in culture and enhanced biofilm formation, increased conjugation effi-
ciency, higher specific productivity of secondary metabolites and increased viru-
lence (Shao et al. 2017; Zea et al. 2017; Klaus and Howard 2006; Nickerson et al. 
2000; Ciferri et al. 1986; Benoit et al. 2006) (see also Chaps. 17 and 18). Microgravity 
may also influence the cell interaction between mutualistic bacteria and their host, 
accelerating bacteria-induced apoptosis in host tissues (Foster et  al. 2013; Ilyin 
2005). It has been proposed that these bacterial responses are the result of the low 
fluid share of liquid cultures associated with the microgravity environment. In addi-
tion, new transcriptomics data suggest that the microgravity-associated altered 
microbial behavior observed in nonmotile bacteria is the result, at least in part, of 
the lack of gravity-dependent forces and flows that limits the extracellular mass 
transport to diffusive processes only (Zea et al. 2017, 2016). However, some experi-
mental evidence shows that not all bacteria species respond in a similar way to 
microgravity and that other environmental factors, such as oxygen or nutrient avail-
ability, may influence bacterial responses to the space environment. For example, 
induction of acid tolerance by simulated microgravity in Salmonella typhimurium is 
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dependent on the presence of phosphate ions in the growth medium (Wilson et al. 
2008). Also, liquid cultures of Lactobacillus acidophilus grown in aerobic condi-
tions under LSMMG showed a shorter lag phase compared with 1 × g controls and 
increased resistance to acid and bile-juice stressors (Shao et al. 2017). Nevertheless, 
under anaerobic conditions, similar to those found in the gut, L. acidophilus show 
no difference in growth rate nor in its resistance to simulated gastric and intestinal 
juices (Castro-Wallace et al. 2017). Thus, the absence of a L. acidophilus response 
to LSMMG when cultured under anaerobic conditions indicates the potential role of 
oxygen in the response to low fluid shear, which has been previously suggested 
(Shao et  al. 2017; Crabbe et  al. 2011). Contrary to L. acidophilus, this oxygen-
dependent differential response to microgravity is not observed in Escherichia coli 
that grow to higher cell densities in space compared to ground controls in anaerobic 
cultures (Zea et al. 2017).

Virulence is another bacterial response that varies across bacteria species. 
Simulated and actual microgravity induces changes in the virulence potential of 
several gram-negative enteric bacteria. For example, the adherent-invasive E. coli 
strain O83:H1 increased it’s adherence and infectivity to Caco-2 gastrointestinal 
epithelial cells (Allen et  al. 2008) and the pathogen S. typhimurium presents 
enhanced invasion of both epithelial and macrophage cells and has a hypervirulence 
phenotype in BALB/c mice when infected orally (Wilson et al. 2007). Simulated 
microgravity also enhanced production of TNF in murine macrophages infected 
with an enteropathogenic strain of E. coli. Also, both simulated and real micrograv-
ity increased resistance to thermal and oxidative stressors in Pseudomonas aerugi-
nosa and enhanced the production of biofilm and alginate, which play an important 
role in protecting mucoid P. aeruginosa biofilm bacteria from the human immune 
system (Crabbe et al. 2011, 2010; Kim et al. 2013a, b; McLean et al. 2001; Leid 
et al. 2005).

Also, there are instances where simulated microgravity or spaceflight induces an 
hypovirulence phenotype, such as Yersinia pestis in cell culture infections (Lawal 
et  al. 2010, 2013) and methicillin-resistant Staphylococcus aureus, Enterococcus 
faecalis, and Listeria monocytogenes in a Caenorhabditis elegans infection model 
(Hammond et al. 2013). S. aureus exposed to LSMMG also presented increased 
sensitivity to oxidative stress with a concomitant downregulation of Hfq expression, 
an RNA-binding factor that seems to play a major role in gram-negative response to 
low fluid share (Castro et al. 2011).

34.5  Bacterial Response and Infectious Diseases During 
Spaceflight

How these space-associated microbial responses may affect host–microbiota 
homeostasis and the interaction with pathogenic bacteria? From the many studies 
looking at microbial responses to spaceflight environment it is clear that bacterial 
behaviors in space do not follow a one-size-fits-all paradigm. These differential 
responses may alter the way subgroups of commensal and opportunistic pathogenic 
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bacteria interacts with the host immune system making them more or less suscep-
tible to host defenses and imposing a differential selective pressure that may lead to 
microbial dysbiosis.

Enhanced biofilm formation is one of the most consistently observed microbial 
changes induced by simulated or real microgravity and may explain, at least in part, 
many other physiological changes associated to spaceflight and/or LSMMG (e.g. 
increased resistance to oxidative stress, production of secondary metabolites, anti-
biotic resistance and increased conjugation efficiency). At the epithelial mucosa of 
the gastrointestinal and respiratory tract or gums, enhanced biofilm formation can 
promote bacterial adhesion to the epithelium (Zea et al. 2017; Allen et al. 2008) 
attracting and activating cellular components of the innate immune response. Two 
of the main cellular components, neutrophils and macrophages, deliver defensive 
actions against pathogenic bacteria through the release of reactive oxygen species 
(ROS) and oxygen-independent enzymes such as lysozymes and lactoferrin and the 
engulfment and killing of bacteria via phagocytosis. Although these actions are very 
efficient eliminating planktonic, single-celled microbes, they are not as effective 
against biofilm bacteria. In consequence, biofilms form persistent infections that are 
recalcitrant to the action of activated and opsonized phagocytes of the innate 
response, antibody responses, other components of the host response (e.g. comple-
ment) and to the action of antibiotics. As the highly active immune response cannot 
effectively eliminate the biofilm infection, the surrounding epithelium mucosa is 
exposed to deleterious oxidative radicals and enzymes released from inflammatory 
cells that may lead to a leaky epithelial barrier and translocation of microorganisms 
and/or their products into the host contributing to systemic inflammation. This is in 
agreement with changes observed in plasma cytokine profiles from astronauts’ 
peripheral blood in space. Comparison of cytokine levels before and during long- 
duration space missions revealed increased levels of TNF, IL-8, IL-1ra, CCL2, 
CCL4, and CXCL5, suggesting systemic mild inflammation and leukocyte recruit-
ment (Crucian et al. 2014a). In addition, a more recent study of the leukocyte popu-
lation in space showed an increase of neutrophils in peripheral blood of astronauts 
during long-stays in the ISS (Crucian et al. 2015). The same study also identified a 
significant inflight reduction in the production of anti-inflammatory IL-4, IL-5, and 
IL-10 and of INFγ, which may impact the secretion of IgA in the intestinal lumen 
and reduced local and systemic tolerance as well as protection against opportunistic 
pathogens.

34.6  Immune Dysregulation in Spaceflight

Immunological studies of animal models and astronauts during spaceflight have 
identified important alterations of several immune parameters. Rats flown on 9- and 
14-day missions had reduced total white blood cell (WBC) counts, lymphocytes, 
monocytes, and eosinophils and an increase in neutrophils (Allebban et al. 1994; 
Ichiki et  al. 1996). Both studies also reported a drop in the absolute number of 
CD4+ and CD8+ T cells as well as B lymphocytes. Depressed cell‐mediated 
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immunity (delayed-type hypersensitivity), was observed in astronauts during long‐
duration flight determined in vivo (Taylor and Janney 1992; Cogoli 1993; Gmunder 
et  al. 1994) and supports the hypothesis that the immune system is functionally 
altered during spaceflight. Another study looking at changes in the human immune 
response during 6-month spaceflight missions reported a significant inflight increase 
in total WBC counts and granulocyte levels whereas levels of lymphocytes, mono-
cytes, CD4+ and CD8+ T cells subsets, memory T cells, and B cells did not change 
in space (Crucian et al. 2015). The same study detected an upward inflight trend, 
that became significant at some point during the mission, in the levels of active 
CD8+ T cytotoxic (Tc) cells (CD28+/CD244+) and Natural Killer (NK) cells 
(CD45+/CD16+/CD56+). Even though the detection of higher NK cells in space 
contradicts findings from other investigations, it has been proposed that this dispar-
ity could be due to the use of different experimental setups (Crucian et al. 2015). It 
is likely that the elevated inflight levels of NK and Tc cells are in response to the 
virus reactivation phenomena associated to spaceflight (Crucian et al. 2015; Mehta 
et al. 2014, 2013).

Even though neutrophil counts are consistently increased in space (Crucian et al. 
2015; Allebban et al. 1994; Ichiki et al. 1996), lower phagocytosis, oxidative burst 
capacity and reduced chemotaxis have been reported after 9-day or longer missions 
(Stowe et  al. 1999; Kaur et  al. 2004). Similarly, a reduction in oxidative burst, 
degranulation and phagocytosis capacity were noted in monocytes collected from 
astronauts after short-duration space missions with a concomitant drop in the 
expression of CD32 and CD64, two surface markers involved in phagocytosis (Kaur 
et al. 2005). However, inflight cell culture experiments revealed that human bone- 
marrow macrophages stimulated with lipopolysaccharide (LPS) during spaceflight 
secretes higher levels of IL-1 and TNF compared to ground controls and agrees with 
results from monocytes exposed to simulated microgravity (Chapes et  al. 1992; 
Batkai et al. 1999; Saei and Barzegari 2012). Even though macrophages seem capa-
ble of producing an enhanced response to LPS by secreting higher levels of IL-1 and 
INF-α, the reduced phagocytic and oxidative burst capacity observed in macro-
phages and neutrophils under microgravity conditions strongly suggests that in 
space cosmonauts have a higher risk of contracting bacterial infections due to a 
weakened, less efficient, innate immune response against planktonic and biofilm 
bacteria. Whether this impaired response against biofilms also increases the risk of 
chronic bacterial infections merits further investigations.

In addition, another study revealed that the density of ICAM-1, a surface adhe-
sion molecule that participates in the stabilization of leukocyte cell–cell interactions 
and endothelial transmigration, increases at the surface of macrophage-like differ-
entiated human U937 cells under microgravity conditions, as opposed to murine 
BV-2 microglial cells where ICAM-1 density drops during spaceflight (Paulsen 
et  al. 2015). A similar investigation determined that primary human M1 macro-
phages cultured in the ISS for 11 days had lower density of ICAM-1 molecules 
compared to ground controls, proliferated faster under microgravity and did not 
exhibit any quantitative or structural change of the F-actin and vimentin cytoskele-
ton (Tauber et al. 2017). A reduced surface expression of the adhesion molecule 
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ICAM-1 may affect cell migration and result in disturbed activation of CD4+ T 
lymphocytes and the specific immune response. Interestingly, the same study also 
identified more de-fucosylated proteins on the cell surface of M1 macrophages 
associated with the spaceflight environment suggesting that under microgravity M1 
macrophages could become less responsive to LPS stimulation or other activation 
mechanisms upon microbial exposure (Tauber et  al. 2017; Cameron 1985). It is 
intriguing why the effect of microgravity on ICAM-1 densities at the surface of 
monocyte/macrophage cells is not consistent. It has been proposed that it could be 
the consequence of different cell systems (tumor cell lines in various states of dif-
ferentiation versus primary cells) and experimental conditions (Paulsen et al. 2015; 
Tauber et al. 2017). The lack of cytoskeletal changes associated with real micro-
gravity in primary M1 macrophages (Tauber et al. 2017) also contradicts the results 
of other studies, mostly based on tumor cells as model systems. There exists a sig-
nificant parallelism between cytoskeletal alterations reported in microgravity and in 
tumor cells regarding the loss of actin filaments (Yamaguchi and Condeelis 2007) 
and the disorganization of microtubules (Pachenari et al. 2014), and the potential 
crucial function of Rho-GTPases both in tumor cell biology (Gomez del Pulgar 
et al. 2005; Jaffe and Hall 2005; Vega and Ridley 2008) and in microgravity-induced 
cellular reorganization (Louis et al. 2015). Therefore, the results from studies using 
tumorigenic cell lines to study the microgravity effects on cytoskeleton organization 
should be taken with caution.

Dendritic cells (DCs) play a fundamental role in the processing and presentation 
of antigens to T lymphocytes during the initiation of both innate and acquired 
immune responses. It has been shown that the generation and function of DCs are 
perturbed in cell cultures under simulated microgravity (Savary et al. 2001). DCs 
grown under these conditions presented reduced phagocytosis capacity and density 
of HLA-DR at the cell surface, suggesting a diminished capacity of antigen presen-
tation compared to control DCs grown in static cultures. In addition, a smaller pro-
portion of microgravity-grown DCs expressed CD80 at the cell surface and produced 
lower levels of IL-12 (Savary et al. 2001). These results seem to indicate that the 
generation of DCs as well as some of the functions required to mount an effective 
immune response to pathogens may be disturbed in the space environment.

A study of cosmonauts aboard the ISS for 6 months registered a sustained and 
significant increase in blood of the endocannabinoid (EC) anandamide (see also 
Chap. 10) while no significant changes were registered for 2-arachidonoylglycerol. 
After the mission, the blood concentrations for both ECs returned to baseline. In 
the same study, the authors hypothesized that enhanced EC signaling could be 
required for adaptation and tolerance to the microgravity environment (Strewe 
et al. 2012). Interestingly, it has been shown that the EC system regulates immune 
homeostasis in the GIT, intestinal barrier permeability and has been associated 
with obesity, insulin resistance and type II diabetes (Muccioli et al. 2010; Acharya 
et al. 2017). Moreover, GIT microbial composition modulates EC system activity 
(Muccioli et al. 2010; Mehrpouya-Bahrami et al. 2017). Anandamide and 2-arachi-
donoylglycerol have antagonistic effects on the gut epithelium, respectively 
enhancing or diminishing gut barrier permeability by altering the distribution and 
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localization of tight-junction proteins. It is possible that the observed inflight 
increase of anandamide could lead to enhanced gut epithelium barrier permeability 
to LPS and other microbiome products and contribute, at least partially, to the mild 
inflammatory response observed in cosmonauts during long-term space missions. 
If that is the case, then treatments known to block the effect of anandamide and 
inflammation in the GIT such as the administration of prebiotics or treatment with 
the probiotic bacteria Akkermansia muciniphila could be implemented in space to 
reduce the risks of diseases associated with chronic inflammatory responses (Cani 
et al. 2016).

34.7  The Microbiome, Immune Dysregulation in Spaceflight 
Analogs

Further studies have been conducted or initiated in confined and high-fidelity stress-
ful space analog environments such as in the Antarctic or in controlled confined 
conditions (e.g. HERA facility in the US, the Mars500/SIRIUS facility in Russia or 
the envihab at DLR in Germany, as examples, see also Chap. 36). Here, some spe-
cific conditions associated with long-duration and exploration space missions can 
be reproduced and investigated, allowing to explore more holistically the interac-
tions of the space analog stressors in the future with the microbiome, and how the 
immune system shapes the composition of the GIT microbiome and vice versa. This 
is possible since the immune system is affected in such analogs at different slopes 
and intensities, indicating the development of an immune hypersensitivity as a func-
tion of these stressors (Feuerecker et al. 2019; Yi et al. 2015; Crucian et al. 2014b). 
Since allergies have also been reported by crew members during a space mission 
(Crucian et al. 2016), and because of the emerging knowledge on the link between 
allergies and the (GIT) microbiome, these space analog environments will contrib-
ute to a better understanding of the impact of space-associated stressors on the crew 
microbiota and its interaction with the immune response.

34.8  Conclusion

The human microbiome is essential to human health. Over millions of years the 
human immune system has learnt how to tolerate commensal beneficial microor-
ganisms that conform the microbiome while keeping out opportunistic pathogens. 
Central to this “peaceful” coexistence is an intense cross-talk between the human 
microbiome and the immune system. Current experimental evidence from studies 
performed during space missions or under simulated microgravity strongly suggest 
that space travel disrupts host–microbiome homeostasis causing dysbiosis and dys-
regulation of the immune system that, in the long run, might lead to immunopa-
thologies and infectious diseases. Higher inflight concentrations of pro-inflammatory 
cytokines and the endocannabinoid anandamide together with increased numbers of 
neutrophils are all compatible with a potential increase in the permeability of the 
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intestinal epithelial barrier associated with space travel. Increased anandamide and 
a chronic leaky gut have been found associated to a number of inflammatory disor-
ders such as insulin resistance, type II diabetes and inflammatory bowel disease. 
Lower phagocytosis and oxidative burst capacity of macrophages and neutrophils 
might also contribute to a less efficient inflight clearance of microbial infections and 
the establishment of systemic diseases. In addition, the potential space-associated 
alteration of host–microbiome homeostasis together with the enhanced virulence 
phenotype observed in some opportunistic pathogens suggest cosmonauts may have 
an increased risk of contracting infectious diseases.

Although in most cases immune dysregulation remains subclinical in space 
(Crucian and Sams 2009), there is a possibility that alterations in host–microbiome 
homeostasis, immune response, microbial physiology, virulence and antimicrobial 
resistance as well as dysbiosis become more exacerbated during longer space jour-
neys, such as future missions to Mars or long stays on the moon surface. Thus, in 
deep space, all these factors could converge synergistically into a “perfect storm” 
situation facilitating the establishment and speeding up the development of micro-
bial infection or immune-related diseases as well as reducing the efficacy of planned 
therapeutic treatments. Therefore, in the near future it will be essential to use model 
organisms (either wild-type or susceptible for specific immune diseases) to perform 
inflight experiments that allow to assess all these factors together, simulating infec-
tions and investigating the effectivity of countermeasures such as the usage of pre- 
and probiotics, enriched diets and antimicrobial/immunomodulatory therapies 
(Crucian et al. 2018).
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35.1  Introduction

Opportunities for microbes to establish infections are enhanced under spaceflight 
conditions because space travel can stimulate their growth (Fig.  35.1) and has a 
negative impact on immune cells (Chap. 18). Although a well-characterized post- 
flight phenomenon, immune dysregulation occurs and persists during spaceflight, 
confirming in-flight dysregulation distinct from the influences of landing and read-
aptation following deconditioning (Crucian et al. 2015, 2016a, b).

Spaceflight affects lymphoid organs (Gridley et al. 2003; Baqai et al. 2009) and 
induces variations in peripheral blood leukocyte subsets (Chaps. 12–14). Several 
studies were undertaken to understand how spaceflight environment impairs natural 
immunity and T cell responses (for review see Frippiat et al. 2016; Guéguinou et al. 
2009). It has been shown that the phagocytic and oxidative functions of neutrophils 
are affected by spaceflight conditions (Kaur et al. 2004; Rykova et al. 2008) and that 
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astronauts’ monocytes exhibit phenotypic and cytokine-production deregulations, a 
reduced ability to engulf E. coli, elicit an oxidative burst, and degranulate (Crucian 
et al. 2011; Kaur et al. 2005, 2008; Rykova et al. 2008). Low natural killer cell cyto-
toxicity and a delay in responses to hypersensitivity skin tests were observed 
(Meshkov and Rykova 1995; Taylor and Janney 1992). Reactivation of latent herpes 
viruses has frequently been reported and can be considered as a good biomarker of 
spaceflight-induced weakening of cell-mediated immunity (Cohrs et  al. 2008; 
Mehta et  al. 2000; Pierson et  al. 2005). Numerous studies did also investigate 
reduced T cell activation under low gravity conditions (Cogoli et al. 1984; Gridley 
et al. 2009) and highlighted that almost all cellular parameters can be affected such 
as: (1) gene expression, as shown by lower expressions of interleukin-2 (IL-2) and 
IL-2 receptor alpha chain (Walther et al. 1998); (2) cell–cell interactions and cyto-
skeleton structure, as T lymphocytes were found to be highly motile under micro-
gravity while the motility of monocytes was severely reduced and the structure of 
their cytoskeleton was modified (Sciola et al. 1999; Meloni et al. 2006, 2011); (3) 
signal transduction, as PKA and NF-κB signaling pathways were shown to contrib-
ute to T cell dysfunction under altered gravity (Boonyaratanakornkit et al. 2005; 
Chang et al. 2012; Martinez et al. 2015) and (4) disturbed expression of cell cycle 
regulatory proteins (Thiel et  al. 2012) (see also Chap. 17). Studies on plasma 
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Fig. 35.1 Microgravity, radiation, and modifications of socio-environmental factors encountered 
during spaceflight weaken the immune system and induce osteoporosis. Cells involved in natural 
immunity and immune-competent B and T lymphocytes derive from hematopoietic stem cells that 
reside in the bone marrow in specialized niches. Changes in bone microstructure could therefore 
contribute to variations in peripheral blood leukocyte subsets observed at landing. Promising coun-
termeasures are indicated in green. Antioxidants have a broad action, other countermeasures are 
effective on the immune system, bones or both
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antibody levels did not reveal significant changes after short spaceflights (Rykova 
et  al. 2008), but contradictory results were reported after long missions. Indeed, 
several studies (Konstantinova et al. 1993; Bascove et al. 2011, 2009; Guéguinou 
et al. 2009) reported changed in immunoglobulin production while Rykova et al. 
(2008) reported normal amounts of antibodies after prolonged space missions.

Spaceflight conditions also have a negative impact on immune cell production. 
Indeed, the in vitro culture of human CD34+ bone marrow progenitors during space-
flight revealed the inhibitory effect of microgravity on erythropoiesis and myelopoi-
esis (Davis et al. 1996). Changes in the maturation of granulocytic cells in murine 
bone marrow were also reported after a 13-day spaceflight (Ortega et  al. 2009). 
Finally, both T and B lymphopoiesis were shown to be reduced under altered gravity 
conditions (Woods et al. 2003, 2005; Huin-Schohn et al. 2013; Lescale et al. 2015; 
Ghislin et al. 2015).

Taken together, these data demonstrate that spaceflight-induced modifications of 
immune cell function and production could have an immediate impact on mission 
objectives.

The development of efficient countermeasures to combat the deleterious effects 
of spaceflight on the immune system is therefore required before we undertake pro-
longed space voyages. Furthermore, some of the observations presented above are 
also found in the elderly and people subjected to chronic or acute stress (for review 
see Weiskopf et al. 2009; Glaser and Kiecolt-Glaser 2005) (see Chap. 6). Finding 
countermeasures to spaceflight-induced immune alterations are therefore of interest 
to counter immunosenescence and the effects of stress-inducing situations on Earth.

35.2  Effects of Combined Antioxidant Treatment

Increased oxidative stress, which is harmful to cells and can induce many disorders, 
has been observed after radiation exposure and is associated with spaceflight (Stein 
and Leskiw 2000; Wan et al. 2005; Barrila et al. 2016). Indeed, lipopolysaccharide 
(LPS)-activated splenocytes from mice that flew onboard the space shuttle during 
mission STS-118 produced more interleukin-6 (IL-6) and interleukin-10 (IL-10) 
and less tumor necrosis factor (TNF) than control mice (Baqai et  al. 2009). The 
same study showed that many of the genes responsible for scavenging reactive oxy-
gen species (ROS) were upregulated after the flight, suggesting that cells attempted 
to scavenge ROS produced during spaceflight. An increase in the superoxide 
response by murine polymorphonuclear neutrophils was also reported even after 
short periods of microgravity (Fleming et al. 1991). Furthermore, it was shown that 
the urinary concentration of 8-hydroxy-2′-deoxyguanosine, a marker of oxidative 
damage to DNA, was higher and that red blood cell superoxide dismutase, an anti-
oxidant enzyme that functions as a superoxide radical scavenger, was lower in astro-
nauts after long-duration spaceflight (Smith and Zwart 2008). A downregulation of 
GPX1, which encodes glutathione peroxidase (GPX1), an enzyme that protects cells 
from oxidative damage and modulates the immune response, was also noted in 
astronaut’s blood (Barrila et  al. 2016). In the same way, it has been shown that 
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spaceflight can downregulate antioxidant defense capacity and elicits an oxidative 
stress in rat liver (Hollander et al. 1998). Spaceflight significantly decreased cata-
lase, glutathione (GSH) reductase and GSH sulfur-transferase activities in the liver 
of flown rats. It did also induce a decrease of liver GSH, GSH disulfide and total 
GSH contents which were accompanied by a lower gamma-glutamyl transpeptidase 
activity. Finally, it has been shown that microgravity generates a pro-oxidative envi-
ronment that activates inflammatory responses in cultured human umbilical vein 
endothelial cells (Versari et al. 2013). These two last examples indicate that oxida-
tive stress is a general feature.

Research was undertaken to determine if antioxidants could protect organisms 
from radiation-induced oxidative stress. Three studies showed that a mixture of 
l-selenomethionine (SeM), vitamin C, vitamin E succinate, alpha-lipoic acid, and 
N-acetyl cysteine improved the survival of mice after exposure to protons or to a 
potentially lethal dose of X-rays (Wambi et al. 2008, 2009) (Table 35.1). Pretreatment 
of mice with this mixture of antioxidants resulted in significantly higher total white 
blood cell and neutrophil counts in the peripheral blood and increased bone marrow 
cell counts after irradiation. Antioxidants increased Bcl-2 (B cell lymphoma-2, a 
protein regulating anti-apoptotic mechanisms) and decreased Bax (Bcl-associated 
X protein, promoting apoptosis), caspase 9, and TGF (transforming growth 
factor)-β1 mRNA expression in the bone marrow after X-ray irradiation (Wambi 
et al. 2008). This diet altered the expression pattern of several pro- and anti- apoptotic 
genes (Finnberg et al. 2013). In mice or rats exposed to high-energy particle radia-
tion, d- or l-SeM or a combination of selected antioxidant agents, which included 
SeM, could also prevent the decrease in total antioxidants by regulating the expres-
sion of genes involved in the repair of radiation-induced DNA damage (Kennedy 
et al. 2004, 2007). Besides, it has been shown that a diet containing a mixture of 
antioxidant agents reduced the risk of developing malignant lymphoma in mice 
exposed to space radiation. It reduced the yields of a variety of different rare tumor 
types (Kennedy et al. 2008).

Taken together, these results suggest that antioxidant dietary supplements could 
be useful in the prevention of malignancies and other neoplastic lesions developing 
from exposure to space radiation.

35.3  Nucleotides

Nucleotides are beneficial for health because they positively influence lipid metabo-
lism, immunity, and tissue growth, development and repair (Gil 2002). Rapidly pro-
liferating tissues, such as those of the immune system, are not able to fulfill the 
needs of cell nucleotides exclusively by de novo synthesis and consequently use the 
salvage pathway that recovers nucleotides from the blood and diet. Nucleotides 
modulate the immune system (Nagafuchi et al. 1997; Holen et al. 2006). They influ-
ence lymphocyte maturation, activation, and proliferation. Likewise, they affect 
lymphocyte subset populations in the blood and are involved in enhancing macro-
phage phagocytosis and delayed hypersensitivity as well as allograft and tumor 
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responses. In addition, they contribute to the immunoglobulin response (Navarro 
et al. 1996; Nagafuchi et al. 1997; Maldonado et al. 2001), which has a positive 
effect on clearing infection. The molecular mechanisms by which nucleotides mod-
ulate the immune system are still largely unknown. Nucleotides may influence pro-
tein biosynthesis as well as signal membrane transduction mediated by the 
interaction of exogenous nucleosides and their receptors. They may also contribute 
to modulate the expression of a number of genes, including those involved in the 
immune system.

Because nutrient absorption and metabolism appear to be altered under space-
flight conditions (see Chap. 33), several studies have analyzed the effects of an 
exogenous source of nucleotides on immune function using ground-based models 
of microgravity. Hales et al. (2002) and Kulkarni et al. (2002, 2005) have shown that 
the decreased splenocyte proliferation in response to phytohemagglutinin (PHA) 
under simulated microgravity can be restored by a nucleoside-nucleotide mixture 
and uridine but not by inosine. This observation indicates that pyrimidines are more 
effective for immunoprotection of the hosts (Table  35.1). In vitro studies also 
revealed that cultured splenocytes secreted more IL-1β, IL-2, and interferon (IFN)-γ 
in the presence of a nucleoside-nucleotide mixture. In addition, Kulkarni et  al. 
(2002, 2005) performed in vivo studies that demonstrated that popliteal lymph node 
proliferation, PHA-induced splenocyte proliferation, and IL-2 and IFN-γ produc-
tion, which are significantly suppressed in hindlimb-unloaded mice (a ground-based 
model of choice for simulating spaceflight conditions on Earth (Globus and Morey- 
Holton 2016)), are restored by RNA and uracil. Similarly, Yamauchi et al. (2002) 
showed that in hindlimb-unloaded mice, nucleotides significantly increased in vivo 
lymph node proliferation and ex vivo lymphoproliferation response to alloantigen 
and mitogens, respectively, and IL-2 and IFN-γ production. Moreover, a lower 
plasma corticosterone level was observed in hindlimb-unloaded mice with RNA 
and uracil-supplemented diet. Furthermore, it has been shown that adenosine limits 
the oxidative stress response of polymorphonuclear leukocytes after parabolic flight 
through an upregulation of the adenosine A2(A) receptor function. This stop signal 
on inflammation is stronger than that under normal physiologic states and may limit 
further cytotoxic damage (Kaufmann et  al. 2011). Thus, nucleotides possess 
immune-protective effects. These molecules are therefore potential countermea-
sures for the observed immune dysfunction associated with space travel.

35.4  Active Hexose-Correlated Compound

Another interesting compound is the active hexose-correlated compound (AHCC). 
AHCC is an extract prepared from cocultured mycelia of several species of 
Basidiomycete mushrooms that contains 40% of polysaccharides (β-glucan and 
acetylated α-glucan which are known to have immune-stimulating effects), amino 
acids, and minerals. AHCC is a popular complementary and alternative medicine 
used by cancer patients in Japan. It is available to the public without a 
prescription.
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AHCC may help in the treatment of cancer. Indeed, a cohort study showed a 
significantly longer no recurrence period and an increased overall survival rate in 
113 postoperative liver cancer patients taking AHCC (Matsui et al. 2002). Another 
study showed that AHCC significantly enhanced cisplatin-induced antitumor effect 
(Hirose et al. 2007). In a murine engraftment model of acute myeloid leukemia, 
AHCC led to significantly increased survival time and decreased blast counts 
(Fatehchand et al. 2017). As a last example, it has been shown that ovarian cancer 
cell viability was significantly reduced through treatment with AHCC (Choi et al. 
2017).

Several studies have shown that AHCC has also a positive effect on human and 
rodent immune systems, including the enhancement of host resistance to influenza 
and West Nile viruses, improved protective antibody titers to influenza B vaccine, 
the prevention of thymic apoptosis induced by dexamethasone, the increase of natu-
ral killer cell activity, the enhancement of CD4+ and CD8+ T cell immune responses 
in healthy elderly persons and the induction of IL-12 production (Burikhanov et al. 
2000; Matsui et al. 2002; Yagita et al. 2002; Nogusa et al. 2009; Wang et al. 2009; 
Yin et al. 2010; Roman et al. 2013).

AHCC was shown to induce the overexpression of the Linker for activated T 
cells (LAT) gene by nearly fourfold (Olamigoke et  al. 2015) (Table  35.1). LAT, 
which is the primary activator after TCR engagement, increased by 2.7-fold in 
AHCC-treated lymphocytes compared to control even at 360 h post-treatment. As 
an adaptor protein, the function of LAT in TCR signaling centers upon its tyrosine 
phosphorylation and subsequent recruitment of other signaling proteins. Upon TCR 
engagement, phosphorylation of LAT allows it to interact with several SH2 domain- 
containing proteins, such as Grb2, Gads, and PLC-γ1. Interestingly, inhibitions of 
LAT and PLC-γ1, related to reduced T cell activation, were noted when lympho-
cytes are placed in microgravity (unpublished data). Hence, AHCC might be able to 
directly activate LAT and thus might be a possible future countermeasure candidate 
to restore T cell activation in immunosuppressive scenarios.

AHCC was also tested on hindlimb-unloaded mice that present decreased resis-
tance to bacterial infections (Klebsiella pneumoniae and Pseudomonas aeruginosa) 
(Belay et  al. 2002; Aviles et  al. 2003). Hindlimb-unloaded mice showed signifi-
cantly increased mortality and reduced mean time to death, increased levels of cor-
ticosterone, reduced ability to clear bacteria from their organs, and delayed 
production of anti-P. aeruginosa IgG antibodies, by comparison with controls. 
Aviles et  al. (2003) showed that the administration of AHCC for 1 week before 
suspension and throughout the 10-day suspension period yielded significant benefi-
cial effects for hindlimb-unloaded mice infected with K. pneumoniae, including 
decreased mortality, increased time to death, and increased ability to clear bacteria. 
Furthermore, mice receiving AHCC independent of the type of treatment (hindlimb- 
unloaded or normally caged) had higher anti-K. pneumoniae IgG antibody levels. 
The same team later demonstrated that AHCC significantly enhanced the function 
of the immune system in normally housed mice but only enhanced the TH1 response 
in mice under hindlimb-unloading conditions (Aviles et  al. 2004) (Table  35.1). 
Interestingly, TH1 cytokine production has been shown to be depressed after 
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short- and long-duration missions on the International Space Station (Crucian et al. 
2008). Indeed, both groups of astronauts had a low IFN-γ to IL-10 secretion ratio on 
the day of landing after activation of peripheral blood T cells with anti-CD3 and 
anti- CD28 antibodies. This observation was confirmed by another study performed 
on PHA-stimulated splenocytes from mice flown on STS-108, which revealed that 
both IL-2 and IFN-γ were significantly lower after the flight (Gridley et al. 2003) 
indicating that a shift toward the TH2 subset is associated with spaceflight. This 
shift could represent a significant clinical risk for TH2-related autoimmune dis-
eases, allergies, hypersensitivities, and disease susceptibility related to diminished 
cell-mediated immunity. AHCC also restored peritoneal cell functions that are sup-
pressed by hindlimb-unloading and increased nitric oxide production in peritoneal 
cells isolated from hindlimb-unloaded mice. Other studies confirmed that AHCC 
enhances resistance to infection. In a mouse model of surgical wound infection, 
mice receiving AHCC were better able to clear bacteria than control animals (Aviles 
et al. 2006). AHCC increased immune function that resulted in a lower bacterial 
load in a murine model of intramuscular infection (Aviles et al. 2008) and in an 
increased resistance of mice to chlamydia genital infection (Belay et  al. 2015). 
AHCC was also able to decrease LPS-induced inflammatory markers (cytokines, 
nitric oxide) and edema formation in the gut of rats, and diminished lymphocyte 
infiltration restoring gut architecture (Doursout et al. 2016). Finally, and interest-
ingly, it was suggested that enhanced immune function observed with AHCC could 
be caused by attenuated concentrations of stress hormones and catecholamine (Love 
et al. 2013).

In conclusion, AHCC is an immunoenhancer that restores innate immunity, and 
a good candidate to lower stress hormones and restore T cell activation in immuno-
suppressive scenarios on Earth and in space.

35.5  DHEA

Dehydroepiandrosterone (DHEA) is one of the major circulating adrenal cortical 
hormones in humans and many other warm-blooded animals. This hormone is 
secreted by the adrenal cortex in response to stress (Kroboth et al. 1999). In the 
plasma, DHEA is predominantly present as DHEA-S that generates DHEA after 
cleavage of the sulfate group. For many years, the physiological significance of 
DHEA remained elusive. However, many studies have now shown that DHEA has 
significant immune modulatory functions, exhibiting both immune stimulatory and 
anti-glucocorticoid effects (for review see Hazeldine et  al. 2010). The DHEA 
response to acute stress appears to be an important factor in stress-mediated immu-
nological responses, with differential effects on immunity depending upon the pres-
ence of other hormones (Prall et al. 2017).

DHEA-S increases superoxide generation in primed human neutrophils in a 
dose-dependent fashion, thereby impacting a key bactericidal mechanism (Radford 
et al. 2010). In the same way, DHEA treatment has been shown to promote autoph-
agy in Mycobacterium tuberculosis-infected human macrophage-like THP-1 cells 
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(Bongiovanni et al. 2015). In murine models, exogenous DHEA counteracts stress- 
induced glucocorticoid immunosuppression and increases the resistance of mice to 
viral and bacterial infections (Ben et al. 1999; Zhang et al. 1999). DHEA-S supple-
mented pigs, immunized against KLH (keyhole limpet hemocyanin) and ovalbu-
min, had greater concentrations of IgG and relative concentrations of antigen-specific 
IgG compared to control pigs indicating that DHEA-S supplementation increases 
responsiveness to an antigenic challenge (Burdick et al. 2009). Administration of 
DHEA has been demonstrated to improve survival and cellular immune functions in 
a murine model of sepsis (Schmitz et al. 2010). It also suppressed airway hyper- 
responsiveness and decreased eosinophil infiltration in the lungs to improve the 
symptoms of asthma in ovalbumin-sensitized mice (Liou and Huang 2011). In 
murine model systems of aging, DHEA appears to reverse the immunological 
defects seen as a consequence of aging. In particular, DHEA increased the ability of 
old mice to resist experimental viral and bacterial disease (Daynes et  al. 1993; 
Straub et al. 1998). DHEA administration also restored immune function after ther-
mal and trauma-hemorrhage injury and reduced mortality rates from septic chal-
lenge (Knoferl et al. 2003). In addition, DHEA provides protection against several 
diseases, including diabetes, oncological disorders, autoimmune disease, and 
chronic inflammatory illness. DHEA appears to be a potent regulator of cytokine 
production supporting the idea that this molecule acts on T cells, which is the lynch 
pin of the adaptive immune response. However, conflicting results on cytokine pro-
duction in the presence of DHEA have been reported (Table 35.1). In vitro studies 
(Du et  al. 2001; Powell and Sonnenfeld 2006) showed that DHEA might be an 
important factor for increasing TH2 cytokine synthesis, which encourage vigorous 
antibody production and are commonly associated with antibody responses impor-
tant for resisting infection, and decreasing TH1 and pro-inflammatory cytokine pro-
duction. However, DHEA has shown an opposite effect in vivo in which a TH1 
upregulation associated with DHEA administration has been found in old or retro-
virus-infected mice (Inserra et al. 1998; Zhang et al. 1999; Araghi-Niknam et al. 
1997). These discrepancies may reflect differences in assays used to determine 
DHEA effects on cytokine production or differences in animal models used. 
Additionally, whereas in vitro DHEA is protected from biomodifications, in vivo 
DHEA administration could lead to rapid clearance from the blood and conversion 
to other steroids in peripheral tissue, which can affect T cells differently from 
DHEA. Despite these contradictory data, DHEA and DHEA-S seem beneficial to 
immune function and disease resistance, and are therefore promising countermea-
sures to fight the effects of spaceflight-associated stress on the immune system.

35.6  Pharmacological Approaches to Reduce Stress 
Hormone Effects

Targeting sympatho-adrenergic activation could be a pharmacological countermea-
sure to be envisaged as reviewed in Crucian et  al. (2018). Sympatho-adrenergic 
activation in space may be strongly affecting the immune functions (see also Chaps. 
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6 and 8). As a surrogate marker of sympatho-adrenergic activation, it has been 
shown that the systolic arterial pressures as well as the heart rates were higher with 
dysfunction of vagal baroreflex control in space. Also, sympathetic nerve activity 
was observed to be elevated during spaceflight as compared to conditions on ground 
and microgravity exposure seems hence to induce a prevalence of sympathetic and 
decreased vagal cardiovascular control.

The key hormones of the sympathetic nerve system (SNS), the catecholamines 
epinephrine (E) and norepinephrine (NE), are potent immune modulators as shown 
in vitro (1) for E to negatively downregulate LPS-related TNF and IL-1β release in 
healthy subjects and ill patients, (2) to alter the TH1/TH2 immune balance and 
hereby impact the likelihood of hypersensitive immune reactions and (3) for norepi-
nephrine to suppress oxidative burst reactions of granulocytes in a dose-dependent 
fashion. Interestingly, elevations of plasma E and NE levels in astronauts positively 
correlated with high adaptive immune impairments and higher herpes viral shed-
ding (see Chap. 19). Not surprisingly, this virus directed effect can be expanded on 
other viruses, because catecholamine-mediated stress responses have the potential 
to differentially impact herpes simplex viruses (HSV) HSV-1 and HSV-2 expression 
and theoretically affect clinical outcomes of an infection. Thus, exploration crew 
might be taking advantage from selected antiadrenergic therapies since excessive 
sympathetic activity can suppress antiviral CD4+ T cell responses. Also, it was 
reported that antiviral CD8+ T cell responses can be enhanced by the administration 
of a β2-adrenergic antagonist in mice (Grebe et al. 2009). Here, β-blockers, a medi-
cation commonly used to treat cardiac arrhythmias and high blood pressure and to 
prevent from migraine, could represent a safe tool to counterbalance spaceflight 
related sympathetic nervous system activation that could lead to adverse immune 
consequences.

β-blockers bind to and block the ARs with no intrinsic secondary activation. One 
of the most widely used, peripherally and centrally acting β-blocker is propranolol. 
The expression and function of the target ARs have been studied extensively in 
dendritic cells, lymphocytes, and monocytes, and have recently been characterized 
in PMN as well and have shown beneficial effect by immune modulating properties. 
Therefore, also the evidence has been growing that propranolol could become a 
drug with anti-cancer properties. For example, propranolol improved the recur-
rence-free survival rates in mice undergoing primary tumor excision and has been 
reported to limit the recurrence of melanoma in humans. A combination of cyclo-
oxygenase-2 and β-adrenergic blockade was seen to reduce liver metastasis of colon 
cancer and improved metastatic biomarkers in breast cancer patients (De Giorgi 
et al. 2017; Glasner et al. 2010; Killock 2017; Shaashua et al. 2017; Sorski et al. 
2016). However, these effects cannot yet be extrapolated to other solid tumors.

Targeting HPA activation in space could be another complimentary tool to reduce 
the action of the increased concentrations of free cortisol, which is known to be of 
strong immune modulator function. Mifepristone, a competitive glucocorticoid 
receptor antagonist, and ketoconazole, a steroidogenesis inhibitor, are used in 
Cushing patients suffering from the consequences of hypercortisolism but the side 
effects, especially for ketoconazole, can be very considerable and preclude from a 
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further application. New orally active and high-affinity selective antagonist of the 
glucocorticoid receptor are now tested and first results on dose-related safety, toler-
ability, pharmacokinetics, and pharmacological effects of e.g. CORT125134 have 
become available and look promising. Hunt et al. (2017) investigated CORT125134 in 
a cohort of 81 subjects and demonstrated that this antagonist was able to prevent 
several effects of prednisone, a strong agonist of the glucocorticoid receptor. Further 
studies are warranted and the clinical effects on immune functions and recovery 
have to be further quantified in clinical trials and high fidelity ground-based models. 
These results can probably suggest in the future also their evaluation for counteract-
ing the immune suppression as related to chronically elevated corticoid levels in 
selected crewmembers in space.

35.7  Osteoporosis Treatment

Cells involved in natural immunity (e.g. granulocytes, monocytes) and immune- 
competent B and T lymphocytes derive from hematopoietic stem cells (HSC) that 
reside in the bone marrow within specialized niches made up of bone and vascular 
structures, including bone forming osteoblasts and bone resorbing osteoclasts 
(Mercier et al. 2011). Interactions between HSC and bone marrow niches control 
the balance between quiescence, self-renewal and differentiation of HSC (Calvi 
et al. 2003; Wang and Wagers 2011; Xie et al. 2009). Given that prolonged exposure 
to microgravity induces osteopenia, with decreased bone formation and mineraliza-
tion and increased bone resorption (LeBlanc et al. 2000, 2007; Lang et al. 2004), 
changes in bone microstructure during spaceflights could contribute to variations in 
peripheral blood leukocyte subsets. Preserving bone structure could consequently 
help maintaining host immunity.

Bisphosphonates are largely used to preserve bone. Interestingly, transient 
changes in the numbers of murine hematopoietic stem cells, myeloid-biased pro-
genitor cells and lymphoid-biased cells concurrent with changes to hematopoietic 
stem cell niches were reported following zoledronic acid (a bisphosphonate) 
administration (Ubellacker et al. 2017). Amino bisphosphonates are potent inhibi-
tors of bone resorption and were shown to increase the number of granulocytes, 
indicating that they have an effect on murine hematopoiesis (Nakamura et al. 1999; 
Otsuka et al. 2011). Supplementation with omega-3 or polyphenols (see Chap. 33) 
also has a positive impact on bone mineral density and affects hematopoiesis. 
Indeed, it was shown that consumption of fish (a rich source of omega-3 fatty 
acids) was associated with reduced loss of bone mineral density in astronauts 
returning from a flight (Zwart et al. 2010), that a fish oil-rich diet promotes hema-
topoiesis in murine bone marrow and spleen (Xia et al. 2015), and that omega-3 
fatty acids impact murine hematopoietic differentiation (Varney et al. 2009). In the 
same way, it was reported that curcumin improves anemia and extramedullary 
murine hematopoiesis (Fu et al. 2015). Another example is Amaranthus cruentus 
extract, rich in polyphenols. This extract significantly aided in restoring the levels 
of red blood cells, white blood cells, and hemoglobin in rats treated with 
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phenylhydrazine to induce anemia (Pandey et al. 2016). Physical exercises can also 
countermeasure disuse-induced bone loss (Shackelford et  al. 2004) and were 
shown to positively affect antibody production following immunization (Shearer 
et al. 2009). Another promising product is nacre, or mother-of-pearl, an acellular 
calcium carbonate composite produced by mollusks. Oral administration of nacre 
powder has a positive impact on murine and human osteoporosis (Kim et al. 2012; 
Vujasinović-Stupar et  al. 2009) but no studies have yet addressed its effects on 
hematopoiesis. Finally, some studies suggest that β-blocker might also prove use-
ful in the prevention of osteoporosis and the risk of fractures (Bonnet et al. 2007; 
Yang et al. 2011) (see also Sect. 35.6).

These examples show that bone countermeasures can likely contribute to pre-
serve astronauts from spaceflight-associated immune alterations.

35.8  Conclusion

This chapter shows that the combination of antioxidants and the pharmacologic, 
immune-directed action of nucleotides, AHCC and DHEA show various degrees of 
efficiency to restore immune system alterations (Fig. 35.1). Furthermore, it appears 
that some drugs used to reduce the effects of stress hormones, and multidisciplinary 
bone countermeasures, could very likely contribute to preserve astronauts from 
spaceflight-induced immune alterations. Research in that direction could also help 
countering the age-associated decline in immune function on Earth because altera-
tions of bone structure and immune system that manifest under reduced gravity 
conditions has features of accelerated aging. Finally, this chapter highlights the 
importance of taking into account connections between organs and physiological 
systems.
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36.1  Introduction

Future human space exploration missions will be challenging endeavors on many 
different levels. When considering possible immunological changes and their impli-
cations for such missions, it is helpful to understand the characteristics that explora-
tion endeavors entail, and that are likely to affect the functions of the immune 
system.

These characteristics include, for example,

• Long-term isolation and confinement (a small crew living within one limited 
habitat for many months or even years in the case of a mission to Mars)

• Unloading of the body in freefall (or partial gravity on another planet)
• Hypobaric hypoxic conditions (under discussion for future planetary habitats to 

facilitate frequent extra-habitat activities)

It appears obvious that the effects of the many challenges in spaceflight are best 
investigated in the real space environment. With the International Space Station, 
orbiting in Low Earth Orbit for more than a decade, an excellent permanently 
manned laboratory is available. The Chinese Space Station will also offer unique 
opportunities to expand this research. However, due to issues like limited resources 
for up-/download and crew time, operational constraints, and limited sample sizes, 
it is beneficial and complementary to also utilize terrestrial analogs for preparatory 
research. Analogs also allow differentiating the effects of different spaceflight fac-
tors, which can be helpful when making projections for new mission scenarios 
(Pagel and Choukèr 2016). Some examples of useful analogs are described in the 
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following sections. While helpful results may also be collected using cell, tissue, or 
animal models, the descriptions here will focus on analogs where humans can be the 
test subjects.

36.2  Bed Rest and Dry Immersion

Bed rest studies are a well-established and frequently used model for many of the 
physiological effects related to the unloading of the human body from the pull of 
gravity in spaceflight. Healthy volunteers are confined to bed in a −6° head down 
tilt position for periods ranging from a few days to months, depending on the 
research objectives. During the study period the test subjects do not leave the supine 
position. Any activity, from eating and reading to personal hygiene and exercise are 
performed lying down (Fig. 36.1). The resulting muscle atrophy, bone mass loss, 
cardiovascular deconditioning, and other changes mimic the adaptations observed 
in astronauts, and thus this model can be used for research into the mechanisms 
behind these changes, as well as the evaluation of countermeasures. All major space 
agencies are supporting bed rest studies through their own mechanisms, and some 
bed rest studies have even been organized independently by investigators them-
selves. One critical issue is, however, the comparability of results or, in other words, 
the standardization of the studies. In an effort to improve that aspect, an interna-
tional study group under the umbrella of the International Academy of Astronautics 
(IAA) has worked in recent years to develop guidelines for standardized conditions 
in bed rest studies (Sundblad and Orlov 2015).

Bed rest studies are, due to their high fidelity and standardization, an important 
environment to test the effectiveness of measures to counteract the unfavorable 
consequences of unloading conditions, including with respect to the immune 

Fig. 36.1 Bed rest: Test subjects in an ESA long-duration bed rest study (©ESA)
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system. Short-term (5 days; Caiani et  al. 2014; Clément et  al. 2015, 2016; Kos 
et al. 2014; Li et al. 2017; Provost et al. 2015), mid-term (21 days; Kelsen et al. 
2012) and long- term (60 days; Koschate et al. 2018; Kramer et al. 2017; Schoenrock 
et al. 2018) bed rest periods have been established. Also, an intermediate duration 
of, for instance, 14 days (Buehlmeier et al. 2017) or longer durations (70, 90, and 
up to 120  days; Belavý et  al. 2017; Cromwell et  al. 2018; Dillon et  al. 2018; 
Ploutz-Snyder et al. 2018) have been realized. Exercise, gravitational and nutri-
tional countermeasures have been tested among other studies implemented under 
these standardized condition. Female bed rest studies have also been conducted to 
test for gender effects which are important in space research with mixed crews 
(Beller et al. 2011; Evans et al. 2018; Holt et al. 2016; Klassen et al. 2018; Lee 
et al. 2014).

Similar to bed rest, the dry immersion model aims at reproducing unloading 
effects. Here, the test subjects are immersed in big water tanks, comparable to over-
sized bath tubs. They are enveloped in non-water-permeable blankets, and as such, 
it is a dry immersion. This approach, which is especially popular for space research 
in Russia but is planned to be used in Europe as well, leads to an even-faster decon-
ditioning (Demangel et  al. 2017; Navasiolava et  al. 2010; Treffel et  al. 2017). 
However, practical aspects of hygiene and care limit the duration for which such 
studies can be performed.

36.3  Isolation and Confinement Studies

Isolating/confining small crews in simulation chambers has been done for different 
purposes in the past. Sometimes this isolation was a by-product of the testing of 
spacecraft systems to validate them for an upcoming space mission. At other times, 
the aim was the testing of life support systems or elements thereof.

A further common motivation for organizing isolation studies is to investigate 
operations concepts and study the psychological effects of long-duration isolation. 
During the latter type of study especially, research from other scientific fields is also 
implemented.

Typical crew sizes are 3–6 persons, though for special purposes or scenarios, 
higher or lower numbers have also been used.

Many differences exist between these studies in duration, target scenario, crew 
selection and training procedures, and other characteristics, creating complications 
in drawing overall conclusions. Nevertheless, valuable data has been collected on a 
variety of topics, including the reactions of the physiological systems (including the 
immune system), psychological issues, the evolution of the microbial communities 
inside the confined space, circadian changes, and some countermeasure concepts.

Hopefully, in the future this approach will be further standardized and more 
repetitive to enhance the results. A special challenge for the future will be the inte-
gration of interacting/interfering factors like psychology, medicine, astrobiology, 
and life support, for example: when a crew is isolated in autonomous mode in a 
habitat with an advanced, closed-loop life support system.
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36.3.1  Mars500: SIRIUS

An example of current isolation and confinement studies is the Mars500 study 
performed in 2010/2011. This study, conducted in a facility of the Russian Institute 
for BioMedical Problems (IMBP) in Moscow, aimed at the replication of a full Mars 
mission scenario of 520 days, with a transit phase to Mars, a stay in Mars orbit 
including a simulated landing of half of the crew, and a transit phase back to Earth. 
Six crew members (three Russian, two European, one Chinese) conducted a very 
extensive international experiment program (see Chap. 37). Nowadays this program 
is run under the programme name SIRIUS (www.sirius.imbp.info).

36.3.2  :envihab

What happens to the human body on a flight to Mars? How does being confined to 
bed after a serious illness impact the body? How does the lack of daylight affect 
mood? Are there any measures to counteract these adverse effects? These basic 
questions need to be answered for us on Earth, to understand the effects of ageing, 
bedriddenness, immobilisation, and isolation, to name but a few. The DLR Institute 
of Aerospace Medicine is a world leader in aviation and space medicine. With its 
one-of-a-kind, highly sophisticated medical research facility, :envihab, this institute 
is taking a step forward in its ground-breaking research into the ways in which 
people adjust to extreme environments and other stressful situations. :envihab (from 
the words “Environment” and “Habitat”), a one-story, 3500-square-meter, state-of- 
the-art laboratory, will be used to explore the effects of extreme environmental con-
ditions on humans and to determine possible countermeasures. It is ideally suited 
for exploring the future challenges of human spaceflight. Made up of eight separate 
modules, built according to a “house-in-house” design, which can be combined 
within one facility, it includes a short arm human centrifuge, several laboratories, 
MRI/PET analysis facilities, psychological stress simulations and rehabilitations, 
microbiological and molecular biological research tools, and places to house and 
monitor test subjects for analog research.

:envihab consists of:

• A Psychology Lab to test the psychological effects of confinement over a longer 
duration of time. Up to six test subjects (similar to a crew size) can be isolated, 
immobilized, and exposed to targeted stress situations.

• A Sleep and Physiology Lab that can facilitate 12 test subjects for research under 
different analog aspects (e.g. bed rest studies) and under highly controlled condi-
tions of: ambient light, temperature, humidity, oxygen, and nitrogen levels. The 
lab also has a kitchen for metabolic nutrition, and the capacity to carry out: blood 
sampling during sleep without disturbance of the test subject, isolation for crew 
simulation, a reduction of oxygen down to 12% within 5 h (15,000 ft), enrich-
ment with CO2 up to 3% with a 1% change per hour, and variations of individual 
lighting between 0.5 and 1500 Lux.

T. J. Ngo-Anh and A. Rossiter
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• A Short-Arm Human Centrifuge (Fig. 36.2): advanced functional possibilities 
for the development of a countermeasure against physiological deconditioning 
under weightlessness. It has: a radius of 3.80 m, max. radial acceleration of 6 g 
at outer perimeter, acceleration from 0 g to 6 g within 30 s, nacelles are moveable 
when centrifuge is running, and simultaneous testing of up to four test subjects.

• A Prevention and Rehabilitation Lab: assessment of health parameters and phys-
ical performance capacity (cardiovascular and locomotor system) of astronauts 
during and following space missions to develop countermeasures. The lab also 
facilitates: tilt testing, Lower Body Negative Pressure (LBNP), a treadmill, an 
isokinetic dynamometer, and a barocomplex to simulate spaceflight scenarios. 
Ambient pressure, oxygen levels, temperature, and humidity can be adjusted 
independently, also.

• Positron Emission Tomography/Magnetic Resonance Imaging (PET-MRI): a 
whole body MRI and MR spectroscopy machine with integrated PET to monitor 
the physiological changes that could occur during long-term missions (Fig. 36.3).

• A Biology Lab: for microbiological research and biological space experiments.

At :envihab, the institute will conduct supertargeted research in space and flight 
physiology, radiation biology, space psychology, operational medicine, biomedical 
research, and analogous terrestrial situations. A major emphasis of :envihab is to 
form a closely interrelated network of scientists with industry and the general pub-
lic. In addition to its cutting-edge facilities, :envihab will serve as a communications 
centre, focused on outreach and inspiring the next generation of scientists. With its 
wide range of trend-setting research opportunities, :envihab is ideally suited for 
exploring the future challenges of human spaceflight, as well as for discovering a 
host of new applications for improving life on Earth.

Fig. 36.2 :envihab’s short-arm human centrifuge (©DLR)
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36.3.3  Planica, Olympic Sports Centre

The Planica Nordic Centre is a skiing complex situated at 940 m above sea level. 
This facility was converted or upgraded to a clinical research facility with support 
from the EU Regional Fund, and is now owned and maintained by the Slovenian 
Ministry of Education, Science and Sport. The most prominent feature of the facil-
ity is that the ambient air composition on the entire bed rest study floor can be regu-
lated by reducing oxygen levels via a special oxygen dilution system. With that 
system, any target normobaric hypoxic condition simulating up to 6000 m in alti-
tude can be achieved.

Planica has already hosted multiple bed rest studies in the past, e.g. ESA PECS 
(Plan for European Cooperating States) supported LunHab and FemHab studies, as 
well as the FP7 European Commission PlanHab bed rest study (see also Chap. 16). 
In the framework of these projects, a total of nine bed rest studies were coordinated 
and successfully completed. A large number of international science teams partici-
pated in these studies and have published impressive results in highly ranked jour-
nals. The Planica facility maintains a full range of special research equipment, 
which is available to all scientists involved in studies that are conducted there. The 
Olympic Sport Centre Planica meets the technical and logistical requirements for 
conducting bed rest studies, and as such, ESA plans to conduct bed rest studies there 
in the future and—by introducing physical deconditioning in a hypoxic environ-
ment—add a new dimension to “classical” bed rest studies.

36.3.4  Eurac/terraXcube Bolzano/Italy

The terraXcube is a research facility in Bolzano/Bozen, Italy, that has been designed 
to simulate the Earth’s most extreme climatic conditions. Here, the intrinsic rela-
tionship between environmental stresses and the physiological and ecological 
responses of humans and nature, as well as the effects of these stresses on material 
and product performance can be repeatedly investigated in an experimental setting. 

Fig. 36.3 :envihab’s PET-MRI (©DLR)
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Climate variations can range from storms atop the Himalayas, to extreme arctic 
cold, to the heat of the North African deserts. The scale of the climactic chambers is 
such that they can house equipment, machinery, plants and other organisms, as well 
as products both small and large for extended periods of time. This platform can 
therefore suit the needs of simulating exploration conditions, while testing gear and 
human–robotic interactions (text reported and adjusted from the facilities website at 
https://terraxcube.eurac.edu/).

36.3.5  HERA-Facility

The Human Exploration Research Analog (HERA, see Figs. 36.4 and 36.5) plans 
for campaigns of incremental duration began in 2014 with four 7-day missions. A 
campaign is defined as one integrated protocol with one primary mission scenario, 
consisting of multiple missions in order to meet study subject requirements. Studies 
designed to utilize the capabilities of HERA are integrated with other investigations 
on a noninterference basis and run together as one integrated campaign.

Planned mission durations may range from 7 days up to 45 days. The HERA 
planning schedule currently anticipates 4 missions per year (one per quarter) of 
45-day duration in 2018. The HERA is a two-story, four-port habitat unit residing in 
Building 220 at NASA Johnson Space Center (JSC). It is cylindrical with a vertical 
axis, and connects to a simulated airlock and hygienemodule.

Fig. 36.4 NASA’s Human Exploration Research Analog (© NASA)
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HERA facility capabilities include a network that allows electronic research data 
and voice communications to be exchanged between the crew and ground control-
lers. The research data can be securely accessed by remote investigators real-time or 
near real-time through the JSC Telescience Center (TSC). HERA has a surveillance 
video and audio system, flight-like timeline and procedure viewer to provide a space 
mission experience.

Currently, the HERA represents an analog for simulation of isolation, confine-
ment, and remote conditions of exploration mission scenarios. Studies suitable for 
this analog may include, but are not limited to: behavioral health and performance 
assessments, communication and autonomy studies, human factors evaluations, 
human health countermeasures, and exploration medical capabilities assessments 
and operations (see also https://www.nasa.gov/sites/default/files/files/HRP-HERA-
Experiment-Information-Package.pdf).

36.4  Studies in Antarctica

Dozens of countries maintain stations on the Antarctic continent. Most of the stations 
are located in the coastal areas, only a few deeper on the continent itself. Many are 
only operated during the Antarctic summer; others are occupied all year-round, 
which, due to the harsh environmental conditions, typically implies a multiple- month 
period during which the crew is fully isolated from resupply or evacuation. While the 
coastal bases are at sea level, inland stations are on higher altitudes. Crew sizes range 
from less than 10 to more than 1000 (like at the US base McMurdo during summer).

Accordingly, the research questions that can be addressed are diverse, ranging from 
studies of small autonomous crews to physiological, epidemiological investigations.

In the spaceflight context, factors that make some Antarctic stations very inter-
esting analogs for exploration missions are the changed day/night cycle, the par-
tially extreme isolation and therefore the need for autonomy of the crew, the hostile 
environment with very limited sensory stimulation, and the realistic operational 

Fig. 36.5 Schematic 
Representation of HERA 
(© NASA)
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situation with real dangers, which can never be perfectly simulated. Further, the 
effects of long-term hypobaric conditions can be tested and controlled by imple-
menting research protocols at inner continental bases (e.g., Concordia station at 
3200 m, see Chaps. 16 and 38) and at sea level, as at the Halley VI-station (British 
Antarctic Survey, BAS, Fig. 36.6), Neumayer III (German Alfred Wegener Institute, 
AWI, Fig. 36.7) and others which are at intermediate altitude, such as the Belgian 

Fig. 36.6 Halley VI Research Station (© BAS)

Fig. 36.7 Neumayer III Research Station (© AWI)
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Princess Elisabeth station. This is “bought” through some operational constraints, 
and through the fact that often the “test subjects” are volunteering for experiments 
on top of their normal main tasks, so that the overall experimental load and the 
level of invasiveness is less than in dedicated simulations. Therefore, these two 
approaches are complementary, and in fact both are required to adequately address 
this research.

36.5  Underwater Habitats

Diving stations, submarines, and similar underwater habitats are another classical 
analog for space missions. While, like in any analog or model, limitations to their 
use exist, they also offer realistic challenges and natural constraints and dangers. In 
some cases, especially for shorter campaigns, it can be easier in these settings to 
adopt an operational setup that mimics those used in space missions.

One underwater habitat that has been especially used by NASA is the Aquarius 
laboratory off the Florida coast. Aquarius is located 5.6  km (3.5  miles) off Key 
Largo and is deployed at 19 m (62 ft) below the surface (see https://www.nasa.gov/
mission_pages/NEEMO/about_neemo.html). In the frame of NEEMO (NASA 
Extreme Environment Mission Operations, see Fig. 36.8), regular campaigns of a 
couple of weeks are conducted. These missions are operationally conducted like a 
space mission, and normally include multiple extra habitat excursions. Aims range 
from aspects of astronaut training, tests of technologies and tools (e.g., for telemedi-
cine) to tests of operational concepts and provide a very interesting opportunity for 
research on some physiological immune adaption processes under realistic opera-
tional conditions (Strewe et al. 2015).

Fig. 36.8 Tim Peake 
(ESA Astronaut) and Steve 
Squyres (Cornell 
University) in the Aquarius 
Underwater Laboratory 
(©NASA)
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36.6  Parabolic Flights

If studying short-term effects of true weightlessness in human beings is of interest, 
then parabolic flights can be a useful platform. By flying a parabola-shaped trajec-
tory with an airplane, circa 20 s periods of free fall can be produced (see Fig. 36.9). 
For some studies it can be of additional interest that this is combined with periods 
of hypergravity of 1.8–2 g. Specifically, with a view to exploration, more opportuni-
ties are now becoming available to also perform “lunar” or “Martian” parabolas, 
which reproduce 0.16 g or 0.38 g, respectively, for up to 30 s, as well as hyper-G 
parabolas. This is useful as a general gravity-related stress model, for investigating 
fundamental mechanisms of acute immune cell changes (see Chap. 17; Adrian et al. 
2013; Kaufmann et al. 2009, 2011; Tauber et al. 2015), as well as for testing of 
stress and immune research relevant technologies, procedures before being consid-
ered for space application (see also Chap. 27; Sams et al. 1999).

36.7  International Space Station

The International Space Station (ISS) is a huge international laboratory, with major 
contributions from NASA, ROSKOSMOS, ESA, JAXA, and CSA, orbiting the 
Earth at an altitude of 350–400 km (Fig. 36.10). The station is permanently occu-
pied since the year 2000, and with six crew members since 2009. American, Russian, 
European, and Japanese laboratory modules allow a variety of research, including 
biological and physiological. For that purpose, hardware like ECG, blood pressure 
instruments, sampling kits, a pulmonary function system, EEG, incubators, freez-
ers, and much more are available as research payloads on board the ISS. In addition 
to the regular 5–6 months stays on the station—as called increments—double incre-
ments have been implemented, first in 2015 with Cosmonaut M. Kornienko and 
US-astronaut S. Kelly to investigate expanded mission durations on immune (see 
Chaps. 11–16) and other physiological systems.

Fig. 36.9 Alexander Gerst 
(ESA astronaut) during a 
parabolic flight (©ESA)
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Generally life science research on the ISS is very well-coordinated through a 
working group (International Space Life Science Working Group, ISLSWG) that 
encompasses all ISS partners except Russia. Regular Announcements of Opportunity 
are published to gather experiment proposals, and the evaluation process is common 
for all ISLSWG partners. This coordination and cooperation makes it possible for 
researchers to rely on any life science payload in orbit, and not be limited to the 
hardware owned by their respective agency. Thus, like the ISS itself, the life science 
program represents a major accomplishment in international cooperation.

Next to operational issues, which may constrain specific experiments (e.g., when 
crews need to sleep shift in preparation for an upcoming vehicle docking), crew 
time as well as up- and download mass still represent the major constraints for 
research. Also, the environment in Low Earth Orbit and the current operational and 
logistical setup are different from what can be expected for exploration missions. 
Nevertheless, the ISS represents an excellent tool for preparatory research, as it is 
the only available platform in which humans are living and working in actual 
weightlessness for extended periods of time, within a real spacecraft.

36.8  Chinese Space Station (CSS)

China is going to start sending parts of its future space station into space as soon as 
2020, with the aim of having it up and running by 2022. It will be made of three 
modules joined in a T shape and will weigh some 66 metric tons (72 tons), which is 

Fig. 36.10 ISS: International Space Station as seen from space shuttle Endeavour in February 
2010 (©NASA)
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around one-sixth of the International Space Station. When docked with manned 
spaceships and cargo vehicles, the station may reach around 100  metric tons 
(110 tons). The station builds on the knowledge China gathered from its first space 
station prototype, the space lab Tiangong-1, which came crashing back to Earth in 
April 2018, after spending 6 years in space.

On the 21st September 1992, the China Manned Space Program (CMSP) was 
officially approved by the Government of China, a three-step program designed to 
build a permanently manned Earth-orbiting Space Station.

The first step of this program was to launch a manned spaceship with the aim of 
building up fundamental capability in human space exploration and space 
experiments.

The second step was to launch a space laboratory tasked with making techno-
logical breakthroughs for extravehicular activities, space rendezvous and spacecraft 
docking procedures, as well as providing a solution for man-tended space utilization 
on a certain scale and short-term basis.

The third step was to establish a Space Station with the aim of providing a solu-
tion for man-tended-space utilization on a larger scale and longer-term basis.

At present, the first and second steps have been achieved, while the third step of 
setting up a manned Space Station is well underway.

The Tiangong 3 station is expected to be complete by 2022 with three modules: 
one core module (launch planned for 2019) plus two science modules in a 
T-configuration. During the assembly period 2–3 months’ missions to Tiangong will 
be conducted with three crewmembers. Once completed, the Tiangong will be per-
manently inhabited by three crewmembers, on a 6-month crew rotation (long dura-
tion missions).

China expects to have its station in operation for at least 10 years. Up to six astro-
nauts will be able to stay at a time for at least 180 days, and will explore topics such 
as how space living affects humans, microgravity physics, and material science. 
Beijing is already portraying its station as a beacon of global cooperation—it has 
already said it will welcome other countries who want to conduct experiments 
aboard its space station.

ESA has initiated discussions to determine potential partnership scenarios with 
China in the area of astronaut training, scientific utilization, and infrastructure. 
Some initial activities have successfully been conducted.

Engaging with CMSA in a partnership in Low Earth Orbit (LEO) research has 
the potential to open access to affordable astronaut and payload flight opportunities. 
In addition, expanding the agency’s partnership portfolio answers directly to strate-
gic goals and objectives related to peaceful international cooperation. It is assumed 
that astronaut and/or payload flights and operational cost will be compensated on a 
no- exchange- of-funds basis by contributions to the China Manned Space Agency 
(CMSA) programme. The associated development activities create opportunities for 
European stakeholders to forge new partnerships in China. In particular a substan-
tial level of collaboration between ESA and CMSA for the Chinese Space Station 
(CSS) could ensure Europe has continued access to LEO in a post-ISS timeframe—
access which could be institutional or commercial.
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36.9  Conclusions

This brief description of research platforms is intended to illustrate the many avail-
able opportunities for performing exploration preparation science. Crucial for the 
success of the investigations is to select the most suitable analog for a given research 
question. If, for example, primarily musculoskeletal unloading is of interest and 
related countermeasures are evaluated, bed rest or dry immersion studies may be 
very suitable. If effects related to long-term confinement and isolation are a topic, 
then isolation simulation studies or analog environments like Antarctic stations may 
be useful settings. Though simulation studies with less realistic dangers have greater 
overall control and space fidelity, they are not representative of real-life situations 
and dangers, and operational constraints, particularly in comparison with analog 
environments. As a result, it will often be sensible to employ both settings, in order 
to collect complementary data.

Ultimately, most lines of investigation will require use of the unique space labo-
ratory ISS or CSS or new orbiters (e.g. lunar) for validation or basic data collection. 
However, as the cost and effort for any flight activity is high and resources like crew 
time are limited, it is essential that any research project is very well prepared and 
optimized through the use of adequate ground-based analogs by the time the “ulti-
mate” step to a flight experiment is made. In this way, all the platforms mentioned 
in this chapter, and the international groups taking advantage of them are all crucial 
and play an important role toward enabling our next step further out into the solar 
system.
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The opportunities given in this study as experts investigating different organ sys-
tems in humans exposed to the same environmental challenge in a coordinated fash-
ion allowed a more holistic view in humans’ adaptation. The results obtained thus 
far highlight the importance of the link of stress, neuro(-humoral) and immune reac-
tion on the one hand, and identifying behavioral, psychological, and biological 
markers of characteristics that predispose prospective crewmembers to both effec-
tive and ineffective behavioral reactions during the confinement of prolonged space-
flight, to inform crew selection, training, and individualized countermeasures.

This chapter will give an overview of the results obtained thus far.

37.1  Introduction

Human exploration and colonization of the solar system is an important focus for 
the European Space Agency (ESA), which has started on the path to making this a 
reality in the future. ESA was one of the 14 space agencies that signed up to the 
Global Exploration Strategy, which emphasizes ESA’s and its partners’ vision and 
plan to return to the moon and beyond with the goal of sustained and ultimately self-
sufficient human presence beyond Earth. This is an enormous challenge, and one 
that no nation can undertake on its own.

Within this cooperative framework ESA has developed its strategic goals, which 
fulfill an important role within global exploration activities whilst at the same time 
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providing ESA with the opportunity to make significant advancements in its own 
science and technology research areas.

The success of any human long-duration exploration spaceflight mission, which 
is anticipated to be realized in this century, will depend on the ability of crewmem-
bers to remain confined and isolated from Earth much longer than previous missions 
or simulations, while maintaining the intensity and timing of behavioral activity 
necessary to accomplish the mission and mitigate the effects of microgravity. To 
date, a total of six people have spent >1 year in space, with the record of 437 con-
secutive days on the Mir space station set by Valery Polyakov. The longest Earth- 
based spaceflight simulation involved four Russians confined in connected 
hyperbaric chambers for 240 consecutive days (SFINCSS 99 Simulation of a Flight 
of International Crew on Space Station—’99). Antarctic winter-over missions have 
extended up to 363  days. The most confined habitat available today is the 
International Space Station, which has been constantly inhabited since November 
2000.

Predictions on how prolonged confinement will affect future crewmembers is 
needed to advance knowledge on spacecraft habitability requirements, crew selec-
tion, and behavioral countermeasures during interplanetary missions. Making sure 
that future international astronaut/cosmonaut/taikonauts crews are prepared men-
tally and physically for the demands of long-duration exploration missions is imper-
ative to a mission’s success.

37.2  The Mars500 Program

In light of this, ESA embarked on an international cooperative project called the 
Mars500 program. The Mars500 program was financed by ESA’s European 
Programme for Life and Physical Sciences in Space (ELIPS) and involved scientists 
from across Europe. It was jointly implemented with the State Scientific Center of 
the Russian Federation—Institute of Biomedical Problems (IBMP) of the Russian 
Academy of Sciences. Preparations for this study date back to 2004, when IBMP 
started considering using its facilities for a simulation of a full Martian mission 
profile (i.e. 520–700 days of isolation) and invited ESA to participate in the pro-
gram. In the end, this consisted of three isolation studies: a 14-day pilot study (com-
pleted in November 2007), a 105-day pilot study (completed in July 2009), and the 
main 520-day study, simulating a complete human mission to Mars. A multinational 
crew, composed of six adult male volunteers (three selected by the Russian 
Federation, two by the European Space Agency, and one by the China National 
Space Administration; mean age, 31.8 years; range, 27–38 years), entered the isola-
tion facility in the IBMP, Moscow, on June 3, 2010, where they remained in con-
tinuous spatial confinement until November 4, 2011 (Fig. 37.1).

During the stay in the spacecraft-like habitat, consisting of four hermetically 
sealed interconnected modules and one external module to simulate the Martian 
surface, they performed realistic activities of a round-trip mission to Mars following 
a weekly work schedule, including, among others, operational and maintenance 
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work and meetings, exercise, as well as scientific experiments covering the areas 
and subareas of physiology, psychology, biochemistry, immunology, biology, and 
microbiology, and even simulated emergency events.

During the isolation period the candidates only had personal contact within the 
group, in addition to voice contact with a simulated control center and family and 
friends—as would happen in a future human spaceflight mission to Mars. All of 
their communications with the outside world were subjected to a continuously 
increasing delay (adjusted by “distance” from Earth) up to 20 min, which is the time 
it takes for signals to get from Earth to Mars and vice versa. Food and water, as well 
as any other consumables, supply was carried out in the same way as for space 
crews, namely in limited amounts. As with a human spaceflight mission, the chosen 
candidates were free to take certain personal items, in addition to being supplied 
with books, movies and personal laptops and kept themselves busy with physical 
exercise or self-studies.

The crew was subjected to a 7-day week, with 2 days off and a rotational system 
in place to account for night shifts. Nonstandard and emergency situations were 
simulated to determine the effect of a decrease in work capability, sickness, and 
failures of the on-board systems and equipment.

During “Mars surface operations” the crew was divided into two groups of three 
people each. Once the first group exited to the Martian surface, the hatch between 
the Martian simulation module and the rest of the facility was closed by the second 
group and only opened again when the Mars surface stay simulation ended 
(Fig. 37.2).

Fig. 37.1 Exterior view of the Mars500 facility at the IBMP in Moscow (© ESA)
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37.3  First Results Stemming from the Mars500 Program

ESA’s science program during the Mars500 program covered all systems of the 
human body and demonstrated convincingly that isolation and confinement lead to 
whole-body effects requiring an all-encompassing holistic view on potential coun-
termeasures. The Mars500 crewmembers acted as subjects in scientific investiga-
tions to assess the effect that isolation has on various psychological and physiological 
aspects, such as stress, hormone regulation and immunity, sleep quality, mood and 
the effectiveness of dietary supplements. This chapter will give an overview of the 
results obtained thus far.

37.3.1  Psychology and Performance

In the last few decades, the interest in the effects of stress on mood and performance 
has increased. One measure of stress is, for instance, loneliness (see also Chaps. 22 
and 31). Research on Earth has shown that loneliness is related to social, physical 
and personal factors. It is not known, however, whether astronauts or cosmonauts 
will experience loneliness during a long-term spaceflight, and what the effects may 
be on their mental processes. The Mars500 program confirmed earlier findings on 
the effect of isolation and confinement on mood, emotional responses and 

Fig. 37.2 A typical day for the Mars500 crew during the transit period (© ESA)
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psychological adaptation by use of an objective system (the so-called “wireless 
group structure monitoring system” which was integrated into a mobile psycho-
physiological system) to unobtrusively monitor crew cohesion and possible indi-
vidual stress reactions (Johannes et al. 2015). Two days per week, each crewmember 
wore a small sensor that registered the presence and distance of the sensors either 
worn by the other subjects or strategically placed throughout the isolation facility. 
Results confirm the initial hypothesis that the registered amount of time spent 
together during free time was associated with the intensity of personal relationships, 
resulting in varying levels of team work and crew cohesion.

In addition, long-duration isolation and confinement led to stronger feelings of 
stress, including loneliness, and had effects on performing and controlling profes-
sional tasks. The crew exhibited a stage-changing pattern of psychological adapta-
tion during 520  days of confinement, which is similar to the well-described 
third-quarter phenomenon (Wang et  al. 2014). Of course, there were substantial 
inter-individual differences within the crew itself, as well as inter-group differences 
between the crew and mission control (Basner et al. 2014); conflicts with mission 
control were reported five times more often than conflicts amongst crewmembers 
(Fig. 37.3).

The results of the Mars500 experiment generally confirmed N.  Kanas and 
D. Manzey’s hypothesis about the possibility of the psychological “break-off” phe-
nomenon during a long autonomous mission in the conditions of isolation with loss 
of direct visual contact with the native planet (Kanas and Manzey 2008). In the 
Mars500 project, this phenomenon manifested itself in the decreasing dependence 
of the crew on MCC (“Mission Control”) decisions and recommendations, and the 
increasing number of independent decisions based on the knowledge, values, and 
goals of the isolated small group (Ushakov et al. 2014). A subsequent decrease of 
crew motivation after the middle of the Mission (after “Mars surface operations”) 
was also defined, especially in the third quarter. Crewmembers felt increasingly 
distant from their usual social surroundings, which caused mood deterioration, 

Fig. 37.3 Mars500 
crewmember Diego Urbina 
with a computer simulation 
(© ESA)
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feelings of boredom and loneliness. This phenomenon was aggravated by the influ-
ence of communication delays caused by the simulated signal lag effect. Both par-
ties (MCC and the crew) under communication delay not only developed a sense of 
dissatisfaction with the contact and felt it to be deficient but also were worse at 
making subsequent decisions. These were sometimes based on conjectures, rather 
than an understanding of the mutual positions. The lack of the usual encouragement 
from outside had an adverse effect on the crew’s motivation to perform the sched-
uled operations and, gradually, to communicate with the MCC. It is necessary not 
only to further investigate this phenomenon but also to seek and develop effective 
means to mitigate the impact of communication delays on decision making during 
the execution of space and ground based operations.

The results of this study will help to improve our understanding of the concerns 
and attitudes of space crew and personnel towards prevention and control of stress 
and stress-related problems. It will also benefit ongoing research by providing data 
which could lead to the development of new procedures for crew selection, routine 
and emergencies operations, and countermeasures for use in future long-duration 
spaceflight and Antarctic programs.

37.3.2  Hormones, Brain, and Sleep

Previous studies have shown that the ability of a human being to defend oneself 
against infections exhibits clear changes in response to simulated weightlessness or 
confinement on Earth. Interestingly, these changes appeared to be associated with 
the mental stress experienced by the participating individuals. Schneider et  al. 
(2013) demonstrated during the Mars500 program that stress caused by isolation 
and confinement manifested itself in decreased cortical activity and increased corti-
sol levels and that exercise was efficient as countermeasure, leading to an increase 
in cortical activity (Fig. 37.4).

These data are complemented by other investigation and findings (Schneider 
et al. 2010, 2013, examining prefrontal cortex activity after endurance exercise). It 
was found that both mood and cognitive performance were increased after a running 
exercise. Additionally, Gemignani et al. (2014) showed that the increased cortisol 
levels altered sleep structure and sleep EEG spectral content (indicators for patho-
logical conditions such as primary insomnia or insomnia associated with depres-
sion)—one crewmember developed a persistent sleep onset insomnia with ratings of 
poor sleep quality, which resulted in chronic partial sleep deprivation, elevated rat-
ings of daytime tiredness, and frequent deficits in behavioral alertness (Basner et al. 
2014).

37.3.3  Salt, Hormones, and the Immune System

The strictly controlled conditions of the Mars500 program also allowed for the car-
rying out of fundamental metabolic studies (supported by IBMP and the German 
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Space Life Sciences Programme) (Lerchl et al. 2015; Yi et al. 2015a, b, c; Birukov 
et  al. 2016). Salt-driven changes in mineralocorticoid and glucocorticoid urinary 
excretion on day-to-day osmolyte and water balance were measured by exposing 
participating volunteers to three different regimes of salt intake levels (12, 9, or 6 g/
day) via strictly controlled dietary menus, while maintaining all other nutrients con-
stant. Across all three levels of salt intake, half-weekly and weekly rhythmical min-
eralocorticoid release promoted free water reabsorption via the renal concentration 
mechanism. Mineralocorticoid-coupled increases in free water reabsorption were 
counterbalanced by rhythmical glucocorticoid release, with excretion of endoge-
nous osmolyte and water surplus by relative urine dilution. A 6-g/day increase in 
salt intake decreased the level of rhythmical mineralocorticoid release and elevated 
rhythmical glucocorticoid release. The projected effect of salt-driven hormone 
rhythm modulation corresponded well with the measured decrease in water intake 
and an increase in urine volume with surplus osmolyte excretion. The study there-
fore showed that humans regulate osmolyte and water balance by rhythmical min-
eralocorticoid and glucocorticoid release, endogenous accrual of surplus body 
water, and precise surplus excretion.

Interestingly, this controlled dietary study also showed that immune function 
was changed; subjects on the high-salt diet of 12 g/day displayed a significantly 
higher number of immune cell monocytes compared with the same subjects on a 
lower-salt diet, and correlation test revealed a strong positive association between 
salt-intake levels and monocyte numbers. The decrease in salt intake was accompa-
nied by reduced production of proinflammatory markers (Yi et  al. 2015a, b, c). 

Fig. 37.4 Crewmembers 
performing their daily 
exercise (© ESA)
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These results suggest that in healthy humans high-salt diet has a potential to elicit 
excessive immune responses, which can be damaging to immune homeostasis, and 
a reduction in habitual dietary salt intake may induce potentially beneficial immune 
alterations.

37.3.4  Confinement and Hypersensitivity

The immune system is always shaped by its environment. Getting exposed to such 
environments as the Mars500 one can lead to immediate reactions, but with increas-
ing duration of exposure, the effects of a return to the normal environment seem to 
be a strong stressor to the immune system. Since epidemiologic studies have 
reported the association between exposure to a new environment, as in the course of 
migration, and an increased risk of atopy/asthma (Bråbäck et  al. 2011; Cabieses 
et al. 2014; Gold and Acevedo-Garcia 2005), and reports from space crews return-
ing from long-duration space missions have reflected some similar patterns (Crucian 
et  al. 2016, 2018), the long-duration isolation and confinement condition of the 
Mars500 setting has provided a unique setting to gather information on the role of 
environmental (re-)exposures in the immune responses toward hypersensitivity 
reactions, and the potential development of immune- allergic or autoimmune type 
diseases.

It was observed that cellular immune responses toward known and so-called 
recall antigens were affected in this special migration study—“migration from 
space to Earth” (Yi et al. 2015a, b, c)—especially when the crew completed their 
mission and the hatches were reopened after 520 days. These responses might be 
either protective and an appropriate alert response when reexposed to “Earths’ nor-
mal environment” or might be triggering a damaging role, thereby enhancing the 
risk to overshooting immune responses as seen in autoimmune and/or allergic dis-
eases. These effects lasted up to 3 months. Interestingly, comparable results had 
been observed in the SFINCSS 99 study with elevated skin inflammatory responses 
to similar recall antigens placed intra-cutaneously (Choukèr et al. 2002) after long- 
duration isolation and confinement. These observations were complemented in 
studies ran in Antarctica, mirroring immune-sensitization in crew during deploy-
ment at the Concordia station at higher altitude, though a follow up when they were 
reexposed to “normal” environments after isolation was not investigated at that time 
(see also Chap. 16).

37.3.5  Confinement and Crew Microbiota

The Mars500 program, the longest ground-based space simulation ever, provided 
scientists with a unique opportunity to trace the crew microbiota over 520 days of 
isolated confinement.
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Wherever humans live, microorganisms populate the habitat. Not only does a 
specific microbe community develop but also a particular ‘Mobile Genetic Elements’ 
pool through which the microbial population can exchange information. Several 
studies with cosmonauts have shown that during long-term stays on the International 
Space Station (ISS), the number of opportunistic pathogens increased while the 
population of certain protective micro-organisms decreased in the skin and intesti-
nal microflora (see also Chaps. 25 and 34).

Prolonged human confinement in isolated habitats, often combined with particu-
lar features of waste disposal, personal hygiene, weightlessness, high oxygen con-
tent, and conditions such as localised high temperature, humidity, and concentrations 
of metabolites influence the microflora population of the crewmembers and the 
habitat. This situation can potentially result in the undesired accumulation and pro-
liferation of microbes on structural materials of the interior of the habitat (metals, 
polymers) and systems of life support (water tanks, air filters, etc.), which may 
cause a risk for crew infection and material deterioration, possibly resulting in hard-
ware and equipment malfunctioning.

In the study from the group of Turroni et al. (2017), the microbial population 
present and developing in the Mars500 habitat was monitored. Microbial samples 
were taken from all possible reservoirs of microbes such as the atmosphere, surface, 
water, food, waste and greenhouse reservoirs and the crewmembers, at several time 
points during the isolation period (see also Fig. 37.5). Data showed that even under 
the strictly controlled conditions of an enclosed environment, the human gut 

Fig. 37.5 Mars500 crewmember Romain Charles taking an air sample for the microbial experi-
ments (© ESA)
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microbiota is inherently dynamic, capable of shifting between different steady 
states, typically with rearrangements of autochthonous members. Notwithstanding 
a strong individuality in the overall gut microbiota trajectory, some key microbial 
components showed conserved temporal dynamics, with potential implications for 
the maintenance of a health-promoting, mutualistic microbiota configuration. 
Sharing life in the confined habitat of Mars500 does therefore not affect the resil-
ience of the individual gut microbial ecosystem, even in the long term. However, the 
temporal dynamics of certain microbiota components should be monitored when 
programing future mission simulations and real space flights, to prevent break-
downs in the metabolic and immunological homeostasis of the crewmembers.

37.3.6  Confinement, Activity and Muscle

The Mars500 program confirmed that prolonged confinement is a form of physical 
inactivity and is associated with adaptations in the neuromuscular system (Belavý 
et al. 2013). Noticeable deconditioning was expected for muscle function, mental 
and physical health, and well-being of the crew. To this end, the physical fitness of 
the candidates was monitored before, during, and after the isolation period within 
the chamber. They followed a defined set of test procedures at regular intervals 
which monitored the development of cardiovascular and pulmonary function, mus-
cle function, force, and power as well as bone mass and strength. The Mars500 
crewmembers experienced significant loss of quadriceps’/hamstring’s maximal vol-
untary isokinetic force but not calf maximal voluntary contraction (Gaffney et al. 
2017). Collectively, these data suggest that muscles with predominantly type I fibres 
were affected less by isolation compared to type II dominant muscles. Multifunctional 
Dynamometer for space and whole-body vibration afforded the best protection 
against isolation-induced loss of strength and thus may have virtue in exploration 
class missions, these findings are underlined by a study conducted by Meigal and 
colleagues (2016) for which six countermeasures to reduce muscle atrophy were 
shown to be successful (Fig. 37.6).

The results from the psychological, neurohumoral, and immune studies and in 
conjunction with research in other isolation conditions (e.g. Antarctica, see 
also Chaps. 16, 36 and 38) will help to provide a better estimate of the overall 
effects of extreme long-term confinement on brain functions, sleep distur-
bances and immune responses and provide the basis for the development of 
pharmacological tools to counter unwanted immunological side effects during 
long- duration space missions. The stress due to isolation and confinement is 
expected to cause an increase in cortisol and a disturbance of circadian 
rhythms, eventually creating an impact upon appetite-regulating hormones, 
the immune system and the so-called hypothalamic-pituitary-gonadal axis, 
which plays a critical part in reproductive and immune system regulation.
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37.3.7  Cardiovascular System

Space missions have shown to induce a series of slowly reversible physiological 
adaptations resembling aging. It is not yet clear how much is caused by exposure to 
weightlessness and how much is due to environmental stress. It is crucial to know 
the extent to which long-term isolation/confinement can cause adverse adaptations 
in the immune system, hormone regulation and metabolism especially since chronic 
stress can cause physiological changes leading to such conditions as insulin resis-
tance, inflammation, and clogged arteries (atherosclerosis). The Mars500 program 
offered the possibility of evaluating the principal effects of hormonal and cardiovas-
cular control, for example, by controlling dietary salt, as realized by Professor Titze 
and colleagues (see also Sect. 37.3.3), and supporting the concept that salt is caus-
ally responsible for increases in blood pressure in healthy humans (Rakova et al. 
2013; Yi et al. 2015a, b, c). Moreover, cardiovascular changes were also affected by 
isolation and confinement (Arbeille et al. 2014). Under normal circumstances heart 
rate is influenced by the sympathetic and parasympathetic nervous systems, which 
in basic terms influence accelerated and decelerated bodily activities respectively. 
They determine heart rate and strength of contraction and adapt these to different 
needs during our daily activities. The control of heart rate receives important feed-
back information via the baroreflex mechanism (the relationship between heart rate 
and blood pressure). This mechanism monitors blood pressure and adjusts heart rate 
to maintain a stable blood pressure within healthy limits. The results from the study 
led by A. Aubert evaluated the effect of confinement and isolation on changes in the 
psychological wellbeing of the Mars500 crew and correlated mood changes with 
changes in cardiac regulation and cardiopulmonary function. Vessel images from 
the carotid artery as well as the femoral artery obtained by Doppler sonography 
showed an increase in main peripheral arterial diameter and wall thickness and 
main vein size. In the absence of other influencing factors such as radiation, micro-
gravity, temperature and air composition, those cardiovascular changes can 

Fig. 37.6 Mars500’s gym 
facilities (© ESA)

37 Mars500: The First Preparation of Long-Duration Space Exploration



688

therefore be attributed to stress due to isolation and confinement and need to be 
taken into account when planning for long-duration human exploration missions. 
Interestingly, circadian heart rate variability was shown to progressively decrease 
and dampen during confinement (Vigo et al. 2013).

Also the rhythms of the human autonomous nervous system and its seasonal 
dynamics have been investigated and stationary and nonstationary intervals of 
tonicity of the autonomous nervous system within the first year of the experiment. 
The maximal parasympathetic tonus of the autonomous nervous system was 
observed in the spring and/or fall seasons (Demin et al. 2013). Additional impact on 
the cardiorespiratory system was exerted by the physical activity of testers. In the 
Mars500 program, various exercise machines changed every 2 months and there 
were two periods of 1 month when exercise machines were not used. As a result 
changes of physical working capacity (PWC170) were observed, reflecting their 
state of health.

37.3.8  Metabolism and Gastrointestinal System

The impact of confinement and isolation on body composition, glucose metabolism/
insulin (HOMA-IR) resistance and adipokine levels was assessed in the precursor 
study (Mars105) and during the Mars500 experiment. The results of these studies 
indicate what countermeasures will be necessary and can be used for the develop-
ment of a well-focused exercise program (Strollo et al. 2014, 2018).

Additionally, the effect of isolation conditions on gastrointestinal (GI) motility 
and inflammation state of the GI tract was assessed by means of the developed inte-
grated approach. This involves the use of breath tests based on the oral administra-
tion of labeled or hydrogenous substrates containing 3CC, followed by the detection 
of their metabolites (33CO2 or H2) during breathing and the measurement of fecal 
calprotectin by a cassette-type lateral flow immunoassay. The obtained data points 
to the fact that a combination of isolation, stress and dietary factors (i.e., prolonged 
nutrition with canned and preserved foods) can contribute to the onset of pathologi-
cal processes (Roda et al. 2013).

37.4  Conclusion

The Mars500 program offered and yielded remarkable opportunities for science. It 
focused on the first, basic, human factor-oriented steps on a sustainable pathway to 
Mars. The Mars500 program and its scientific outcomes have been recognized as an 
important milestone of Europe’s pathway to exploration as it gathered unique, high- 
fidelity data, knowledge and experience to help prepare one day for a real mission 
to Mars.

The participants acted as subjects in scientific investigations to assess the effect 
that isolation has on various psychological and physiological aspects. The unique 
opportunities given in this study as by experts investigating different organ systems 
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in humans exposed to such a standardized environmental challenge (the “Exposome”) 
in a coordinated fashion, have allowed a more holistic view in humans’ adaptation 
to such a simulated very long-duration mission to Mars.

The knowledge gained during the Mars500 program on the effect of this stressful 
environment, the consecutive hormone regulation and changes of immunity, sleep 
quality, mood and the effectiveness of dietary supplements have altogether become 
invaluable in providing the basis for the potential development of countermeasures. 
The latter can deal with any unwanted side effects of such a mission—and also help 
in astronaut selection procedures, and at a modest expense. Obviously the Mars500 
program had its limitations, naturally, microgravity, radiation, and threat-to-life, 
three important physiological and psychological stressors that will be encountered 
during exploration-type missions—could not be simulated in the Mars500 program, 
which restricts the generalizability of the findings to long-duration space- exploration 
missions, but makes it still very complimentary when the study protocols are repli-
cated and seen together with other Earth analog environments.

The crew was male only, so one cannot make inferences about female-only or 
mixed crews. However, the study did help to determine key psychological and phys-
iological effects of being in such an enclosed environment for such an extended 
period of time. For instance, the effect of isolation and confinement on daily crew 
life and operational capabilities, the need for full autonomy and resourcefulness, the 
isolation, the interaction with fellow crewmembers and other aspects.

37.5  Outlook

ESA and other space agencies have a long history of conducting and participating 
in isolation and confinement studies. Substantial experience and achievements in 
assessing the risks for humans in these space analog environments have been gained. 
Nevertheless, the currently available database is too small and anecdotal to derive 
definite risk assessments, risk preventions and mitigation strategies. Further research 
is needed to assess the psychological and physiological issues associated with 
human long-duration space exploration missions in order to best select and prepare 
future crews and to develop appropriate countermeasures.

Exploratory missions to the moon and Mars, including the establishment of a 
permanently crewed base on the lunar surface, will add a new dimension to human 
spaceflight. It will require taking into account the distance of travel and subsequent 
remoteness of the crew, the radiation environment, the gravity levels, the duration 
and mission scenario, and the level of confinement and isolation the crews will be 
exposed to. For such long-duration exploration missions, the physical, psychologi-
cal, and physiological challenges presented by the long distances of travel, the dura-
tion of time spent dependent on automated life-support systems, the degree of 
isolation and confinement, and the lack of short-term rescue possibilities in case of 
emergencies, will be unlike any that humans have ever undertaken before. This will 
raise the importance of addressing several health issues, including those related to 
individual and crew performance and well-being, as well as psychological and 
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physiological issues. These factors are expected to become possible limiting factors 
to human adaptability during these missions and therefore need to be efficiently 
prevented, mitigated and counteracted.

In order to protect astronauts from the negative effects of isolation and confine-
ment and in order to ensure mission success, the factors that promote or threaten 
crew cohesion, as well as individual and crew performance and well-being need, to 
be identified. Since the questions that need to be addressed are manifold and multi-
factorial, a structured step-by-step approach will need to be put in place to retrieve 
valid and comparable scientific data within a reasonable and realistic time frame in 
preparation for future human long-duration exploration missions.

Isolation and confinement studies conducted by ESA and its partners will allow 
the development of integrative tools and concepts to prevent and mitigate health 
risks related to performance, emotional, cognitive, sensory, and psychosocial degra-
dation of the crewmembers, as well as to maintain the crew’s cohesion and their 
professional and social skills during the mission.

We want to learn more about how humans are physically able to explore the 
Solar System, and reduce risks that humans face in space. We also want to use sci-
entific results to determine how explorers will use local resources, to maximize the 
use of what we find around us by “living off the land.” This would be a shift from 
the current paradigm of taking everything with us from Earth. Additionally, these 
resources have high intrinsic scientific value. The key disciplines involved in this 
theme include human physiology, behavior and performance, life sciences, plane-
tary geology, astrobiology, and engineering sciences related to life support and 
spaceflight.

The search for knowledge is an essential part of why humans explore. Scientific 
exploration addresses overarching questions that society seeks to answer: “Where 
did we come from?”, “Are we alone in the Universe?”, “What will happen to us in 
the future?”, “How far can humans safely travel in space?” (see also Chap. 39). This 
search for knowledge is best achieved by a combination of research platforms and 
opportunities for performing exploration preparation science, including isolation 
and confinement studies. The value of data obtained from these studies to future 
mission planning cannot be overstated.

References

Arbeille P, Provost R, Vincent N, Aubert A (2014) Adaptation of the main peripheral artery and 
vein to long term confinement (Mars 500). PLoS One 9(1):e83063

Basner M, Dinges D, Mollicone D, Savelev I, Ecker A, Di Antonio A, Jones C, Hyder E, Kan K, 
Morukov B, Sutton J (2014) Psychological and behavioral changes during confinement in a 
520-day simulated interplanetary mission to Mars. PLoS One 9(3):e93298

Belavý DL, Gast U, Daumer M, Fomina E, Rawer R, Schießl H, Schneider S, Schubert H, Soaz 
C, Felsenberg D (2013) Progressive adaptation in physical activity and neuromuscular perfor-
mance during 520d confinement. PLoS One 8(3):e60090

Birukov A, Rakova N, Lerchl K, Engberink RH, Johannes B, Wabel P, Moissl U, Rauh M, Luft 
FC, Titze J (2016) Ultra-long-term human salt balance studies reveal interrelations between 
sodium, potassium, and chloride intake and excretion. Am J Clin Nutr 104(1):49–57

T. J. Ngo-Anh et al.



691

Bråbäck L, Vogt H, Hjern A (2011) Migration and asthma medication in international adoptees and 
immigrant families in Sweden. Clin Exp Allergy 41(8):1108–1115

Cabieses B, Uphoff E, Pinart M, Antó J, Wright J (2014) A systematic review on the development 
of asthma and allergic diseases in relation to international immigration: the leading role of the 
environment confirmed. PLoS One 9(8):e105347

Choukèr A, Smith L, Christ F, Larina I, Nichiporuk I, Baranov V, Bobrovnik E, Pastushkova L, 
Messmer K, Peter K, Thiel M (2002) Effects of confinement (110 and 240 days) on neuroen-
docrine stress response and changes of immune cells in men. J Appl Physiol 92(4):1619–1627

Crucian B, Babiak-Vazquez A, Johnston S, Pierson D, Ott C, Sams C (2016) Incidence of clinical 
symptoms during long-duration orbital spaceflight. Int J Gen Med 9:383–391

Crucian B, Choukèr A, Simpson R, Mehta S, Marshall G, Smith S, Zwart S, Heer M, Ponomarev S, 
Whitmire A, Frippiat J, Douglas G, Lorenzi H, Buchheim J, Makedonas G, Ginsburg G, Ott C, 
Pierson D, Krieger S, Baecker N, Sams C (2018) Immune system dysregulation during space-
flight: potential countermeasures for deep space exploration missions. Front Immunol 9:1437

Demin A, Dyachenko A, Ivanov A, Orlov O, Suvorov A (2013) Instrumental monitoring of the 
autonomous nervous system in the Mars-520 experiment. Biomed Eng 47(2):86–90

Gaffney C, Fomina E, Babich D, Kitov V, Uskov K, Green D (2017) The effect of long-term con-
finement and the efficacy of exercise countermeasures on muscle strength during a simulated 
mission to Mars: data from the Mars500 study. Sports Med Open 3(1):40

Gemignani A, Piarulli A, Menicucci D, Laurino M, Rota G, Mastorci F, Gushin V, Shevchenko 
O, Garbella E, Pingitore A, Sebastiani L, Bergamasco M, L’Abbate A, Allegrini P, Bedini R 
(2014) How stressful are 105days of isolation? Sleep EEG patterns and tonic cortisol in healthy 
volunteers simulating manned flight to Mars. Int J Psychophysiol 93(2):211–219

Gold D, Acevedo-Garcia D (2005) Immigration to the United States and acculturation as risk fac-
tors for asthma and allergy. J Allergy Clin Immunol 116(1):38–41

Johannes B, Sitev A, Vinokhodova A, Salnitski V, Savchenko E, Artyukhova A, Bubeev Y, Morukov 
B, Tafforin C, Basner M, Dinges D, Rittweger J (2015) Wireless monitoring of changes in crew 
relations during long-duration mission simulation. PLoS One 10(8):e0134814

Kanas N, Manzey D (2008) Space psychology and psychiatry, 2nd edn. Springer Science + 
Business Media; Microcosm Press, New York, NY; El Segundo, CA

Lerchl K, Rakova N, Dahlmann A, Rauh M, Goller U, Basner M, Dinges DF, Beck L, Agureev 
A, Larina I, Baranov V, Morukov B, Eckardt KU, Vassilieva G, Wabel P, Vienken J, Kirsch K, 
Johannes B, Krannich A, Luft FC, Titze J (2015) Agreement between 24-hour salt ingestion 
and sodium excretion in a controlled environment. Hypertension 66(4):850–857

Meigal A, Fomina E (2016) Electromyographic evaluation of countermeasures during the terres-
trial simulation of interplanetary spaceflight in Mars500 project. Pathophysiology 23(1):11–18

Rakova N, Jüttner K, Dahlmann A, Schröder A, Linz P, Kopp C, Rauh M, Goller U, Beck L, 
Agureev A, Vassilieva G, Lenkova L, Johannes B, Wabel P, Moissl U, Vienken J, Gerzer R, 
Eckardt K, Müller D, Kirsch K, Morukov B, Luft F, Titze J (2013) Long-term space flight 
simulation reveals infradian rhythmicity in human Na+ balance. Cell Metab 17(1):125–131

Roda A, Mirasoli M, Guardigli M, Simoni P, Festi D, Afonin B, Vasilyeva G (2013) Non-invasive 
panel tests for gastrointestinal motility monitoring within the MARS-500 Project. World J 
Gastroenterol 19(14):2208

Schneider S, Brümmer V, Carnahan H, Kleinert J, Piacentini MF, Meeusen R, Strüder HK (2010) 
Exercise as a countermeasure to psycho-physiological deconditioning during long-term con-
finement. Behav Brain Res 211(2):208–214

Schneider S, Abeln V, Popova J, Fomina E, Jacubowski A, Meeusen R, Strüder H (2013) The influ-
ence of exercise on prefrontal cortex activity and cognitive performance during a simulated 
space flight to Mars (MARS500). Behav Brain Res 236:1–7

Strollo F, Vassilieva G, Ruscica M, Masini M, Santucci D, Borgia L, Magni P, Celotti F, Nikiporuc 
I (2014) Changes in stress hormones and metabolism during a 105-day simulated Mars mis-
sion. Aviat Space Environ Med 85(8):793–797

Strollo F, Macchi C, Eberini I, Masini M, Botta M, Vassilieva G, Nichiporuk I, Monici M, Santucci 
D, Celotti F, Magni P, Ruscica M (2018) Body composition and metabolic changes during a 
520-day mission simulation to Mars. J Endocrinol Invest 41(11):1267–1273

37 Mars500: The First Preparation of Long-Duration Space Exploration



692

Turroni S, Rampelli S, Biagi E, Consolandi C, Severgnini M, Peano C, Quercia S, Soverini M, 
Carbonero F, Bianconi G, Rettberg P, Canganella F, Brigidi P, Candela M (2017) Temporal 
dynamics of the gut microbiota in people sharing a confined environment, a 520-day ground- 
based space simulation, MARS500. Microbiome 5(1):39

Ushakov I, Vladimirovich M, Bubeev Y, Gushin V, Vasil’eva G, Vinokhodova A, Shved D (2014) 
Main findings of psychophysiological studies in the Mars 500 experiment. Herald Russ Acad 
Sci 84(2):106–114

Vigo D, Tuerlinckx F, Ogrinz B, Wan L, Simonelli G, Bersenev E, Van den Bergh O, Aubert A 
(2013) Circadian rhythm of autonomic cardiovascular control during Mars500 simulated mis-
sion to Mars. Aviat Space Environ Med 84(10):1023–1028

Wang Y, Jing X, Lv K, Wu B, Bai Y, Luo Y, Chen S, Li Y (2014) During the long way to Mars: 
effects of 520 days of confinement (Mars500) on the assessment of affective stimuli and stage 
alteration in mood and plasma hormone levels. PLoS One 9(4):e87087

Yi B, Matzel S, Feuerecker M, Hörl M, Ladinig C, Abeln V, Choukèr A, Schneider S (2015a) 
The impact of chronic stress burden of 520-d isolation and confinement on the physiological 
response to subsequent acute stress challenge. Behav Brain Res 281:111–115

Yi B, Rykova M, Jäger G, Feuerecker M, Hörl M, Matzel S, Ponomarev S, Vassilieva G, Nichiporuk 
I, Choukèr A (2015b) Influences of large sets of environmental exposures on immune responses 
in healthy adult men. Sci Rep 5(1):13367

Yi B, Titze J, Choukèr A (2015c) Dietary sodium intake and risk of cardiovascular disease. JAMA 
Intern Med 175(9):1578

T. J. Ngo-Anh et al.



693© Springer Nature Switzerland AG 2020
A. Choukér (ed.), Stress Challenges and Immunity in Space, 
https://doi.org/10.1007/978-3-030-16996-1_38

A. P. Salam (*) 
Nuffield Department of Medicine, University of Oxford, Oxford, UK

Institut Polaire Emile Victor (French Polar Institute), Plouzane, France (former)
e-mail: alexsalam@doctors.org.uk

38Exploration Class Missions on Earth: 
Lessons Learnt from Life in Extreme 
Antarctic Isolation and Confinement

Alex P. Salam

38.1  Introduction

Sometime this century humans will attempt to set foot on the planet Mars. This will 
mark a defining moment in the history of human exploration. Never before will a 
journey of this magnitude or complexity have been attempted. Apart from the tech-
nical challenges, the physical and psychological threats to the crew will be without 
precedent. Severe derangements of numerous physiological processes will occur. 
The psychological state of the crew will, without a doubt, also heavily influence the 
mission. Prolonged separation from loved ones and our home, planet Earth, will 
place immense emotional strains on the crew. A life devoid of Earth’s colors, sounds, 
and smells, will lead to sensory deprivation and monotony. Altered circadian 
rhythms and disturbed sleep patterns will result in cognitive and motor impairment. 
Endless months confined to a small habitable volume will test the patience, stability, 
and diplomacy of even the most highly trained astronauts. Overall, a state of con-
stant physical and psychological stress will loom over the crew, and might indeed 
put their lives at risk.

I spent a year at the Concordia Antarctic research station in 2009 as a researcher 
in human biology and medicine for the European Space Agency, investigating the 
consequences of chronic stress (and chronic hypoxia) on immunity and sleep. 
Concordia is one of the most isolated research stations on the planet and shares 
many stressor characteristics with long duration–deep space missions (LDDS). I 
discuss, in brief, some of the stressors present at Concordia and their consequences 
and similarities with LDDS missions, and potential countermeasures to disturbed 
behavioral health and performance.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16996-1_38&domain=pdf
mailto:alexsalam@doctors.org.uk
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38.2  Concordia Station

Concordia station is located at Dome Charlie (Dome C) at an elevation of 3232 m, 
1000 km inland from the Antarctic coast, on the high Antarctic plateau. Dome C is 
a vast barren ice desert that stretches, uninterrupted, for hundreds of kilometers in 
all directions. It is one of the coldest, driest, most inhospitable, and inaccessible 
regions on the planet. This alien world was my home for 379  days. The station 
serves as a research platform for glaciology, astronomy, atmospheric chemistry, 
seismology, geomagnetism, and human biology. It is jointly operated by the French 
Polar Institute (IPEV) and the Italian Polar Institute (PNRA). There are only two 
other permanent stations on the high Antarctic plateau, the Russian Vostok station 
and the American South Pole station. During the summer season (mid-November to 
mid-February) the station is lively and there are on average 50 international scien-
tists and technical personnel. Planes come and go, transporting people to and from 
the station. Snow tractors and snow ploughs arrive from the coastal station, Dumont 
D’Urville (distance 1200 km), bringing supplies in preparation for the winter. The 
outdoor temperatures are relatively mild, averaging −30 °C, and it is possible to 
explore the surroundings of the station before the bitter winter begins; the seismol-
ogy ice cave, the astronomy platforms, the glaciology shelter, and the climatology 
tower. The 24-h intense sunlight encourages late “night” gatherings and the 
ambience is social. People are busy, occupied with station and equipment repairs, 
logistics, and science (Fig. 38.1).

Fig. 38.1 Concordia station. The two principal towers can be seen; the “noisy” tower which 
houses life support, recreation, food storage and preparation, and the mess; the “quiet” tower 
which houses sleeping quarters, laboratories, and medical
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Throughout the last week of January and the first week of February, the summer 
crew begin to leave and numbers dwindle until the last flight approaches. The mood 
and feel of the station changes significantly, becoming much more still and com-
posed. On February 8th 2009, at 09h02 UTC, the 12 of us staying for the fifth 
Concordia winter-over, a mix of French, Italians, and myself, all stood side by side, 
waiving hesitantly as the last Douglas DC3 revved into action, kicking a mist of 
snow and fine ice particles towards us. A few minutes later the plane roared over our 
heads and rushed away into the vast expanse. The buzz of the engines dissipated, the 
defined form of the plane became a blur, until eventually it disappeared in an instant. 
This was the start of 9 months of isolation during which there was no possibility of 
evacuation or deliveries. The next nearest human presence was the crew of the 
Russian Vostok station, 560 km away. Because of its location and the environmental 
extremes, Concordia station is completely isolated during the winter season from 
mid-February to mid-November. It is simply too dangerous to attempt airplane land-
ings or pass-overs, and in all likelihood technically impossible during the depths of 
winter. Telecommunications were limited and consisted of 2–3 satellite connections 
during the day for emails to be sent and received. Our personal email accounts were 
limited to 1 Mb per connection. There was no real-time data transfer, although we 
did have occasional use of satellite telephone at our own expense. As individuals and 
as a crew, we had to be self-reliant and semiautonomous during the winter period.

On February 14th, the sun set for the first time in 3 months, marking the end of 
the polar summer and the start of the polar winter. It was a fleeting moment; within 
a few minutes the sun was back above the horizon. Over the course of several weeks, 
however, night and day equalized and temperatures began to drop. By March, out-
side temperatures were averaging −45 °C. By April, night had overtaken day and 
outside temperatures were averaging −60 °C. On May 6th the sun finally disap-
peared beneath the horizon for three long, dark, cold months. Concordia experi-
ences cycles of total light or total darkness because of its location deep within the 
polar circle. Mid-June was the coldest and darkest period of the winter, in many 
ways. Temperatures regularly approached −80  °C (not counting wind-chill) and 
people were generally confined to the station for long stretches of time. On the 
morning of August the 11th, the sun shot a crimson flame low into the sky as it made 
its first, but short-lived, appearance in 3 months. By November it had returned to its 
24-h blinding fury. On November 17th, early afternoon, the exact same plane that 
had left us 9  months ago returned, slowly transforming from a mere glistening 
speckle in the desolate distance to a wonderful, thundering, colorful beast arriving 
just a few meters from our feet.

38.3  Stressors, Consequences, and Parallels with Long 
Duration–Deep Space Missions

The main stressors present at Concordia station are shown in Fig. 38.2a. The list is 
not exhaustive. Apart from some of the miscellaneous stressors, all of the stressors 
listed will also occur during LDDS missions, although their intensity and the level 
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of risk associated with them will vary. The stressors are listed under specific catego-
ries but in reality some could be listed under more than one category, and their clas-
sification is fluid. Many of the stressors are interrelated. For example, some of the 
social stressors can influence the psychological stressors, and vice-versa. The inten-
sity and numbers of stressors that an individual can tolerate is time dependent. The 
main consequences of the stressors are shown in Fig. 38.2b. Again, many of the 
sequelae are interrelated. Importantly, some of the stressors and sequelae feedback 
in a bidirectional manner. As a result, a single sequela experienced by a single indi-
vidual can eventually have a profound impact on the group. For example, an indi-
vidual feels low in mood due to their extreme isolation from society. A vicious cycle 
occurs as the low mood is exacerbated without access to the support of friends and 
family. The individual begins to withdraw from the group, and eventually forgoes 
some of their professional or communal duties. This can lead to the individual being 
made a scapegoat and marginalization from the group (see Chap. 19), which in turn 
amplifies the individual’s mood disorder and even arouses feelings of suspicion 
towards others. If this individual is part of a minority group, subdivision of the 
group may occur. In the worst-case scenario, all these events lead to reduced group 
consensus, and possibly risk to the mission (Fig. 38.3).

38.3.1  Psychological Stressors

Living at Concordia is in many ways like living on a distant desolate planet. When 
I stepped out of the Douglas DC3 twin-engine propeller aircraft onto the ice on 
December 5th 2008, what struck me the most was the vast, bleak, expanse of the 
high Antarctic plateau. The landscape has no topography, and there is not a single 
drop of life or natural color in the endless ocean of listless ice that surrounds the 
station for as far as the eye can see. There is nothing in the environment to remind 
you that you are still on Earth, a planet filled to the brim with flowing water, lush 
vegetation, geological wonders, and wildlife. A sun that never sets and then subse-
quently never rises adds to this surreal sense of detachment from Earth. In addition 
Dome C experiences, essentially, no weather system as there are almost no clouds 
and there is almost no precipitation and no wind. Therefore, one feels not only very 
physically isolated due to the remote location of Concordia and distance from civi-
lization but also emotionally isolated and detached from Earth. This is compounded 
by the limited telecommunications and generally poor access to ample and person-
alized information from the outside world, including communication with friends 
and family. The extreme separation and isolation from close relatives and friends 
places a significant emotional strain on many crew members and can lead to low 
mood, emotional liability, or sometimes even emotional detachment. Such emo-
tional detachment is both a positive and negative consequence of the physical and 
emotional isolation. It allows one to adapt to the high isolation, but when experi-
enced to the extreme can result in emotional blunting and apathy, which in turn can 
result in disruptions to personal and family life, relationships that are already 
strained by the immense physical separation (Fig. 38.4).
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Life at Concordia is, perhaps surprisingly, very monotonous. It is not a “polar 
adventure” and in this respect is sharply different to many of the Antarctic coastal 
stations that have wildlife, weather patterns, dynamic landscapes, as well as shorter 
periods of total darkness/daylight and shorter periods of confinement. The monot-
ony is present in several forms including sensory, intellectual/work, recreational, 
and social. Sensory monotony is profound. There are very few colors, sounds, or 
smells present in the environment or the station, and those that are present are 
unchanging. Olfactory and gustatory senses are probably, in addition, blunted due to 
the chronic hypoxia. Although food is ample, it is frozen and dried and highly 
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Fig. 38.3 An individual reacting negatively to a stressor can eventually have a profound influence 
on the group
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dependent on the quality of preparation. The limited access to substantive and per-
sonalized information, in particular real-time data transfer, amplifies the general 
monotony. Although friends and family could assist in retrieving information, one 
was wary of hassling them on a daily basis for this purpose. I managed to find a 
crude way round this issue by designing, with the help of a colleague back in Europe, 
a program that retrieved Pubmed and Google searches through an automated email 
process. I would send an email to my colleague’s account in Europe with an identi-
fying title and my search request in specific syntax. At the next satellite connection, 
usually 8  h later, I would receive an automated email response with the search 
results. I would then send the http links for the abstracts/articles I wanted at the next 
connection, and finally, usually 24–48  h after my initial email request, I would 
receive an automated response with the abstracts/articles I desired. This was an 
incredibly laborious and slow process, but the only option available. I highlight this 
point to illustrate the extent to which we found the lack of access to scientific knowl-
edge and information frustrating. Work was interesting for many of the scientists, 
but due to limited amounts of reagents and equipment, the ability to be scientifically 
creative or “play” when on site was restricted. Between the biomedical experiments 
and my own personal goals and projects, I didn’t have time for much else. My rou-
tine consisted of work, lunch, work, dinner, gym, work, socialize, and bed. I, and 
others, followed this similar pattern almost unchanged for 279 days straight during 
the winter. Days all seemed to merge into one. Unexpected events and pleasures 
were welcome but very rare. The major external events that occurred were the first 
and last sunset and sunrise, but even these events were predictable. Work served as 

Fig. 38.4 Fish-eye view from the roof of Concordia station, taken during the winter, looking out 
onto the Dome C plateau
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an important adaptation method to the isolation and sensory void, but was in itself a 
monotonous routine for many. Again, if used to the extreme, this adaptation process 
had negative consequences including overworking, burnout, and detachment.

Leisure activities in the station were sparse. Some of us brought recreational 
materials, but these were limited by transport weight and dimension restrictions. It 
is interesting, but perhaps obvious, to note that the motivation to pursue goals 
dropped soon after arrival at Concordia if these goals and pastimes were not related 
to Antarctica directly, to work or to preexisting hobbies. The gym consisted of a few 
weight machines and a bicycle. Several months into the winter though, using the 
same machines and repeating the same movements was dry, and a strain on motiva-
tion. Midway through the winter I welded some steel pipes together to make a bal-
ancing beam. This helped break the repetitiveness of the gym machines and even 
just this small amount of variety in my exercise routine and motor functions was a 
huge sensory rush. Although leisure activities such as table football and a pool table 
were available, these were less frequently used than one might expect. This may 
sound surprising, but was related to choice. People didn’t necessarily want to play 
pool or table football simply because they were available. These were not recre-
ational activities that people had interest in prior to arriving. This lack of choice and 
control was noticeable in many other areas including food, work, and most impor-
tantly personal and family life. It was very difficult for those who experienced nega-
tive relationship and family events whilst at Concordia to feel as though they had 
any control or interventional influence over such situations.

The no abort/rescue scenario and high autonomy are subtle stressors at Concordia 
and not necessarily ones that are obviously felt until system failures or major medi-
cal emergencies occur. One major technical event in particular during our winter- 
over reminded us of how fragile we were. Around mid-winter, as endless night 
surrounded the station, we heard a menacing, twisting groan escape from the depths 
of the station in the early afternoon. The lights went out and we were plunged into 
darkness. The station had lost power and all systems were down. The power failure 
lasted over an hour whilst the technical crew worked to repair the generator systems. 
Human presence at Dome C is completely dependent on life support systems; elec-
tricity, heat and water principally. The summer camp, 1 km away, serves as an evac-
uation destination but it consists of very basic huts, simple radio communication, 
and one very cold, unused, generator. This event served to remind us that Concordia 
station is a vulnerable speck of artificially supported life in a seemingly endless 
expanse of uninhabited and deadly ice, and several of the crew felt a deep sense of 
lasting anxiety and fear as a result. Although the International Space Station (ISS) 
is inherently more dangerous than Concordia, the crew can evacuate and be back on 
Earth within 24 h. This possibility does not exist at Concordia and we are com-
pletely at the mercy our life support systems and health during the 9-month winter. 
The dangers at Concordia are minimal compared to spaceflight, but it is of note that 
this event, in the context of no rescue possible, caused a deep sense of fear and 
unease in some of the crew members. It is not unreasonable to expect that such 
thoughts may weigh heavily on the crew of LDDS missions as, unlike during cur-
rent spaceflight, they will clearly not have the ability to abort or be rescued when 
millions of kilometers away from Earth.
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38.3.2  Psychosocial Stressors

It can be difficult to remain socially engaged and active within a group that has not 
been selected as a team unit. Socializing within such a small unchanging social 
sphere can be repetitive after many months. Forced interpersonal contact can easily 
reveal, sometimes at an early stage, personality incompatibilities. In a group size of 
12, in a closed and confined environment, minor disagreements can alter the mood 
and feel of the group significantly. Individual stress can lead to affect displacement 
towards other individuals, the group, and even ground control. In the case of 
Concordia station, the two nationality groups and two command structures can be 
complex and can lead to subgrouping, which can be amplified by the absence of a 
communal language. The role of the leader becomes increasingly important and 
influential as the winter progresses, as a mediator between both individuals and 
subgroups and as a figurehead. After 9 months of isolation, some individuals had 
seemingly irrational and suspicious negative emotions towards others and the group. 
As mentioned before, changes in mood of even just a single individual can theoreti-
cally, depending on the role of the individual and their interaction with the group, 
eventually have a profound impact. The presence of a mixed gender crew was gen-
erally a positive and calming influence, but this is clearly dependent on the person-
ality types and the inverse can arise. Relationships often develop in isolated and 
monotonous environments. There is no reason to expect that this will not occur 
during LDDS missions when the crew is even more physically and emotionally 
detached from Earth. This has potentially very significant social and health implica-
tions, and is something that needs to be addressed openly when planning long dura-
tion missions.

38.3.3  Environmental Stressors

My first night’s sleep at Concordia station was terrible. Dome C is one of the driest 
places on Earth. I woke up several times with my lips cracked and stuck together, 
raw, almost bleeding. On my first night, at two in the morning I stirred from sleep 
and noticed the sun blazing fiercely through a tiny crack in the window blind as 
though it were midday. The light pounded my retina and suddenly I was awake and 
viciously alert. I couldn’t get back to sleep despite the fact that after days of travel-
ing to get to Concordia, my body and mind craved rest desperately. Within a couple 
of weeks I had got used to the 24 h sunlight but I couldn’t shake off the lack of 
humidity, and this was something that affected my sleep for several months. Cheap 
and rusty humidifiers, and buckets of recycled water, had little effect. By the time 
most of us had got used to the dryness, darkness arrived. The 3 months of total dark-
ness did not affect everyone equally, however. Some noticed little difference in their 
sleep patterns and mood, whilst others required sleeping aids. Overall, people felt 
more fatigued, with diminished abilities to concentrate for sustained periods. During 
the winter, at temperatures below −60  °C outside, my eyelashes would freeze 
together and I would have to pry them apart to be able to see. My fingers would ping 
with pain as well, no matter how many gloves or hand warmers I used. Even the best 
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polar gloves and boots offered minimal protection from the cold. Below −50 °C to 
−60 °C, people spent very little time outside and were confined to the station for 
long stretches of time. Time spent outside at such temperatures was usually a maxi-
mum of 20–30 min and mostly for technical reasons rather than recreation.

All these environmental stressors, cold, hypoxia, lack of humidity, and altered 
day/night cycles, result in significant physical stress. These stressors are experienced 
most forcefully during summer, as the change in physiological homeostasis is very 
acute. By the time winter begins, people have had time to adapt somewhat to the 
environmental stressors. Most people arrive direct from sea level and the adaptation 
to an altitude equivalent to 3800 m at the equator is sudden and abrupt. Despite liv-
ing at such an altitude for over a year, and many of us developing hemoglobin levels 
above 20 g/dL, exercise tolerance never quite matched that at sea level. It is interest-
ing to note that during the summer, approximately 50% of the entire crew developed 
one or more infections, most commonly upper respiratory tract infections. This high 
incidence of infection was probably multifactorial and due to: a reduced ability of 
dry mucous membranes to act as barriers to microorganisms; the effects of hypoxia 
on immunity and inflammation; the consequences of sleep deprivation and fatigue 
on immunity; the fact that Concordia is a dynamic and high population density envi-
ronment during the summer (up to 70 individuals); and the fact that people arrive on 
a regular basis from the outside world bringing new microorganisms with them. 
During the winter there were only two incidences of symptomatic infections despite 
the much higher levels of psychic stressors; a soft tissue hand infection that responded 
to antibiotics promptly, and a 24 h febrile illness of unclear etiology that spontane-
ously resolved. Clearly the fact that Concordia is a closed system during the winter 
is a major factor with respect to this lower incidence of symptomatic infection. 
Wound healing however seemed, subjectively, slow. Results of the immune study 
CHOICE (Consequences of Hypobaric hypOxia on Immunity in the antarctic 
Concordia Environment) have shed light on the interaction between hypoxia, stress 
and immunity at Concordia (see Chap. 16). Chronic moderate hypoxia at Concordia 
is likely to influence not just immunity and inflammation, but many other systems 
and processes including, for example, cardiovascular function, cognitive abilities 
and muscle metabolism. Vitamins and minerals are not routinely supplemented at 
Concordia, and it is therefore likely that the wintering crews experience nutritional 
deficiencies, as well as presumably vitamin D deficiency due to the lack of sunlight 
exposure. Overall therefore, Concordia is not only a psychologically and socially 
challenging environment to live in but also a physically stressing environment.

38.4  Adaptation and Countermeasures to Stress During 
Long Duration–Deep Space Missions

38.4.1  Personality Characteristics and Adaptation to Stress

Many of the sequelae listed in Fig. 38.2b were experienced by one or more indi-
viduals, and the group, during the winter. Some of us successfully dealt with the 
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issues and stressors present and were fortunate enough to remain professionally and 
personally motivated throughout the winter. Others unfortunately suffered psycho-
logical disturbances as described. Of these, the most serious were anxiety and panic 
attacks for which several individuals required benzodiazepines at one stage or 
another. Such psychological imbalances, perhaps paradoxically, can sometimes 
continue, and indeed develop de novo, upon return to civilization. The abrupt ces-
sation of life in isolation and confinement and the subsequent readaptation to nor-
mality can be stressful and lengthy, and individuals are unfortunately often 
unprepared for this. Readjusting to social rules, routine employment and relation-
ships can be difficult and some people experience feelings of confusion, uneasi-
ness, disinterest and social claustrophobia. With time however, many people who 
have spent a winter in Antarctica feel positive effects associated with the privilege 
of experiencing one of the planet’s most spectacularly vast and daunting environ-
ments, such as: a profound sense of accomplishment; increased personal and pro-
fessional confidence; a better tolerance and adaptation to stress; a clearer vision of 
one’s personal needs, limits and ambitions; a deeper appreciation of personal free-
doms and the natural environment. Although there are many stressors present at 
Concordia, there is an absence of some of the stressors present in “everyday” life, 
such as commuting, shopping, queues, bills, excessive choice (both restricted 
choice and excessive choice can, in my opinion, function as stressors), advertising 
and information overload, rules and regulations and so on. And although everyone 
feels some of the psychological and social stressors to a certain degree, some expe-
rience the absence of routine life stressors very positively. Indeed, this is probably 
why some people subsequently return to Antarctica for a further winter-over, even 
to Concordia!

Based on my observations of the crew, several personality characteristics and 
attitudes appeared regularly in those who remained consistently in good psycho-
logical health during the winter: detachment, lack of sentimentality, relatively 
unemotional yet still empathetic, stoicism, pragmatism, determination, flexibility, 
diplomacy, resourcefulness and creativity, and a low need for social stimulation. 
Admittedly, these observations were personal and possibly biased. These are not all 
inherent personality characteristics and some represent personality adaptations to 
specific stressors. In my opinion, the most critical frame of mind and approach in 
ensuring a successful and healthy winter-over were: having a sharply defined and 
almost unquestionable comprehension of one’s reasons for doing a winter stay, 
including an obvious understanding and acceptance of the risks and sacrifices 
involved; the ability to keep oneself occupied and motivated, both professionally 
and personally, whilst ensuring time and methods for effective relaxation and recu-
peration; having clear and realistic personal and work goals relevant to Antarctica, 
careers, or previous past-times and hobbies; a willingness to help others through 
personal and professional issues including the ability to appropriately re-prioritize 
one’s own time, needs and beliefs for the benefit of other individuals and the group; 
resourcefulness and creativity in making the most out of the environment and lim-
ited materials available; and a certain detachment and lack of sentimentality with 
regards to the outside world.
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38.4.2  Effective Adaptation and Countermeasures

It is unrealistic to expect humans not to suffer psychological distress when exposed 
to the prolonged intense and novel conditions that will occur during LDDS mis-
sions. After all, we evolved in the lush, open, vast plains of Africa, and not in a 
small, dark, noisy, dangerous spacecraft. That kind of environment is not, and will 
never be, a natural environment for humans to live in for years at a time. Expecting 
to identify “super-human” astronauts and teams in advance who will successfully 
adapt to the stressors of LDDS missions is not realistic (see Chap. 2). Rather, help-
ing highly trained and well-balanced individuals and teams to adapt through appro-
priate interventions and countermeasures seems more appropriate. The general aim 
of countermeasures should be to increase individual physical and psychological 
well-being and performance and minimize downside risks, increase group cohesion 
and teamwork, minimize the disruptions to families and relatives back on Earth, 
maximize the chances of mission success, and ensure successful readaptation upon 
return to Earth. Briefly, countermeasures can be classified along the lines of crew 
composition, crew training, habitability, social, recreational, psychological, sen-
sory, work design and pharmacological (see also Chaps. 30–35). Complimentary to 
countermeasures is the monitoring of stress via physiological (e.g., autonomic 
responses, biological stress parameters), psychological (e.g., questionnaires, video 
analysis, sociometry) and performance parameters and markers. Early identification 
of the consequences of stressors allows for early implementation of countermea-
sures. Indeed, on site analysis of physiological markers of stress (e.g., salivary amy-
lase, neuropeptide-Y) would allow astronauts to monitor stress levels objectively 
themselves on a regular basis and instigate self-directed countermeasures appropri-
ately. Some of the social and sensory countermeasures available to the crew of the 
ISS presently will not be present during LDDS missions. The ISS experiences stun-
ning and ever-changing views of Earth. Visiting crews bring fresh foods, recre-
ational materials, and private packages from friends and family. The ISS crew also 
has access to real-time data transfer including on demand communication with rela-
tives and psychological counseling, and live video links. None of these stress- 
reducing factors will be present during LDDS missions.

Effective adaptation and countermeasures should start early, at the time of selec-
tion and training. Although all candidates for LDDS missions will undergo exten-
sive psychological profiling and testing, and perhaps genetic characterization, the 
exact personality traits and attitudes needed will be extremely difficult to correctly 
identify in advance, for the simple reason that no one will have experienced such 
high levels of novel stress before. Selecting the right candidates for spaceflight is a 
difficult process at the moment but will represent an even bigger challenge in LDDS 
missions. Testing and training of individuals and crews in advance in analogous 
extreme situations and environments will, without a doubt, be necessary. The 
Concordia winter crews are not selected as a team unit, undergo little training 
together prior to deployment, and do not share a specifically defined common goal. 
Clearly this is not ideal with regards to maximizing work and social cohesion. 
Crews of future LDDS missions will have to spend many years training together 
and, importantly, also socializing together.
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There are a number of habitability factors and social and sensory countermea-
sures that, although limited by engineering and financial constraints, could however 
significantly ease the stressors during LDDS missions. For example, at Concordia 
station, the windows are relatively small. One large, possibly panoramic window, in 
the central living area, even at the expense of other windows, would have made a 
significant difference to the feeling of confinement. Simply being able to clearly and 
comfortably visualize the outside world, the Antarctic plateau, would have a calm-
ing and comforting effect. The illusion of not being physically limited by our inter-
nal environment is critical. There is psychological strength and meaning in the fact 
that there is a world outside the winter confines of the station. In the case of LDDS 
missions, Earth will disappear from view relatively soon but depending on the loca-
tion of windows, and orientation with regards to the sun, stars and galaxies should 
still be visible. In any case, the view of Earth, slowly increasing in size as the mis-
sion end approaches, will also have powerful positive psychological connotations at 
a time point that may prove one of the most psychologically demanding and diffi-
cult. Indeed, the view of the approaching mission destination, whether it be an aster-
oid, moon, or Mars, is equally psychologically important.

A minimum amount of privacy is also needed for personal recreation, sleep, 
hygiene, and communication. At Concordia station the communication facilities 
were poorly sound insulated, which meant that passersby could easily hear conver-
sations. The ability to communicate in complete confidence with friends and family, 
whether real time or not, allows for the dissolution of concerns, fears, and anger, 
which in turn helps to minimize interpersonal conflicts. Admittedly, the crew of 
LDDS missions will not be able to communicate in real time during most of the 
journey, but they will have the ability to send and receive files, and video and audio 
messages. The use of short messaging services and social media to communicate 
with friends and family will take on increasing importance the further the crew 
travel from Earth. Short messaging services in particular give somewhat the illusion 
of instant communication and would probably be very useful yet fairly simple to 
implement. Our private and sleeping quarters at Concordia were small and basic but 
thankfully solitary, which allowed us the chance to retreat when necessary. Even 
just a few months into the winter, I was acutely aware of the importance of being 
able to retreat to private space every now and then, either one’s bedroom or labora-
tory, as a necessary adaptation aid. It is comforting to know that there is a space 
within your cocooned environment that belongs to your own little private world. 
Volume will clearly be a limiting factor during LDDS missions but it is absolutely 
critical that each crew member has a small but private space that can be used for 
personal use and sleep, and can be defined as their own for the entire journey. The 
lack of humidity was a significant contributor to poor sleep at Concordia and this, 
and other environmental characteristics (e.g., noise, temperature, vibration, and 
lighting), should be taken into account during the design of life support systems for 
LDDS habitats.

Concordia station is decorated with few colors. The water treatment unit, diesel 
engines, and ventilation are responsible for most of the ambient background noise. 
Although the most prevalent smell throughout the station was that of the water treat-
ment unit, we were fortunate to have cooking facilities, which did thankfully 
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provide us with pleasant aromas and a degree of sensory stimulation. Indeed the 
quality of food preparation was absolutely paramount. Food was the single most 
important pleasure we had at Concordia, and meals were one of the few occasions 
when the entire crew came together. The quality and variety of the food had a sig-
nificant impact on the mood of individuals as well as the group dynamics. When the 
food was well prepared, moods and tensions improved, whereas they significantly 
worsened when the food was disliked. Having the opportunity to actually cook for 
ourselves, every now and again, and create a meal that we specifically desired was 
also very important. It was fun and challenging to try and make interesting and var-
ied meals from frozen, dried, and limited ingredients. When confined and isolated 
for long periods of time there are very few choices allowed or available, yet even a 
small amount of choice can significantly alter the perception of personal freedom. 
In addition, in an environment where many of the sensory and social pleasures that 
we normally take for granted are absent, the few that are available become increas-
ingly important and necessary.

Countermeasures to dulled senses could be relatively simple to implement dur-
ing LDDS missions and might include colors, sounds, smells and possibly tactile 
sensations such as video projections of Earth, virtual windows, virtual reality, small 
plants, bottled aromas, sounds of nature, different textures, etc. Variety in motor 
function should also be provided, and perhaps this is best included as part of the 
training systems that will be necessary to keep the crew’s technical skills up to date 
en route to their destination. It will be difficult, probably impossible, to accommo-
date any form of cooking during LDDS missions. It is therefore critical that ade-
quate and personal choice be allowed for in meal selection, together with odor and 
flavor enhancers. There may not be enough volume to accommodate a separate 
relaxation area, but there should at least be a defined dining and communal area, 
which ideally should be separate from work areas.

Finally, the journey to and from any deep space destination will present ample 
opportunities for boredom and motivational insecurity to creep into the minds of the 
crew. Providing the crew with work and occupations during this period is vital. 
Above all, any work or occupation should be meaningful and relevant to the mission 
or the individual’s needs, experience and goals. At Concordia there was a marked 
difference in the ability of individuals to withstand stressors between those indi-
viduals who had meaningful and plentiful work and those who did not. Due to vol-
ume and technical constraints, it will not be possible to have large volume, 
well-equipped and sophisticated laboratories on board LDDS missions. Any labora-
tory will be basic and therefore the scope for scientific creativity will be limited, 
much like at Concordia. Individuals who can creatively exploit the scientific won-
ders of microgravity and space through their own devise with the limited equipment 
and materials available, or keep themselves intellectually stimulated through the use 
of electronic information, will be better suited to the monotonous and confined 
environment.
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38.5  Conclusion

The stressors, consequences, and countermeasures mentioned in this chapter have 
been discussed briefly, hoping to give an insight into some of the behavioral health 
issues that will affect the crews of LDDS missions. Interplanetary missions will be 
expensive, and physically, psychologically, and technically dangerous endeavors. 
The stressors and consequences that have been observed during spaceflight and 
analogous environments, such as Concordia, will be markedly amplified during 
LDDS missions. Investing significant amounts of time and finance into training and 
countermeasures that will improve the well-being of the crew is a small fraction to 
pay when one considers the vast expense, expectations, and risks that are at stake.
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39.1  Introduction

This book deals with stress and the immune system in astronauts with a link to the 
importance of this research to Earth application and patients benefits. However, 
without astronauts and space travel, the book would be devoid of practical purpose 
for space missions. The same is true for space travel in itself because, one might ask, 
what is the purpose of travel if it is not a destination? Yet, today, most spaceflights 
seem to consist of endless turns around the Earth, without ever leaving the so-called 
Low Earth Orbit (LEO). This is the orbit of most inhabited spacecraft, including the 
International Space Station (ISS), at an altitude of ca. 400 km (roughly the distance 
Paris-Lyon, Bonn-Berlin, London-Newcastle, Rome-Venice, or Houston-Dallas 
etc.). Only 24 human beings, almost half a century ago, have ever have travelled 
beyond.

In this chapter therefore we will look at the future perspectives of human space-
flight beyond the Earth and its very direct surroundings. Space is vast and the defini-
tion of ‘direct surroundings of the Earth’ can range from the moon (380,000 km), 
our Solar System (distance of termination shock: ca. 25  billion  km or 23  light- 
hours), our Galaxy (100,000 light years), our ‘local group’ of some 30 nearby galax-
ies (10 million light years). Wherever we want to go, we can make a few general 
statements on the nature of such a trip:

• It takes a long to very long time to reach our destination.
• The travel itself and life at the respective destination will both challenge humans 

by a series of known and unknown stressors related to the hostile environment of 
space.
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• The effects of these environmental factors on humans are not always well known 
or quantified. Yet, we need to ensure that the crew will survive the trip and is able 
to perform useful tasks.

• For almost all conceivable destinations, new technology will need to be devel-
oped for the travel itself, life-support, physical and mental health.

This chapter will endeavour to give a brief summary of the current understanding 
of and most important stumbling blocks towards extended space mission durations, 
as well as possible technological solutions to overcome these. The further we go—
in terms of distance from Earth, and also in terms of the build-up of this chapter—
the less facts are available, and the more speculative the text will become. The final 
paragraphs are bordering on science fiction, although still based on current research.

39.2  Consideration for Mission Planning

39.2.1  Going Places

First, the question needs to be answered what time will be required to reach our 
future destinations. To determine the boundary conditions of such travel, most 
importantly the basic orbital physics have to be taken into account.

To characterise the trip a bit better, let us examine two factors in a bit more detail. 
In order not to get too stressed already from reading this chapter, we restrict our-
selves in this discussion first to targets within our own Solar System. The energy 
required to go from Earth to another planet in our Solar System is basically deter-
mined by

• The need to leave the potential energy well of the Earth (leading to a certain so- 
called escape velocity)

• The need to reach a stable transfer orbit to the destination planet
• The need to decelerate again to reach the surface of the destination planet again 

with a safe velocity.
• The need to retrace our steps in reverse order, to get safely back to Earth

Each of these steps are characterised by a parameter called delta-v, describing the 
velocity change required to carry out orbital manoeuvres in space, and is expressed 
in units of m/s. Obviously, such a velocity change can only be achieved through 
acceleration of the vehicle, and is therefore a direct function of the efficiency of the 
propulsion system and the total mass of the spacecraft. It is important to realise that 
any increase in delta-v will have a significant impact on the mass of the space vehi-
cle. Simply put, increasing the total velocity of the vehicle will require additional 
fuel, and that fuel, including its containment, will have to be accelerated also, lead-
ing to even further fuel requirements, etc. The net result is that there is an exponen-
tial relation between the ratio of useful to total vehicle mass and the effective delta-v. 
This relation was first derived by the Russian pioneer of spaceflight Tsiolkovsky in 
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1903 and carries his name. As an illustration, the take-off mass of the Apollo-16 
mission was 3 million kg, whereas the mass of the lunar module was only 5000 kg; 
a ratio of 600.

It therefore makes sense, certainly with the currently used chemical propulsion 
technology, to try to minimize energy requirements whilst keeping travel times rea-
sonable. The orbit with the most interesting characteristics is the one in which the 
space vehicle makes optimum use of the relative orbital velocities of the two plan-
ets, getting a boost from the departure planet to arrive with just about the right 
velocity at the destination, as depicted in Fig. 39.1. It can be shown mathematically 
that the transfer time of such a so-called Hohmann transfer orbit is a function only 
of the orbital radii and the mass of the sun. Going faster is possible, but at the costs 
of a significant amount of additional delta-v, whereas trajectories consuming less 
energy will lead immediately to longer travel times.

Table 39.1 gives some parameters for destinations in our Solar System. From this 
it can be seen that, with our current technological knowledge, destinations within 
reach of humans are restricted to Mercury, Venus, moon, Mars, and possibly Jupiter 
(and in particular its moons). Anything further away is prohibitive in terms of travel 
times relative to a normal human lifespan.

3

1

2

∆v

∆v’

R

O

R ’

Fig. 39.1 A Hohmann transfer from a planet of origin with orbital radius R to a destination planet 
with orbital radius R′ (source: Wikimedia)
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More distant destinations would be possible if we would use different propulsion 
technologies, which would allow us to deviate from the Hohmann orbit. Even then, 
however, we have to realise that the fundamental laws of nature put limits on the 
velocities we can reach. Assuming that 10% of the speed of light will be a very 
optimistic long-term achievable goal, it would still take 15 years to reach the bound-
aries of our Solar system, and 44 years to travel to the nearest sunlike star (Alpha 
Centauri), where one might actually find a habitable planet (Kopparapu et al. 2013).

The universe is immense, and it will take a really long time to reach even the 
closest interesting destinations. Will humans ever survive such a trip?

39.2.2  The Dragons on the Way

According to our current knowledge the most dangerous physical stress of long- 
distance and long-duration spaceflight is radiation. Until this very day, almost all 
experience in long-duration spaceflight has been restricted to the first 500 km above 
the Earth surface. This fact is significant because in LEO an important fraction of 
the harmful radiation present in space is shielded by the Earth’s magnetic field. In 
deep space, defined for the moment as beyond the Van Allen Belts (Fig. 39.2), two 
sources of radiation can be identified:

• Solar radiation, which mainly consists of protons. Their intensity shows a long- 
term variation with the solar cycle (11 years), but can increase rapidly during 
periods of solar flares and reach levels that, without proper protection, can be 
lethal. To illustrate the importance of this, in August 1972, just a few months 
after the Apollo 16 mission, a particular vehement solar eruption took place. 

Fig. 39.2 Graphic representation of the Van Allen radiation belts generated by the Earth’s mag-
netic field and protecting the Earth from a large part of cosmic radiation (source: Wikimedia)
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Would this solar flare have happened a few weeks earlier during a lunar extra-
vehicular activities (EVA), the Apollo16 crew would likely have received a lethal 
radiation dose (Parsons and Townsend 2000) and their perspectives of returning 
safely to Earth would have been bleak. Fortunately, shielding against proton 
radiation is relatively easy, and a relatively thin layer of water, or lunar or Martian 
soil, would already provide sufficient protection. Combined with the transient 
nature of solar flares, it is assumed that efficient protection strategies can be 
devised, although much further work is still needed.

• Galactic cosmic radiation, which is present throughout our Galaxy, consists of 
nuclei of heavier atoms (with higher atomic number Z, such as iron) originating 
from stellar nuclear fusion processes and supernova explosions. Whilst the inten-
sity of cosmic radiation is not particularly high, shielding is much more compli-
cated and hence the exposure will be almost continuous. The effect of a high-Z 
particle impinging on a cell can also be much more dramatic than a proton event, 
since it creates a track of ionisation of up to millimeters in length (Cucinotta and 
Durante 2006).

Current knowledge of the radiation effects of long-duration spaceflight is gener-
ally restricted to LEO and in particular based on measurements on the ISS (Narici 
et al. 2015). It is important to note that, contrary to Earth, both the moon and Mars 
have no magnetic field or dense atmosphere that could attenuate the radiation effects 
while on the surface. In the vicinity of Jupiter, the radiation environment is even 
more hostile as a result of the high concentration of cosmic radiation by the planet’s 
radiation belts.

The uncertainties of the effect of all forms of space radiation, both in LEO and 
beyond, on long-term risks of cancer are high. Best available estimates put the risk 
of cancer death at 0.1–2% for ISS missions and 1–20% for Mars missions (Durante 
and Cucinotta 2008). Certainly the higher-end ranges would put such missions at or 
beyond acceptable occupational hazard levels (generally set at 3%). More knowl-
edge is therefore required on the effects of long-term continuous exposure to cosmic 
radiation and possible countermeasures (shielding or other). The use of ground- 
based experiments using particle beams such as the ‘Investigations into Biological 
Effects of Radiation (IBER)’ program is particularly important since it can offer 
more controlled conditions and improve statistics complementing space experi-
ments (Durante et al. 2010).

39.2.3  Floating Free, Falling Deep

The most visible aspect of current day spaceflight is weightlessness. This phenom-
enon is inherent to the fact that a vehicle in space that is only subject to the force of 
gravity (i.e. without engines burning or resting on a planetary surface) is in fact in 
free fall. Such conditions exist in orbit around a planet, or during interplanetary 
travel using a Hohmann transfer.
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What are the effects of microgravity on biological systems? This has been an 
important area of scientific research in space during the past decades. With the 
advent of the ISS access to extended periods of microgravity for research purposes 
is now available for almost two decades. The ISS has been used to continue the 
study of biological effects on cells, plants, animals and humans. To increase the 
statistical validity, bed rest studies form a very useful analogue for studying the 
effects of prolonged weightlessness on the human body (see Chap. 36).

Initial assumptions, based on the very small difference in gravitational energy 
over distances of several microns, predicted that at the cellular level biological pro-
cesses would not be affected by weightlessness (Pollard 1965). However, when 
results from early Russian and US (Gemini and Biosatellite) experiments became 
available, it became clear that weightlessness did affect individual cells (Young and 
Tremor 1968; Jenkins 1968). The first case where the pathways of gravity sensing 
was unraveled was in plant-roots, where it was shown that the mechanism of sens-
ing gravity is based on the presence of a heavy cell element called statolith which is 
connected to the cytoskeleton, whose deformation trigger local changes in growth 
rate of the root walls, leading in the end to the curvature of the root in the direction 
of the gravity vector (Friml et al. 2002; Perbal and Driss-Ecole 2003).

One can now consider it proven that gravity has a measurable influence on cel-
lular molecular processes that determine the functionality of virtually all types of 
cells, ranging from simple algae to mammalian cells. Through the multitude of 
experiments being carried out to date it is now emerging that, while the nature of the 
gravity-sensing element in a cell may differ, the underlying molecular mechanisms 
are very similar in different cell types (Häder et al. 2017), indicating that responding 
to gravity is a very fundamental process for life as we know it on Earth.

For mammalian cells in particular, the stress effects of weightlessness on signal 
transduction, gene expression and subsequent effects on cell division or functional-
ity of, for example immune cells, have been well documented (see Chap. 11). More 
than being of mere theoretical interests, these results have direct relevance for 
humans living under conditions of weightlessness. Other relevant effects in this 
context are for example the increased proliferation rate of several bacteria (Chap. 
18; Häder et al. 2005), the reduced proliferation of lymphocytes in the human body 
during spaceflight (Cogoli 2002), or the change in bone turnover as a result of expo-
sure to weightlessness (LeBlanc et al. 2000; Marie et al. 2000; Scheld et al. 2001).

From the description of the effects of weightlessness at the cellular level, it is 
already clear that the state of the human body will change during spaceflight. 
However, beyond the effects on our cells, the human body is large enough to react 
macroscopically to changes in gravity (both size and direction), as anybody can wit-
ness in a rapidly accelerating/decelerating elevator or by standing on one’s head.

The most visible and common of these effects are known already since the early 
days of spaceflight and are by now extremely well documented. They include:

• Effects on the neurovestibular and proprioceptive system:
The equilibrium system and in particular the semicircular canals comprise a 

motion-detection system that is based on the detection of fluid motion resulting 
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from the vector-product of the gravity force and angular acceleration of the head. 
Clearly, without gravity vector, the output of this system is completely different 
and at odds with other visual or proprioceptive clues (Clarke et al. 2000). The net 
result can range from mild disorientation to severe space sickness in the first days 
of spaceflight. Interestingly, also here the human body is capable of adapting to 
the new environment and the effects in general disappear after a few days. In the 
new configuration, visual inputs have an even higher importance than under 
Earth gravity, and many studies take use of this effect to look into the specific 
mechanisms of image processing, orientation and the interaction with other pro-
prioceptive signals. Of practical importance are tests that look into the capability 
of the crew in performing complex tasks such as manipulating equipment or car-
rying out docking or landing procedures (Viguier et al. 2001).

• Fluid shifts and subsequent neurological, cardiovascular and hormonal adapta-
tion processes:

Very visible is the so-called puffy face in astronauts in the first days after 
launch, resulting from the redistribution of fluid from the lower extremities to the 
head. Interestingly, adaptation processes will set in rather soon, and after a few 
days a new equilibrium will be reached, characterised by different hormonal 
levels and functioning of the cardiovascular system (cardiac output, arterial fric-
tion, etc.). However, fluid shift and other not yet fully understood mechanisms 
can result in ‘space headaches (Feuerecker et al. 2016)’, and long lasting visual 
impairments of the crew (see below).

• Bone and muscle mass loss:
Loss of calcium and overall bone-mass loss sets in almost immediately after 

exposure to weightlessness and at a very important rate of up to 1–2% of total 
bone mass per month (which is 10–15 times faster than in the most severe case of 
osteoporotic patients). At the same time the very long recovery time of more than 
a year after return to normal conditions was observed in bed rest models investi-
gating this pathology on Earth (Grimm et al. 2016). Similar effects arise in mus-
cle mass (DiPrampero and Narici 2003), although here the recovery rate is faster.

• Lung ventilation and related processes:
Detailed studies have been performed on lung ventilation in weightlessness 

by monitoring the composition of exhaled air with or without premixed gaseous 
additions. The results have led to a change in the understanding of the process of 
gas exchange in the lungs, in particular by invalidating the assumed effect of 
gravity on the ventilation/perfusion ratio in the lungs (Verbanck et  al. 1996). 
Further studies look into the potential increased risk of lung inflammation due to 
inhalation of floating particles, or exposure to reduced pressure environment 
such as in space suits during extra-vehicular activities (EVA) (Karlsson et  al. 
2009).

With the start of the ISS era long-duration flights have become more common 
and the number of test subjects for studies increased importantly. This has allowed 
more in-depth research, identifying a few less known effects that emerged in the last 
decade:
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• It is now demonstrated that the immune system is influenced by spaceflight. The 
effect goes beyond the effect of weightlessness on the proliferation of lympho-
cytes mentioned before and is probably due to a combination of weightlessness 
and stress associated with spaceflight. There is evidence for a role of stress hor-
mones being (partially) responsible for this effect (this book; Strewe et al. 2012). 
For long-term space missions this aspect may have important consequences, 
both in terms of the design of life support systems, countermeasures and 
medication.

• A surprise finding, first identified in 2005, is that during spaceflight a significant 
fraction of astronauts experience a noticeable impairment of their eyesight. Upon 
closer examination, in some 60–80% of the cases investigated, astronaut’s eyes 
are altered in a more or less serious way during spaceflight (Mader et al. 2011). 
The effect, which seems to be permanent, is not yet fully understood but thought 
to be related to changes in intra-cranial pressure and plasticity of the brain. MRI 
scans of volunteers during bed-rest studies seem to confirm this hypothesis 
(Gerlach et al. 2017). Not much is known on the long-term evolution of the phe-
nomenon nor on possible countermeasures, but it clearly deserves attention when 
discussing perspectives of longer duration missions.

• The study of the human body protein system (proteomics) is a current topic in 
research and it is therefore not surprising that it is also extended to space research. 
Indeed, it appears that changes in the protein system in the human body under 
spaceflight are different from those seen at individual cellular level and that there 
are important interaction effects. The impact of these findings for long-duration 
spaceflight is under study (Grimm et al. 2014).

At first sight the effects of weightlessness on the human body seem impressive 
and could constitute a potential major showstopper for human spaceflight in gen-
eral. However, the most remarkable result of these studies is the apparent capability 
of the body’s organ systems to adapt to the new stressful environmental conditions. 
After a few weeks of spaceflight the most notable adverse effects seem to be com-
pensated and humans are able to survive well in space for prolonged periods of 
time. In fact, after a few weeks, the situation of weightlessness has almost become 
as natural to body and mind as the normal Earth environment and new methods of 
orientation and locomotion (resembling dolphin-like swimming) are adopted.

Humans have survived in space for extensive periods of time by now, and records 
include:

• Longest continuous duration in space, men: Valery Poliakov, 438 days, 1994/5.
• Longest continuous duration in space, women: Peggy Whitson, 290 days, 2017.
• Longest total duration in space Gennady Padalka, 879 days, 1998–2015.
• Longest total duration of EVA activity, Anatolyi Solovyov, 82 h, 1988–1998.
• The ISS represents 19 years of continuous human occupation of space. It has 

been visited by more than 230 astronauts, of whom roughly half was long-term 
crew, i.e. staying on board for approximately 6 months. More recently also a 
1-year stay for two astronauts was implemented in 2015.
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Suitable countermeasures to mitigate the consequences of life under the condition 
of weightlessness are also under development. Two approaches are under consider-
ation. One is based on physical countermeasures such as exercise machines and 
treadmills (Petersen et al. 2016) or centrifugation (Iwasaki et al. 2001; Clément and 
Pavy-Le Traon 2004; Linnarsson et al. 2015). Another approach is looking at metab-
olism, nutrition or food supplements (see also Chap. 33) (Vermeer et al. 1998; Stein 
et  al. 2003; Heer et  al. 2004) and pharmaceutical countermeasures (Chap. 35) 
(Grimm et al. 2016). One of the more fascinating results of such studies indicate that 
bone-mass loss may be correlated with an increased sodium intake by astronauts 
(Frings-Meuthen et al. 2008). Such research and its outcome transcends the space 
domain and has direct relevance for people on Earth (Bühlmeier et al. 2016). Also for 
the immune system’s dysfunctions in space international and interdisciplinary groups 
of scientists have discussed and proposed some helpful measures to mitigate these 
immune related risks (Crucian et al. 2018, see also Chap. 35). A different aspect in 
this context is how the crew cope with sudden changes in gravity level, such as occur 
not only directly after launch, but also directly after landing on another planetary 
surface. As can be seen at any return of astronauts after a long stay in microgravity, 
the adaptation to Earth’s gravity is stressful, cumbersome and takes roughly the same 
time as the adaptation to microgravity at the beginning of the flight. Some of the 
already mentioned countermeasure strategies may be also effective to counteract this 
effect. However, certainly for the immediate availability of astronauts to carry out 
critical tasks further research is required (Bles and Groen 2009).

Finally, once on a planetary surface, the body will be exposed to longer times of 
non-zero gravity different from Earth’s gravity. Here very little research is available. 
As long as the gravity level is between zero and one no major effects are expected. 
This is in a way evidenced by the limited experience of the Apollo astronauts on the 
moon. In the near future, the European Space Agency (ESA) plans to carry out para-
bolic flight campaigns simulating lunar and Martian gravity levels to study this fur-
ther. However, prolonged exposure to higher gravity levels has never been tested in 
a serious way, to the knowledge of the author. Certainly an upper limit must exist for 
the gravity level that a human body can sustain in a prolonged way. Astronaut train-
ing includes testing in a long-arm centrifuge operating at up to ~6 g, but the duration 
of this does not exceed more than several minutes. In any case, it is unlikely that an 
astronaut can do useful physical activities at permanent g-levels exceeding ~2 g.

In conclusion, it can be stated that the impact of weightlessness on the human 
body—in spite of its effects on almost every organ system—most likely is not THE 
most critical problem for the voyage to Mars.

39.2.4  Stressed, Bored and Lonely

Psychological constraints are the least known of all factors that determine whether 
humans will be able to sustain very long-duration space trips. For example, a mis-
sion to Mars and back following a Hohmann transfer orbit will take some 520 days, 
of which roughly 1 month will be spent on the Martian surface and the rest in transit. 
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At its largest distance, the crew will be some 360 million km from home, more than 
1000 times farther away than the Apollo lunar astronauts. From this distance, the 
Earth will only be a faint dot in the sky that cannot be distinguished among the stars 
without a good telescope, and communication delays may run up to 20 min one 
way, that is almost three quarters of an hour before a reply can be expected. In some 
configurations, the sun will be in the line of sight between Mars and Earth and 
visual contact and communications are even virtually non-existent. Naturally, for 
farther destinations the numbers are correspondingly higher.

During all this time, the crew may experience various forms of physical and 
emotional stressors. These include not only increased noise levels, limited privacy 
and contact with family or friends, prolonged confinement, small crew-size, 
increased expectations as to performance and significant risks of equipment failure 
or fatal mishaps, but also long periods of boredom. Prolonged exposure to such situ-
ations may affect individual psychological health, interpersonal relations in a small 
group, including effects related to different cultural backgrounds and language 
problems, leadership and teamwork, problems between the crew (‘us’) and ground- 
control (‘them’), monotony, loneliness, etc. (see Chaps. 22, 31, and 37). Of particu-
lar importance are the possibility for the crew to maintain not only their mental 
health, but also crew coherence and cognitive capabilities. Finally, as argued in 
other chapters and elsewhere, physical and mental health cannot be seen as sepa-
rated items but as different and interacting aspects of overall crew health and 
performance.

To study these aspects further, long-term isolation studies are carried out. ESA is 
performing studies in ground-based analogue environments. Important research is, 
for example carried out in the French-Italian Antarctic station Concordia (see also 
Chaps. 36 and 38). Due to its very isolated location (more than 1000 km from the 
nearest coastline) and small crew size of 12–16, the conditions in this base are quite 
comparable to those on a Martian mission. Nine months of the year the base cannot 
be reached by any vehicle and the crew is hence totally isolated. Several medical 
and psychological studies are carried out here.

Another study was the so-called Mars500 isolation study, organised and carried 
out by the Russian IBMP institute in Moscow together with ESA between June 
2010 and November 2011. The study simulated a complete Mars mission with six 
crew members, enclosed for 520 days in a spacecraft-like complex. With exception 
of real space travel, weightlessness and radiation, all important aspects of a Mars 
mission, including communication delays, were simulated and a multitude of medi-
cal and psychological protocols was carried out to study the effects on the crew. It 
is interesting to note that the Concordia and Mars500 studies are in a way comple-
mentary to each other. Concordia is a real research environment with real physical 
isolation. The situation is therefore on the one hand more realistic, but the environ-
ment is not well suited for testing different protocols and simulated emergencies, 
because these might interfere with the operational aspects of the base. Mars500 on 
the other hand has been a simulation, and the participants will to a certain extent 
stay aware of that. While this may influence the study, the environment is more 
controlled, and for that reason the data will be easier to interpret (Chap. 37).
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The results of these isolation studies confirm that psychological effects during 
very long and distant space missions can be expected. The effects can exist at the 
level of the individual such as autonomy, motivation and decision making (Van 
Baarsen 2013), performance (Schneider et  al. 2013), crew interaction processes 
(Sandal and Bye 2015) but also be of a more physiological nature such as changes 
in metabolism (Rakova et  al. 2013) or changes in the immune system (Yi et  al. 
2014). Recommendations are being formulated to alleviate these effects, both dur-
ing crew selection and training and during mission definition and operations (De la 
Torre et al. 2012).

39.3  Technological Leaps

The conclusion of the above sections can be summarised as: from a human health 
perspective, with technology that exists today human spaceflight to destinations like 
moon or Mars could be feasible, but not much farther away. This chapter investi-
gates a series of technological developments that are under consideration to secure 
this endeavour and to also extend these frontiers.

39.3.1  Health-Care in Space

During spaceflight a multitude of health risks exist. These can be related to space-
flight, but can also include very common diseases which need treatment. Whereas 
for example on the ISS in case of serious medical emergency, a crew member can 
be transported back to Earth in a matter of hours, during a mission to Mars there 
is no return possibility other than the nominal flight schedule. The consequences 
of this will have to be examined in every stage of the mission, from the crew selec-
tion (from risk screening to preventive medical treatment), crew training (profi-
ciency in routine anamnesis and treatment should be present in at least two of the 
crew members), selection and preservation of medical supplies (even the number 
of painkillers, so to speak, will have to be determined in advance), diagnostic 
tools of minimal or non-invasive nature (see Chaps. 21–29) with adequate and 
personalised countermeasure algorithms up to the definition of a small operation 
theatre including the possibility of tele-assisted diagnosis and surgery (Haidegger 
et al. 2011).

39.3.2  Closed-Loop Life Support Systems

Space travelers are very human, ‘normal’ people, and are not different in their need 
for some very basic consumables, such as water, oxygen and food. Although this 
sounds trivial, it is in fact something that has far-reaching implications. Table 39.2 
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shows the daily requirements of water, food and other supplies on the ISS. In this 
table it is assumed that all oxygen will be generated from electrolysis of water.

For a space mission of 520 days, which is the realistic travel time to Mars, this 
would add up to approximately 27,000 kg for a crew of six. This is totally incompat-
ible with the capabilities of current or future launchers. Clearly, recycling of waste 
back into air, water and food is mandatory to keep the total mass of a Mars mission 
under control. There are several approaches to this problem. Currently on the ISS 
the Environmental Control and Life Support System (ECLSS) is taking care of the 
physico-chemical recovery of waste water (atmospheric water vapor as well as 
urine). The throughput of the urine system is maximum 9 kg/day with a recovery 
level of 80%. In the words of astronaut Frank de Winne: ‘I have seen this cup of 
coffee before’. More advanced systems are being developed and tested to improve 
on these numbers. ESA developed a waste-water recycling system based on nano-
filtration and reverse osmosis that is currently being employed in the realistic envi-
ronment of the Concordia base on Antarctica. Its capacity is some 40,000 L of water 
per year, with a recycling efficiency of 90%.

The next and ultimate step would be to create a complete bioregenerative cycle, 
in which all water, air waste and food channels are combined (Mergeay et al. 1988). 
Such a system, under development by ESA under the name Melissa (Micro- 
ecological Life Support System Alternative) is depicted in Fig. 39.3. Of particular 
importance is the Photosynthesis Compartment 4, where the products of other com-
partments are used to produce higher plants for consumption. In 2009, the Melissa 
Pilot Plant (Fig. 39.4) was activated that will serve to provide actual data on perfor-
mance (Lasseur et al. 2010).

Edible plants (lettuce, radish, peas) have been produced in various experiments 
dating back to the early 70s and up to the ISS (Zabel et al. 2014). Experiments on 
the ISS are carried out to study the fundamental aspects of growing plants for food 
in space (Kittang et al. 2014). Results of these experiments will be used in the future 
to improve the efficiency of food production on Earth.

Table 39.2 Daily consumption 
of consumables on the ISS per 
crewmember

Item Mass (kg/crewmember/day)
Drinking water 1.5
Food water 0.5
Metabolic water 0.35
Hygiene water 1.0
Water for oxygen 
supply

1.0

Cooling water 0.85
Food 2
Crew items 1.0
Other 0.4
Total 8.6
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39.3.3  Chemical and Biological Dangers

Both in the spacecraft and on a planetary surface, astronauts may be exposed to an 
environment that may be hazardous for other reasons than just radiation (Horneck 
et al. 2006). Equipment has to be developed such that no off-gassing of toxic mate-
rial occurs, and that dangerous chemicals will remain contained. A particular health 
risk results from the development of pathogens in a closed environment. Experience 
shows that bacteria and fungi can grow on surfaces or in hidden niches on board 
manned spacecraft, posing a potential risk both to crew health and equipment 
depending on the degree of contamination (Lauber and Ullrich 2016). More specifi-
cally, in systems where waste, water, air and food will be recycled to a large extent 
preferential growth of certain bacteria cannot be excluded. Also the possibility of 
genetic mutation of bacteria by radiation or other environmental factors has to be 
taken into account (Baatout et al. 2007).

Water

Food

Food

Wastes

Non edible parts of higher plants

Crew

Compartment IV

Compartment III Compartment II

Compartment I

IVB IVA

Higher plant 
compartment

Arthrospira platensis

Photoautotrophic
bacteria

Fibre 
degradation

Thermophilic anaerobic 
bacteria

Volatile 
fatty 
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Minerals
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NH4
+
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+

NO3
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CO2

CO2

CO2

O2
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Fig. 39.3 The MELISSA advanced loop concept, showing the different compartments and their 
connections, forming an artificial micro-ecosystem (image ESA)
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On the planetary surface, even if the soil would not contain toxic materials, the 
mere inhalation of dust particles, particularly in a reduced gravity environment, can 
pose health hazards. Free radicals, salts and oxidants can be aggressive both for 
human tissue and for equipment, in particular in humid conditions. Toxic materials 
and potential organics add to the dangers. In extremis, even unknown biohazards 
may be encountered such as mutant or fully extraterrestrial viruses, yeasts or bacte-
ria (Cousins and Cockell 2016). New monitoring and protection techniques will 
have to be developed to keep such risks under control.

39.3.4  Future Permanent Habitats Beyond LEO

Since the first edition of this book the situation regarding the perspectives of future 
human space habitats has evolved, although not always in a clear direction. Within 
the context of an international coordination group (ISECG), 14 global Space 
Agencies are formulating an approach towards the ‘next destination’ in human 
space exploration. However, the final choice will stay a matter of national priorities 

Fig. 39.4 The MELISSA 
pilot plant at the University 
Autònoma of Barcelona 
(image ESA)
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and funding and is therefore, as so many political issues, subject to rather frequent 
changes in orientation. At the moment of writing no clear approved and funded 
projects are available that foresee creating a permanently inhabited space base. 
What seems to emerge, however, is a sense that a base on the lunar surface or in the 
vicinity of the moon most likely will be the first step, to be expected towards the end 
of the next decade. Many important milestones are still to be reached, in particular 
related to radiation protection, habitat design and supply possibilities. It is certain 
that these will need further study, including looking into possibilities of subsurface 
construction and using local resources for supply (see below). Therefore, initially 
such bases may not be permanently crewed, to allow for milder radiation regimes 
and supply requirements. A next step may then see the (robotic?) construction of a 
shielded lunar base that would allow for permanent habitation. The technological 
solutions for such an approach are within reach and it is more a question of finding 
the proper financing and international collaboration scheme that will determine the 
timescale.

For Mars, the main reasons for making the trip are the sense of exploration and 
the gathering of scientific knowledge, in particular related to the possibility of find-
ing extinct or even extant non-terrestrial life. Also for Mars, however, there are 
some strong voices arguing for commercial endeavours. What is slightly disturbing 
in these discussions is that most of the fundamental issues such as radiation protec-
tion and resource scenarios are not really addressed. Whatever the objective, it 
should be realised that for a nominal flight to Mars the available time on the surface 
cannot be changed at will. It is either roughly 1 month, or almost 1.5 years, deter-
mined by the relative position of Earth and Mars allowing for a Hohmann transfer 
orbit. In the first case the amount of time spent on the Martian surface is less than 
10% of the total mission duration, which can be considered wasteful. The second 
scenario will require something that could only be described as a permanent base. 
Almost certainly the first flight to Mars will be of the first type. Based on all these 
arguments, this author does not expect a permanent Martian base to happen in the 
first half of this century. However, the recently emerging private interest in lunar or 
Martian missions may change or even accelerate progress in this area.

39.3.5  Living of the Land

The greater the distance, delta-v and mission duration, the more supplies will have 
to be carried along. Some gains can be made by recycling technologies such as 
described above. However, major reductions in launch mass could be achieved if 
part of the consumables could be found at the place of destination. Possibilities 
include:

• Building material. Lunar or Martian regolith can be used, either in its pure state 
or after processing, as material for covering habitation modules for protection 
against radiation or meteorites. More advanced use could include regolith-base 
concrete for construction purposes. Local soil may also be used as substrate for 
food production (Wamelink et al. 2014).
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• Water. The presence of water ice in Martian polar regions has first been demon-
strated in 2005 from images from the ESA Mars Express mission (Fig. 39.5) and 
confirmed in 2008 by the NASA Phoenix Lander (Smith et al. 2009). There is 
also speculation on the existence of underground reservoirs of (frozen) water 
based on analysis of Martian meteorites and direct observation (Stuurman et al. 
2016).

• More recently, the presence of water ice on the moon was inferred from spectro-
scopic measurements of dust plumes originating from the lunar south pole region 
(Colaprete et al. 2010) and water traces have been identified in lunar soil samples 
returned during the Apollo missions (Hauri et al. 2011).

• Oxygen. Whereas pure oxygen cannot be found on either moon or Mars, it can 
be produced relatively easily from water using electrolysis. In absence of water, 
oxygen may also be produced from carbon dioxide, which is relatively abundant 
in the Martian atmosphere, or from the regolith itself. In the latter case, signifi-
cant amounts of energy will be required, however (Zubrin and McKay 1997). In 
order to reduce weight and energy requirements further (also in the sense of 
allowing less sturdy and hence massive constructions) it is not unlikely that early 
habitats will use hypobaric conditions which in itself may impact physiological 
adaptation and health risk (see Chap. 16).

• Propellant. The mass of propellant required for the return trip to Earth is quite 
significant. If one bases oneself on a simple hydrogen-oxygen engine, in particu-
lar the mass of the oxygen will be important. As seen in the previous section, 
production of oxygen is feasible on Mars and maybe on the moon as well. More 
advanced ideas are also studied, such as the production of methane and oxygen 
from Martian carbon dioxide and hydrogen (Meier et al. 2017).

• Metals, plastic, etc. Various studies have looked into chemical processes to pro-
duce iron, aluminum, copper and even ethylene from locally available resources. 
Given the presence on Mars of carbon and hydrogen, Earth-based technologies 
could be applicable there (Zubrin and McKay 1997). On the moon this may be 
more complicated, in view of the low abundance of these two elements.

Fig. 39.5 Mars Express 
image, showing water ice 
in an impact crater on 
Vastitas Borealis, an area 
near the Martian Polar 
regions (image ESA)
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The more complex the above procedures become in general, the more energy 
intensive they will be. Therefore, energy production, either solar or nuclear energy, 
will be an issue that needs to be resolved first. Another aspect that requires consid-
eration is that if mission-critical consumables are supposed to be generated in this 
way, it is most likely wise that a mission be split in two parts, and that the human 
crew will only be sent on its way when positive confirmation has been obtained that 
the required oxygen, propellant, etc. is already available.

39.3.6  Terraforming

An more drastic approach would be the creation of a breathable atmosphere and 
Earth-like water-based ecosystem on Mars in which humans could live without 
spacesuits or other protection, and where standard food production techniques can 
be employed.

The details of such a procedure have been studied in some detail (McKay and 
Marinova 2001; Beech 2009). A first step in this process would be raising the 
Martian temperature. On Mars, solid carbon dioxide is present at the poles. It can be 
shown that raising the temperature by only a few degrees could lead to a runaway 
effect, starting with the release of gaseous carbon dioxide which in turn, through the 
greenhouse effect, will lead to higher temperatures and release of even more carbon 
dioxide. In this way, the surface temperature on Mars could approach the melting 
temperature of water. There would be several ways to achieve the initial raise of 
temperature required for this process. Under more or less serious consideration are 
the use of large solar mirrors, redirecting meteors towards Mars and using the 
energy released on their impact, and adding strong greenhouse gases like 
Chlorofluorocarbons (CFC’s) to the Martian atmosphere. Needless to say all of 
these solutions require massive technological developments and will not be avail-
able in this century.

A next step in terraforming Mars would be the activation of an artificial ecosys-
tem. Suitable bacteria, most likely selected extremophiles, could initiate this, fol-
lowed by plant life once sufficient water and organics will be available. This will 
then raise the oxygen concentration in the atmosphere, further increase of the tem-
perature and finally the creation of a more or less Earth-like environment. It is esti-
mated that the total process will require hundreds to thousands years as a 
minimum.

Of course, such a drastic development is at odds with current ethical values and 
principles of planetary protection, which say that mankind should leave other plan-
etary systems pristine and free from Earth contamination (Sparrow 2015).

39.3.7  Nuclear Propulsion

To a large extent, the discussions before on the possibility to reach Mars or other 
destinations were based on current propulsion technologies, which are basically 
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chemical in nature. Using different, more efficient propulsion techniques, trajecto-
ries could be chosen that are faster than the Hohmann transfer orbit, since the 
higher energy requirements could be met without serious mass penalties. The two 
key parameters to define a propulsion system are the thrust (in Newton) and the 
so- called specific impulse Isp (in seconds), representing the achieved impulse per 
unit of weight of propellant. Specific impulse determines how efficient a propul-
sion system is (the higher Isp, the less propellant is required to achieve a certain 
delta-v), the thrust determines how fast such delta-v will be achieved. In Table 39.3, 
some examples are given of Isp, and thrust (or rather thrust per weight) can be 
achieved with current and future propulsion systems (Mallove and Matloff 1989; 
Sutton 1992).

From the table it can be seen that chemical propulsion is the most reasonable 
solution today, even if it is not very efficient. Ion thrusters, in which ionised heavy 
gases (most often xenon is used) are accelerated in an electric field, are much more 
efficient, but have very low thrust and are therefore not practical fur human space-
flight purposes. As an example, the ESA Smart-1 mission in 2004 used only ca. 
60  kg of xenon to reach the moon from LEO, but it took 409  days to get there 
(Rathsman et al. 2005).

For the very long future, propulsion systems for human spaceflight will there-
fore be based likely on nuclear technologies. The first concrete designs for this 
were in the late 1940s, and assumed a series of nuclear bombs to be detonated 
some 50 ft behind the rocket, with the blast being caught by a pusher plate (Dyson 
2002). Since then, ‘more elegant’ designs have become available with less obvious 
drawbacks. These designs are based on nuclear fission reactors in which the energy 
is either used to generate power for electric propulsion or transferred to inert gas 
that is used as propellant (Bruno 2008). Designs on nuclear fusion are also 
proposed.

Even more promising, on paper at least, are engines in which anti-protons 
(such as are generated for example in CERN), would be stored in magnetic flasks 
and brought to annihilation through contact with normal matter. The energy 
released in such a process is enormous and can be used to generate huge exhaust 
velocities at the engine nozzle (Forward 1985). Designs for such engines do exist 
(Fig. 39.6) and prototype antiproton storage systems are in existence. Nevertheless, 
such systems will require amounts of anti-protons that are beyond the current 
capabilities, and it cannot be expected that within the century this technology will 
become mature.

Table 39.3 Performance 
characteristics of some 
current and future propulsion 
systems

Propulsion type Specific impulse (s) Thrust/weight
Chemical 200–400 0.1–10
Ion propulsion 1200–5000 10−4–10−3

Nuclear fission 500–3000 10−4–10
Nuclear fusion 104–105 10−5–10−2

Antimatter 
annihilation

103–106 10−3–1
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39.3.8  Hibernation

Even when much more efficient engines would be produced routinely, the time of a 
space trip will remain enormous. As discussed in Sect. 39.2.1, the travel time (one 
way!) to even the closest neighbouring stars would take several tens of years in the 
most optimistic of all cases. Science Fiction literature and movies present us with 
many elegant solutions to this problem. Unfortunately, most of them involve trans-
portation means (‘hyperspace’, ‘warp’) that have no connection with physical real-
ity. Only one of these concepts has realistic merit. This is the possibility to extend 
our lifetime and overcome boredom through hibernation. Hibernation is a physio-
logical process in which the body reduces its metabolic rate for prolonged periods 
of time, allowing some animals to overcome periods of extreme conditions (mostly 
cold). Specific chemicals triggering hibernation have been identified and synthetic 
derivatives have been shown to be effective in non-hibernating animals (Oeltgen 
et al. 1988; Vecchio et al. 2003; Blackstone et al. 2005; Hamid et al. 2009), although 
as yet a generic mechanism to induce hibernation is not identified. One, or much 
more likely many triggers and distal mechanisms to control the cells’ metabolism 
need to be identified—and to be modulated in the right sequence and intensity (see 
Chap. 5). The question whether also humans could be brought in a hibernation is not 
yet answered, but from a biological perspective there are no reasons why this would 
not be possible. In fact, studies on the physiology of fetuses, breath-hold divers or 
persons using deep meditation techniques, suggest that they are able to enter a state 

Fig. 39.6 Artist impression of a rocket using antimatter propulsion (source: Wikimedia)

M. Heppener



729

of slowed vital functions (Singer and Mühlfeld 2007; Lindholm and Lundgren 
2009; Tyagi and Cohen 2013). A specific advantage of hibernation for space appli-
cations may be found in the general observation that hibernating animals seem to be 
more robust with respect to external damage to organs and even cells (Fleck et al. 
2005; Bouma et al. 2013). It could be hypothesised that this would also hold for 
effects of weightlessness and possibly even radiation damage (Cerri et al. 2016). 
This field of research has recently attracted further attention, not because of its 
interest for space exploration, but from the medical research community (Bouma 
et  al. 2012), in view of the potential advantages for medical applications. Many 
open questions still exist, but research programs are in progress to address these. If 
it becomes practically feasible to bring astronauts in a hibernating state, this will be 
a true game-changer for future exploration missions.

39.4  Summary

The purpose of this chapter has not only been to list the challenges and caveats but 
also to demonstrate that the drive to enable human space travel beyond LEO is 
strong. The feasibility to travel to the moon has already been proven, but is still 
attracting renewed interest from space agencies across the world. Much research is 
now needed to tackle potential showstoppers to prolong human presence on or near 
the lunar surface, and to reach out farther, in particular to Mars. That amazing 
adventure will happen, although possibly only later in this century.

What is even more amazing is the capability and willingness of humans to think 
of the impossible and try to make it real. Several of the ideas presented above sound 
very fantastic. Yet, creative minds are busy to push the boundaries. In writing an 
update to this chapter for the second edition, I was amazed to see how much prog-
ress was made in the cosmologically negligible timespan of 5 years. History has 
demonstrated that humans have a huge drive to explore new horizons. The question 
is hardly ‘how,’ but ‘when.’
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40.1  Stress and the Effect of Stress Mediators

40.1.1  Effects of Stress on Human Physiology

The term Stress denotes the event of unknown or known but challenging situations, 
individuals have to cope with and to adapt to. This event may be of physiological 
or psychological nature or a combination of both and endangers the inner equilib-
rium (homeostasis). Regain of homeostasis and maintenance of stability is reached 
by allostasis which is described as physiological or psychological changes in 
response to disturbance. Dependent of the kind of stress, such adaptations may 
occur already in cellular compartments like mitochondria, at single-cell level or 
physiologically like in neurobiological systems or the autonomic nervous system 
(ANS) (see Chaps. 4–6).

At the neurobiological level, stressful situations lead to the activation of the 
hypothalamic-pituitary-adrenal (HPA) and the sympathetic-adrenal medullary axis, 
resulting in a stress response or fight-or-flight response, which is characterized by 
the release of stress hormones like cortisol, catecholamines or ligands to the periph-
eral or central endocannabinoid (EC) receptor system. Adaptation to stress is com-
mon throughout all organisms and crucial to survive everyday life as well as extreme 
situations. An appropriate concentration of stress mediators or an acute short con-
centration peak is beneficial for performance or outcome; however, chronic stress 
has opposite effects. An overuse or dysregulation of stress mediators is likely to 
result in allostatic load or overload and the ability to cope with these situations 
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strongly depends on the individual variations in perceiving and handling stress as 
well as support from outside (see Chaps. 4, 6, and 10).

Stress hormones affect diverse physiological systems and in extremely stressful 
and/or chronic situations the effect is negative for cognitive and physical perfor-
mance, emotional regulation, mood and health.

Findings in the research field of psychoneuroimmunology state, that chronic 
stress exposure affects negatively inflammatory processes and wound healing and 
increases the susceptibility to illness. Furthermore chronic stress is associated with 
an increased production of reactive oxygen species (ROS), a reduced telomerase 
activity and shortened telomeres, factors which induce and indicate accelerated 
aging. Premature aging (senescence) can take place in several cell types in the body; 
however, a senescent immune system (immunosenescence) is associated with an 
increased susceptibility to infection and a greater risk for cancer development (see 
Chaps. 4 and 6).

40.1.2  Stress Mediators

40.1.2.1  Cortisol
The glucocorticoid cortisol is a powerful stress hormone involved in essential mech-
anisms like metabolism, memory, and functionality of the immune system (see 
Chaps. 4, 7, and 12). Cortisol is a widely used pharmacologic agent in psychiatrics 
since its regulatory function on memory includes consolidation of emotionally 
arousing experiences and the impairment of memory retrieval. Though chronically 
enhanced cortisol levels are believed to be a psychological adaptive response to help 
the organism coping with stressful events, it is also considered to play a role in 
pathogenesis and symptomatology of anxiety disorders (see Chap. 7). Moreover, 
cortisol has a known and very potent anti-inflammatory function and is used in a 
variety of inflammatory diseases as an antiphlogistic drug. However, the strong sup-
pressive properties of cortisol severely impair immune cell functions (see Chap. 12) 
at the transcriptional level and by direct inhibition of signalling pathways. The 
prominent role of cortisol in stress-induced immunosuppression encouraged scien-
tists to focus on the identification of naturally occurring and synthetically produced 
glucocorticoid receptor (GR) antagonists. The adrenal cortical hormone DHEA 
(dehydroepiandrosterone), which is secreted in response to stress, showed promis-
ing anti-glucocorticoid and immune-stimulatory effects. Similarly, pharmacological 
GR antagonists like Mifepristone demonstrated anti-glucocorticoid effects and fur-
ther substances are currently under evaluation (see Chap. 35).

40.1.2.2  Catecholamines
The ANS acts mostly involuntarily and regulates essential body functions such as 
heart rate or respiratory rate and is the primary mechanism in control of the fight-or- 
flight response. Under stressful situations the sympathetic activity rises, which is 
mirrored by an increased concentration of the catecholamines epinephrine and 
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norepinephrine. Dysregulation of the ANS or sympathetic over-activity can lead 
over time to cardiovascular diseases like hypertension or myocardial infarction (see 
Chap. 8). Furthermore norepinephrine has direct inhibitory effects on the immune 
system via action on α- and β-adrenergic receptors, which are expressed on the 
surface of immune cells. Immunosuppression, which is induced by sympathetic 
over-activity, has been shown to be counteracted by β-blockers through binding and 
thereby blocking adrenergic receptors on immune cells (see Chap. 35).

40.1.2.3  The Endocannabinoid System
The endocannabinoid (EC) system, which has a highly specific negative feedback 
control of the HPA-axis, is the third neurobiological mechanism introduced in 
this book and acts also as a regulator under stressful conditions. The EC system 
is highly conserved and controls key elements of physiological and psychologi-
cal homeostasis like metabolism, neurobehavioral changes during stress and 
anxiety, and the regulation of cognition and memory. Ligands of the EC system 
bind to their respective receptors (CB1 and CB2) which are primarily located in 
the brain and also on immune cells where ECs display immunosuppressive prop-
erties (see Chap. 10).

40.2  The “Space Exposome” as a Collection of Stressors

The space exposome comprises several conceivable stressors that occur in space 
and in and around space stations. At a first glance this includes entirely new con-
ditions like permanent microgravity (μg) and not unknown factors like isolation, 
confinement, and sleep disturbances; however, extent and intensity exceed levels 
which we are accustomed to on Earth. Since almost two decades, the International 
Space Station (ISS) represents a platform for on-site research in space and a habi-
tat for astronauts. With the onset of mission, the body is forced to adapt to this 
new environment, which seriously impacts homeostasis and allostasis. The dura-
tion of mission, conditions of isolation, confinement and the high pressure to 
succeed have a negative impact on the cognitive performance and mood of astro-
nauts (see Chaps. 12 and 22).

40.2.1  Lack of Natural Zeitgeber

The ISS orbits the Earth every 90 minutes, which means that astronauts undergo 
16 day/night cycles in 24 hours. As a consequence of lack of a natural zeitgeber and 
high ambient noise, circadian rhythm and sleep behaviour is disrupted. This does 
not only lead to reduced concentration and bad mood, insufficient and unsatisfac-
tory sleep also leads to an increase of cortisol levels and this in turn further worsens 
sleep quality, increases risks of metabolic syndromes, and has negative impact on 
the immune system (see Chaps. 4 and 9).
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40.2.2  Microgravity

In space, the body is exposed to permanent μg, which leads to a dramatically 
reduced strain of muscles and bones, especially in the legs. The adaptive response 
to this situation is deconditioning, a consequence which is not fully realized until 
return to Earth (see Chap. 32). Furthermore body fluids are redistributed in μg to the 
upper part of the body including the head. This often leads within the first days in 
space to headaches and later to visual impairments. In the case of blood redistribu-
tion, a tendency to higher systolic arterial blood pressure and heart rate was observed 
during space missions (see Chap. 8). In addition, lack of gravity leads to a reduction 
of convective heat transfer, resulting in an increase in core body temperature (CBT) 
by about 1.01°C during the first 45 days of deployment. Until the end of mission, 
CBT does not rise further but remains constant at an elevated level (see Chaps. 9 and 
26). Single cells sense changed gravity conditions by altered extracellular matrix 
mechanics, cell shape, and cytoskeletal organization. Since all cells and tissues rep-
resent highly dynamic systems, ultra-fast adaptation processes take place in the 
sense of gene expression and cytoskeletal stability (see Chap. 17). Aside from μg, 
hypobaric hypoxia prevails in the ISS (see Chap. 16).

40.2.3  Radiation

An additional potential stressor in space is radiation, which is also considered to be 
one of the most critical and limiting factors for long-term space missions beyond 
low Earth orbit. Radiation in space is different from radiation on Earth, and on 
board the ISS 200 times higher than on Earth with strong mutagenic properties. 
Radiation-induced cell damage happens either directly by ionization of DNA, pro-
teins, or lipids or indirectly by the production of harmful free oxygen radicals. Both 
factors increase ultimately the risk of developing malignancies (see Chap. 20).

40.2.4  Microbes

Besides the human inhabitants,  the ISS is also colonized by diverse strains of 
microbes. The main source of the different microbial communities is undoubtedly 
the members of the crew themselves. However, under conditions of chronic stress 
even symbiotic and commensal microorganisms can turn out to be harmful to the 
host. Moreover, external bacteria e.g. on surfaces also hold a potential health risk. 
Bacteria which were exposed to spaceflight conditions display an increased viru-
lence and altered susceptibility to antibiotics (see Chaps. 18 and 25).

In brief, the space exposome comprises conditions of isolation, a misaligned 
external zeitgeber, μg, high radiation, an increased microbioal load, and hypobaric 
hypoxia with distinct effects of every single stressor. However, all of these stressors 
have in common, that they have a negative impact on the immune system (see 
Fig. 40.1) which rises concerns about the feasibility of long-duration interplanetary 
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space missions due to health issues. An impaired immune system may lead to an 
increased susceptibility to bacterial and viral infections, favors reactivation of latent 
viruses and enhances the risk of cancer development.

40.3  Effects of Spaceflight on the Immune System

Due to technical limitations, the majority of space-related immune studies gain 
results from the comparison of the immune state pre-flight and after return to Earth 
(see Chap. 11).

40.3.1  Alterations of the Innate Immune System

Spaceflight has proven effects on different subsets of the innate immune system. 
Neutrophils for instance of which the main functions are induction of tissue 
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Fig. 40.1 The special living conditions on board a space station are summarized as “Space 
Exposome”. These stressors are of physical (radiation, microgravity), biological (bone and muscle 
loss, misaligned circadian rhythm), microbial (increased virulence of pathogens), and psychologi-
cal (isolation, confinement) nature and have all a negative impact on the immune system
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inflammation and eliminating pathogens by the production of ROS and phagocyto-
sis are highly activated directly after mission, which is most probably due to hyper- 
gravity- induced stress during landing. Though, the ability to phagocytose is reduced 
and the cytokine profile is pushed in an inflammatory state (see Chap. 12). NK dis-
play changes in percentage in peripheral blood as well as in crucial functions like 
cytotoxicity (see Chap. 13). Flow-cytometry based inflight measurements revealed 
an altered distribution of peripheral blood leukocytes, which indicates a hampered 
immune response and is supported by the observation of several astronauts having 
bacterial or viral infections (see Chap. 11).

40.3.2  Alterations of the Adaptive Immune System

The adaptive immune system is equally affected by spaceflight. Inflight analyses 
have shown, that μg leads to an inhibition of T-lymphocyte activation and prolifera-
tion. Immunosuppression is attributed to the adaptation process of T-lymphocytes to 
μg, which includes altered phosphorylation of activating signalling pathways, 
remodelling of the cytoskeleton, and changes at the transcriptional level (see Chap. 
17). In general T-lymphocytes fulfil either functions of direct killing of virus- 
infected cells or tumor cells (cytotoxic T cells) or they have supporting functions by 
activating other immune cells (T helper(h) cells). In this context the Th1 subset pro-
motes cell-mediated immune responses, whereas the Th2 subset is involved in the 
humoral immune response. In space the Th1:Th2 cytokine balance is shifted to a 
decreased IFNγ:IL10 phenotype, which describes a process away from cell- 
mediated immunity in the direction of immunosuppression and autoimmunity (see 
Chap. 14). This state further promotes proneness to viral infection, allergies, and 
autoimmune diseases, some of which become clinically relevant in space and even 
long after return to Earth. Antibody-producing B-cells show as all immune cells a 
high susceptibility to changes in gravity. In μg, B-cell lymphopoiesis is severely 
affected by altered activation and differentiation. Under spaceflight conditions, 
humoral immune response is disrupted because of lower hypermutation and anti-
body affinity maturation. Equally affected is the diversity of antibody repertoire 
because of modified combinations of antibody VH segments (see Chap. 15).

40.4  Monitoring Approaches and Devices

Extensive and multi-disciplinary monitoring of the living environment and well- 
being of the crew is indispensable for a better understanding of the detrimental effects 
of spaceflight on physiology, to continuously improve living conditions at space sta-
tions and to minimize risks for the crew health and mission failure. In most cases, 
monitoring procedures have to be performed on-site by the crew. Therefore, recently 
developed tools accomplish the standard of highest possible sensitivity while they are 
easy to handle and time-saving. An individual monitoring is of great importance. The 
following section gives an overview of monitoring tools that have found application 
on board the ISS and represent promising technologies to improve life on Earth.
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40.4.1  Monitoring of the Microbial Burden

On board the ISS, the individual microbiome of each member of the crew is the 
main source for the variety of microorganisms. Under normal and fully immune- 
competent conditions, these microorganisms which can be found in the gut or on the 
skin, etc., are valuable to humans. However, under the conditions of impaired 
immunity due to stress or other factors, the same microorganisms might have detri-
mental health effects. Above that, space-induced increased virulence in a majority 
of microbes represents a further health risk for the crew. To monitor the microbial 
burden and to prevent distribution, space agencies defined international quality stan-
dards for air, surfaces, and water. According to this, air, internal surfaces, drinking 
water, and food are strictly tested on the ISS and an air-filtration was implemented 
(see Chap. 25).

40.4.2  Breath Air Analyses

Composition and pollution of ambient air and exhaled breath air give important 
information about potential health burden and emerging pathophysiological disor-
ders. Gas chromatographic and mass spectrometry-based analytical devices enable 
monitoring of volatile organic and inorganic compounds (VOICs) in the spacecraft 
or habitat environment as well as in exhaled breath air of the crew. The E-NOSE 
for instance is based on a metal oxide sensor technology and has already proven its 
feasibility in detecting surface contaminations aboard the ISS. Further updating of 
such devices is needed and on the way to design a monitoring tool to measure 
quality of ambient air and to define non-invasively crews health by measuring 
volatile masses in the exhaled breath air. These devices give the opportunity to 
perform repeated and point of care analyses on each individual. By this, health and 
disease will be assessed as a function of time which is an important step for per-
sonalized therapy in space. On Earth, breath gas analysis is already an emerging 
tool in clinical settings allowing in the future the detection of a large number of 
disorders like bacterial infection, metabolic disorders, pulmonary disease, and 
cancer (see Chap. 24).

40.4.3  Monitoring Cardiovascular Deconditioning

Redistribution of body fluids and in particular blood in the upper body may lead to 
altered autonomic activity and therefore represents another risk factor for astro-
nauts. Assessing heart rate variability (HRV) is a widely used tool to reflect the 
vegetative state of the body as well as physiological and psychological resilience 
and adaptability to various settings. HRV can be easily monitored by electrocardi-
ography and blood pressure measurement and gives important information on alter-
ations of autonomic activity and stress status (see Chap. 23).
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40.4.4  Monitoring Core Body Temperature

Core body temperature (CBT) is strictly controlled and regulated by endothermic 
metabolism to ensure a constant body temperature of 36.7°C with slight alterations. 
During the first 45  days in space, CBT is increased most probably because of a 
reduced convective heat transfer in μg. During exercise, CBT was shown to rise fur-
ther. High deviations in CBT have serious effects on physical and cognitive perfor-
mance as well as on immune functions. Because of this, monitoring of CBT in humans 
both in illness and in space is indispensable. For a continuous CBT monitoring in all 
living conditions, measurement tools have to be non-invasive and not disturbing. The 
Double Senor is a combined skin temperature and heat flux sensor, which is placed on 
the forehead and displays very sensitive and rapid responses. These properties make 
the Double Sensor to a suitable and highly accepted monitoring tool (see Chap. 26).

40.4.5  Monitoring by Advanced Micro-Technologies and Artificial 
Intelligence

In the last years, technical innovations allowed the development of screening tools 
to obtain certainty of presence or absence of disease and to judge the demand for 
therapeutic strategies at the cellular and molecular level (point of care diagnostic). 
Lab-on-a-chip (micro-) technologies enable to clarify the individual health status by 
the minimal invasive procedure of blood withdrawal. These monitoring devices will 
help to evaluate, count, and identify different types of blood cells as well as analyze 
protein biomarkers in serum and plasma.

The use of artificial intelligence (AI) does not only represent a monitoring tool 
for psychological well-being but also supports during simple procedures and gives 
instructions for crew activities. Currently a first prototype of supporting AI robotics 
called CIMON (crew interactive mobile companion) is tested on the ISS. Besides 
assistance during crew activities, one of the goals is to develop a companion who 
assesses unprejudiced stress levels of the crew member and evaluates his potential 
employment during mission (see Chap. 21).

40.4.6  Monitoring of Immune Cell Performance

A majority of diseases occurring in space and long-term pathophysiology are linked 
to an inadequate performance of the immune system. For a better understanding of 
space-related immune alterations in real-time and to immediately validate appropri-
ate countermeasures, on-site tools and assays will be implemented on the ISS and 
will be further extended in future to monitor crew during deep space exploration. 
These analytic devices will allow together with individualized in vitro incubation 
platforms the evaluation of basic immune phenotypes and functions like distribution 
shifts of leukocytes, cytokine production, and monitoring virus-specific immunity 
and overall immune performance (see Chaps. 21 and 27).
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40.4.7  Psychological Monitoring

In addition to the enormous work load, the astronauts are exposed to during a space 
mission, the crew members live together in small groups with only limited privacy 
and contact to their families. It was shown that the occurrence and intensity of psy-
chological factors correlate with the length of mission. Self-assessment question-
naires of crew members and observations made by ground personal help to evaluate 
the individual emotional state and need for support (see Chaps. 22 and 39). On 
ground, an additional quantitative but retrospective analysis of the stress mediators 
ECs and glucocorticoids in hair samples by high-performance liquid chromatogra-
phy and mass spectrometry serves as a complementary dataset on acute versus 
chronic stress and further supports evaluation by covering different time windows 
(see Chap. 29).

40.4.8  Monitoring Before Deployment

Besides monitoring of hygienic conditions on board spacecrafts and psychological 
and physiological well-being of the crew, a proper and extensive assessment process 
of astronauts helps to select the most suitable candidate for space mission and there-
fore minimizes the risk of detrimental health effects and mission failure. 
Psychological tests during selection process and preparation phase help to pick can-
didates who distinguish themselves through a high psychological resilience, profes-
sionalism, and reliability (see Chap. 22). Furthermore candidates have to convince 
by physical fitness and physical capacity. However, susceptibility towards radiation 
or illness cannot be assessed by these methods. The biological response to space 
radiation is of critical concern for risk assessment and there is an existing high inter-
individual variability in radiosensitivity based on genetic factors, with peripheral 
blood mononuclear cells (PBMCs) being the most radiosensitive cells among all 
cell types. Prolonged inadequate immune responses are associated with the emer-
gence of hypersensitivities, autoimmunity, infectious diseases, and malignancies. 
Therefore ongoing research focusses on the identification of (predictive) biomark-
ers to determine both the received radiation dose (biodosimetry) as well as the 
radiosensitivity of individuals (see Chap. 28).

For all introduced strategies it has to be emphasized that the assessment of indi-
vidual sensitivities and resistances of each person by comprehensive monitoring 
directs to a specialized medical care and supports the progress of not only personal-
ized but also precision medicine.

40.5  Using Spaceflight Analogue Environments

Besides of pre-mission screening, on-site monitoring and post-flight assessments and 
follow-up, fundamental knowledge of stress-induced immune system disturbances 
under spaceflight conditions was and is still gained in Earth-bound space analogues. 
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These institutions are located in extreme environments or reflect extreme conditions, 
thereby allowing to investigate the role of one or more stressors, which ultimately adds 
to prepare for space missions. In addition, Earth-bound space analogues represent 
suitable and high fidelity research platforms to test the implementation of new moni-
toring or read-out parameters and technologies in multiple scientific investigations.

40.5.1  Isolation Studies

The impact of isolation and confinement on emotional well-being and monitoring of 
neurobiological stress responses and associated alterations of immune functions 
belong to well-defined experimental conditions. Two large-scaled studies—the 
Mars500 study and Antarctic overwintering studies—were introduced in this vol-
ume. Within the Mars500 study, six healthy male participants lived in a closed habi-
tat simulating a spacecraft for 520  days under standardized nutritional and 
environmental conditions. In all participants, elevated morning-cortisol levels dem-
onstrated an increased activation on the HPA axis. Furthermore aberrant heightened 
immune responses indicated a poorly controlled immune system both in and after 
mission (see Chaps. 36 and 37). Overwintering studies in Antarctica equally revealed 
an increased neurobiological stress response and altered immune reactions. Main 
differences between the two studies were duration of isolation (Mars500: 520 days; 
Antarctica: approx. 9 months) and more standardized conditions in Mars500 whereas 
more extreme environmental conditions were present during overwintering in 
Antarctica. At the French–Italian Concordia station in inner Antarctica for instance, 
hypobaric hypoxia prevails due to altitudes of ~3200 m (see Chaps. 36 and 38). 
Evidence for aberrant immune function at Concordia station and comparability to 
space conditions exists also in matters of reactivation of latent viruses. Reactivation 
and shedding patterns in saliva samples revealed in both settings an increased shed-
ding during deployment in comparison to before or afterwards, suggesting that over-
wintering in Antarctica is an excellent analogue to spaceflight (see Chap. 19).

40.5.2  Microgravity-Simulating Studies

40.5.2.1  Simulation of Microgravity and Muscle/Bone 
Deconditioning

Analysis of effects mediated by real μg is realized by Parabolic Flight manoeuvres, a 
method which is used to test devices determined for implementation in space and to 
analyse directly effects of μg and hyper-gravity at the cellular level or on the entire 
organism (see Chap. 36). Simulation of μg for a longer period of time is achieved by 
dry immersion and bed rest studies, where the effect of longer disuse of the lower 
extremities and effects on the immune system are investigated. An additional gradient 
of 6° head tilt down in bed rest studies induces μg-like fluid shifts and allows the analy-
sis of the effect of this condition on cardiovascular functions (see Chaps. 8 and 36).
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40.5.2.2  Simulating Microgravity Under Hypoxia
In addition to simulated μg by bed rest, the EU funded “PlanHab”-study included 
the condition of hypoxia to examine independent or combined effects. The under-
water habitat study “NEEMO” implemented in the NASA aqueous habitat served to 
simulated extravehicular activities under the influence of hyperbaric and hypoxic 
stress (see Chap. 36).

Analog experiments are of critical importance to investigate effects of space- 
related environmental factors on the body which are likely to affect immunity. 
Although a full comparability of the studies cannot be achieved due to different 
models, study protocols, and methods, these studies revealed that stress due to 
induction of separate spaceflight conditions leads to various changes in neuroendo-
crine and immune responsiveness.

40.6  Countermeasures to Prevent and Mitigate Spaceflight 
Immune Syndromes

Findings obtained from inflight studies on board the ISS and from Earth-bound 
analogue platforms created a basis for the development of adequate countermeasure 
options to avoid or mitigate deleterious health effects of spaceflight on humans. For 
improving and supporting immune performance, two approaches are under consid-
eration. One is based on physical and psychological countermeasures such as exer-
cise and improvement of living quality. Another approach is focussing on 
metabolism, nutrition or food supplements and pharmaceutical countermeasures 
(see Chap. 30).

40.6.1  Improving Sleep Quality

On board the ISS the crew has no natural zeitgeber. Together with disturbing 
background noise and occasional uncomfortable sleeping conditions, the circa-
dian rhythm of astronauts is severely misaligned. In addition, sleep pattern is 
strongly impacted by the chronic stress astronauts are exposed to and sleep time 
is significantly reduced. Since short sleep and a disrupted circadian rhythm impair 
general performance and affect negatively metabolism as well as the immune sys-
tem, countermeasures were designed to improve sleep quality, for circadian 
entrainment and daytime alertness. For this, lighting conditions at the ISS are 
adjusted by the use of a solid-state lighting system. Pharmacologically, sleep pro-
pensity is tried to be supported by the administration of the hormone melatonin. 
Furthermore, habitability on the ISS has improved since astronauts are provided 
with more comfortable sleeping bags and private sleep quarters to minimize sleep 
interruptions (see Chap. 9). Improved sleep quality is associated with improved 
mood. However there are still plenty of other factors which endanger psychologi-
cal well-being.
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40.6.2  Psychological and Exercise Countermeasures

Psychological challenges which are associated with spaceflight have been recog-
nized to have decisive effects on the crew and mission success. This is why efforts 
were invested to make the stay in space more pleasant for the crew, which includes 
an extensive psychological pre- and post-mission training, a better connection to 
people on Earth as well as an improved accommodation of working and living. 
Currently, new technologies like virtual reality and crew supporting artificial intel-
ligence robots are under evaluation (see Chap. 31).

Exercise on board of spacecrafts like in treadmills or centrifuges does not only 
counteract the physiological degeneration processes of the musculoskeletal and car-
diovascular system but also represents a method to facilitate post-flight recovery 
processes. Above that, exercise significantly improves mood and thus adds to psy-
chological factors (see Chap. 32).

40.6.3  Supplementing the Immune System

Improving the three factors of sleep, emotional well-being and physical exercise has 
additionally activating properties on the immune system.

However, since cells of the immune system are under the most affected cells 
types during spaceflight and immune system function is closely linked to presence 
or absence of infections and malignancies, additional intervention options were 
developed to counteract immune impairment. The term of immunonutrition 
describes a nutritional state, that enhances immune system function. This kind of 
supplementation includes antioxidants and enzyme cofactors, amino acids, vita-
mins, minerals and others (see Chap. 33). These essential compounds are also syn-
thetized by the human microbiome which has also modulating properties on immune 
system function and vice versa (see Chap. 34). Pharmacological countermeasures 
for the immune system integrate the protection by supplementing with nucleotides 
or a targeted immune enhancement with AHCC (active hexose-correlated com-
pound) and DHEA (dehydroepiandrosterone) (see Chap. 35).

40.7  How People on Earth Benefit from Space Immune 
Research: Examples

The different chapters which are collected in this second edition of “Stress 
Challenges and Immunity in Space” highlight the potential hazard of spaceflight on 
almost all physiological systems in humans. A special focus was set on the chronic 
exposure to a variety of stress factors and the effects on the immune system. In the 
last years, great efforts were invested to understand and to mitigate the phenomenon 
of immune impairment as an adaptation process to the prevailing conditions in 
space. This includes fundamental science, large-scaled studies and development of 
new technologies and covers the field of physics, physiology and psychology. 
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Findings and innovations of space research and diagnostics on Earth have mutual 
benefit for people both in health and disease and promote the development of per-
sonalized and precision medicine. Applications of spaceflight technologies and 
obtained knowledge for people on Earth are summarized in the following section.

The progress in diagnostic and monitoring tools such as breath gas analysis tech-
nologies already found its way into medicine applications. So far, the detection of 
volatile compounds in exhaled breath air facilitates the detection of bacterial infec-
tion like with Helicobacter pylori and diagnosis of airway diseases like inflamma-
tion or asthma. Monitoring of volatile anaesthetic agents like nitrous oxide or 
propofol gives a better insight into the individual pharmacokinetics of patients and 
allows an improved dose-adjustment (see Chap. 24).

Both in spaceflight and in overwintering studies, a stress-triggered reactivation 
of latent viruses was demonstrated. Varicella Zoster Virus (VZV) causes a painful 
rash and can ultimately result in blindness, paralysis, and stroke. For a quick and 
sensitive diagnosis of virus reactivation and a proper estimation of adequate coun-
termeasures, NASA developed a polymerase chain reaction (PCR)-based assay to 
detect the presence of VZV DNA. Based on this assay, NASA designed a kit for 
physicians on Earth to detect VZV DNA in saliva or urine (see Chap. 19).

Understanding of radiation effects of the whole body like bystander effects and 
on the immune system in particular already adds to increased treatment success of 
cancer. Furthermore screening methods to detect individual radiosensitivity of 
patients might help to adjust radiation therapy to a level of highest efficacy but low-
est side effects like radiation toxicity (see Chaps. 20 and 28).

Moreover, space associated research has helped physicians to understand funda-
mental principles of musculoskeletal and cardiovascular deconditioning and the 
role of and interconnection to the immune system. This supports the development of 
countermeasures which are nowadays used in the rehabilitation of patients suffering 
from the negative effects of immobilization after surgery (see Chap. 32) and that are 
better understood with their beneficial effects also on improving immunity.

Space-associated investigations on the immune system improve the knowledge 
of fundamental immune system functions and specific reactions in response to a 
variety of stress factors in nominal and off-nominal conditions of life. Increased 
understanding will not only help to identify the disorders which are associated with 
hypo- or hyper-reactivity of the immune system, it gives also an idea of potential 
countermeasure options or even preventive measures. Finally, findings from space 
research on the immune system could open therapeutic ways to treat stress-induced 
premature and age-related immunosenescence (see Chaps. 11 and 15).

40.8  The Next Steps: Where Are We Going?

The feasibility of human spaceflight to the moon or even one day to Mars attracts 
the interest from people and space agencies across the world. To realize this endeav-
our, there is a tight interplay of different disciplines like physics, physiology, and 
psychology to assess key aspects and to overcome critical hurdles. One big issue is 
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constituted by the energy requirements and consumables which are needed during 
the journey, but also after reaching the destination. Another point is the duration of 
mission, where the crew will experience various forms of physical and emotional 
stress. Considering these main potential showstoppers for long-term manned space-
flight, the induction of astronauts into hibernation represents an ideal solution. If it 
may become possible to induce this state of reduced metabolic rate pharmacologi-
cally, the need of consumables and energy consumptions would be strongly reduced 
and astronauts do not perceive psychological challenges and are less sensitive to 
radiation (see Chaps. 5 and 39). This field of research is not only of great interest for 
spaceflight but also in view of potential advantages for medical application.

Another main point is how to handle the effects of adaptation to conditions in 
space. The principle one size fits all is not valid for human physiology, neither in 
space nor on Earth. The high interindividual variabilities between people prompted 
a shift away from monitoring whole groups to concentrate on each individual. At the 
moment we are in a transition period where we start to concentrate on individual 
analyses and assessments. Further progress in this field will promote the establish-
ment of personalized and precision medicine (see Fig. 40.2). In space this will miti-
gate the risk of health difficulties in astronauts and mission failure. On Earth, 
identified health risk factors may add to avoid the onset of disease or support the 
development of the optimal treatment strategy in the case of disorders.

Monitoring whole groups

Weak group countermeasures

Personalized monitoring and
risk assessment

Precision medicine

Past High risk

R
is

k
K

now
ledge

Presence Intermediate risk

Future Low risk

Fig. 40.2 Increase of knowledge reduces risk of failure. In the past, monitoring of only whole 
groups led to high risk of failure and the development of weak countermeasure options. In the pres-
ent, knowledge of high variabilities between individuals pushes to personalized monitoring, which 
supports the development of precision medicine in the future with a continuous risk reduction
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