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Preface

The study of animal welfare continues to struggle with two persistent,
interrelated problems: how to define animal welfare, and how to determine
which measures should be used to evaluate welfare. One potential indicator
of an animal’s welfare is the presence or absence of stress. Considerable
effort has been spent to determine if various management practises or condi-
tions induce stress, resulting in the commonly held belief that any situation
that results in stress should be avoided or prohibited. But because animals
have evolved sophisticated behavioural and physiological mechanisms to
deal with stress, stress jeopardizes the animal’s welfare only if the stress
results in some significant biological change that places that animal’s
well-being at risk. Unfortunately, many of the classical behavioural and
physiological measures used to evaluate stress do not tell us if such
meaningful biological changes have occurred, and thus the links between
animal welfare and stress are still unclear.

In 1983, a major conference on animal stress was held at the University
of California, Davis. By 1998 it seemed timely to get people together to
readdress this topic. Although much had been learned in the interim,
there were still many controversial and difficult areas, as well as new
considerations and approaches to be discussed. The current volume is an
outgrowth of that 1998 conference at Davis intended to explore the biology
of animal stress and its implications for animal welfare.

Our goals in selecting speakers were to draw people from different
disciplines working with a variety of vertebrate species in contexts ranging
from farms to laboratories to zoos. The chapters in this volume similarly
reflect this diversity. The first five chapters present summaries of the physio-
logical, immunological, and behavioural responses to stress in animals. The

Xi
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next chapter provides information about some innovative, and non-invasive,
methods for measuring stress. One of the most challenging problems in
animal welfare is assessing the effects of long-term or intermittent physical
or social stressors on animals, topics that are addressed in Chapters 7, 8 and
11. Our appreciation for the role that the animal’s perception of the
stressor plays in the stress response continues to grow, and this is addressed
with respect to pain and behavioural responses in Chapters 8 and 9.
Developmental events are also critical in later stress responding, and pre-
and postnatal influences on the stress response are reviewed in chapters 12
and 13. The final chapters in the book tackle ways to ameliorate stress and
improve welfare using genetic selection, environmental enrichment, and
improved human-animal interactions.

Many individuals contributed to the success of the conference and
the completion of this volume. The members of the international and local
conference organizing committees, Ria deGrassi, Glenn Grey, Lynette Hart,
Paul Hemsworth, Jan Ladewig, Sally Mendoza, Julie Morrow-Tesch, Edward
Price, Dee Ann Reeder, Jeff Rushen, Carl Schreck, Carolyn Stull, and Philip
Tillman, gave generously of their time and expertise in recommending
speakers, helping with local arrangements, and reviewing manuscripts.
Thanks are also due to Kathryn Bayne, Joseph Cech, Kannan Govindarajan,
Joseph Garner, William Hershberger, Pamela Hullinger, Hank Kattesh,
Donald Lay, Ruth Newberry, Catherine Rivier, Margaret Shea-Moore, Janice
Swanson, and Tina Widowski, for their help in reviewing manuscripts for
this book.

The conference could never have taken place without the able
administrative support provided by Nicole Gibson and Jan Campbell of the
Center for Animal Welfare and the organizational skills of Susan Kancir of
the Dean’s Office in the College of Agricultural and Environmental Sciences.
Nor would it have been possible without the support of our conference
sponsors and endorsers, the Center for Animal Welfare, the College of
Agricultural and Environmental Sciences at the University of California,
Davis, the USDA-CSREES National Research Initiative Competitive Grants
Program, and the USDA W-173 Regional Research Committee on Animal
Stress.

Special thanks are due to my Associate Director, Sue Heekin, who
patiently edited and re-edited papers in this volume, tracked down errant
references, checked proofs, and gently reminded authors about due dates.
Without her help, preparing this book would have been a much more
onerous task. On the other side of the pond, Tim Hardwick and Zoe Gipson
from CAB International similarly waited patiently, and issued equally
gentle reminders, while papers were edited and re-edited, references were
tracked down, and galleys were checked, and we thank them for their
encouragement and assistance.

My conference co-chair, co-editor, and friend Gary Moberg died
unexpectedly before this volume could be published. Gary’s influence on
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the fields of stress physiology and animal welfare cannot be overstated. His
model of the biological costs of stress, and the risk-assessment approach
that he developed, provided critical underpinnings to our understanding of
the relationship between stress and animal welfare. His final, and most
comprehensive, paper on these topics is the lead chapter in this volume. In
addition to his writings, Gary had also a lasting personal influence on many
colleagues throughout the world, and especially on the students that he
taught and mentored. He was a warm, generous, humorous, enthusiastic,
visionary and larger-than-life person who always challenged and stimulated.
| miss Gary’s friendship more than | can say. | hope that this volume stands
as a small tribute to his many contributions.

Joy Mench

Professor of Animal Science and

Director of the Center for Animal Welfare
University of California, Davis






Biological Response to Stress: 1
Implications for Animal Welfare
G.P. Moberg*

Stress Research Unit, Department of Animal Science,
University of California, Davis, California, USA

Stress is a part of life and is not inherently bad. All life forms have evolved
mechanisms to cope with the stresses of their lives. In fact we frequently
seek stress, and we relish its biological effects as being exhilarating, even
psychologically rewarding. This is why we ski, ride roller coasters and climb
mountains. Yet no one denies that stress can have a damaging effect on the
individual. We are only too aware of the human diseases associated with a
stress-filled life, and we seem preoccupied about the toll that stress takes
on us. Gradually we have come to accept that animals also suffer from the
burden of stress, and that when suffering from stress they develop very
similar pathologies. Like humans, while experiencing severe stress, animals
can succumb to disease or fail to reproduce or develop properly (Moberg,
1985). It is recognition of these harmful effects of stress that has sensitized
us to the importance of stress to an animal’s welfare, or well-being. Our
challenge is to differentiate between the little non-threatening stresses of life
and those stresses that adversely affect an animal’s welfare.

Because the term ‘stress’ has been used so broadly in biology, no clear
definition of stress has emerged. Unlike most diseases, stress has no defined
aetiology or prognosis. For this reason, our intuitive feelings about stress
often guide our use of the term. For this discussion, | will define stress as the
biological response elicited when an individual perceives a threat to its
homeostasis. The threat is the ‘stressor’. When the stress response truly
threatens the animal’s well-being, then the animal experiences ‘distress’.

* Deceased
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2 G.P. Moberg

Previously, | have shied away from using the term distress (Moberg, 1987b);
however, | now believe that the term distress helps us to differentiate
between a non-threatening stress response (often referred to as ‘good stress’)
and a biological state where the stress response has a deleterious effect on
the individual’s welfare (or ‘bad stress’). Simply stated, our challenge is to
determine when stress becomes distress.

Our second challenge is to determine how to measure stress and
distress in animals. We have relied on a variety of endocrine, behavioural,
autonomic nervous system and, more recently, immunological end-points
to measure stress. Unfortunately, none of these measures has proved to be a
litmus test for stress. One reason for their failure is that we loosely apply the
term stress to a vast array of situations which often have little commonality.
It is unreasonable to expect that a single indicator of stress will be appropri-
ate for all types of stressors. Further complicating our use of these biological
responses as measures of stress is that these systems frequently have compa-
rable responses to both threatening and innocuous stimuli. For example, we
have long associated the increased secretion of the adrenal glucocortico-
steroid, cortisol, with stress, and investigators frequently cite an increase in
circulating cortisol as a proof of stress occurring. Indeed, under carefully
controlled experimental conditions cortisol can be a reliable indicator of
stress. However, Colborn et al. (1991) found that stallions secreted similar
amounts of cortisol whether the stallions were restrained, exercised or
permitted to mate with a mare. With respect to the stallions” welfare, it is
difficult to equate the effects of being restrained with mating. These data
clearly illustrate the difficulty in simply using the secretion of cortisol or
any other hormone to differentiate between non-threatening stress and
distress.

Monitoring plasma cortisol or other physiological responses to diagnose
stress becomes even more problematic when we attempt to evaluate stress
outside the laboratory setting. The very act of monitoring these systems
is stressful, confounding our interpretation of the results (Cook et al.,
Chapter 6, this volume). Further complicating the measurement of stress is
interanimal variability in the stress response (Moberg, 1985). As | will subse-
quently discuss, there are a variety of events that mould the stress response.
The fact that different disease patterns emerge in animals experiencing the
same stress has been attributed to differences in stress responses (Engle,
1967; Weiss, 1972; Henry, 1976, 1992).

When one considers all of the problems encountered in our attempt to
measure stress, including what to measure, comparable biological responses
to good and bad stress, difficulties in monitoring biological responses and
interanimal variability, it is tempting to conclude that measuring stress is
too daunting a problem. However, the impact of stress on animal welfare is
too important to ignore. While controversy may swirl around how to define
animal welfare, no one disagrees with the argument that suffering from stress
threatens an animal’s welfare. Therefore, in spite of the problems associated
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with measuring stress and defining distress, we must strive to develop an
understanding of the biological response to stress.

Before we can address the challenges of how to differentiate biologi-
cally between stress and distress and how to diagnose stress, we must first
develop a framework for organizing our current understanding of animal
stress into a unifying and testable concept (for further discussion, see
Moberg, 1985). Because there are many studies on stress involving a variety
of species and numerous end-points, such a framework could assist us in
focusing on the aspects of stress that are most relevant to the animal’s
welfare. To provide this framework, | will propose a model of animal stress
to serve as the theoretical basis for my discussion on defining and recogniz-
ing distress in animals. | believe this model is applicable to understanding
stress in all animal species, whether in humans, domestic and laboratory
animals, wild animals or invertebrates. This model also provides an over-
view of the organization of subsequent chapters of this book.

Model of animal stress

The model of animal stress depicted in Fig. 1.1 evolved from an earlier
model (Moberg, 1985) that divided the stress response into three general
stages: the recognition of a stressor, the biological defence against the
stressor and the consequences of the stress response. It is this last stage of
the stress response that will determine whether an animal is suffering from
distress or merely experiencing a brief episode in its life that will have no
significant impact on its welfare.

A stress response begins with the central nervous system perceiving a
potential threat to homeostasis. Whether or not the stimulus is actually a
threat is not important; it is only the perception of a threat that is critical.
That is why psychological stressors can be so devastating (McEwen and
Stellar, 1993). They cause significant biological changes in the animal
which may serve no value to the animal in alleviating the perceived stressor.
Once the central nervous system perceives a threat, it develops a biological
response or defence that consists of some combination of the four general
biological defence responses: the behavioural response, the autonomic
nervous system response, the neuroendocrine response or the immune
response (Fig. 1.2).

In the case of many stressors, the first and undoubtedly most bio-
logically economical response is a behavioural one. The animal may be
successful in avoiding the stressor by simply removing itself from the threat.
Thus an enemy may be avoided by escaping, or an animal may seek shade if
its body temperature becomes elevated. Obviously, behavioural responses
are not appropriate for all stressors, and animals may also find themselves in
situations where their behavioural options are limited or thwarted. This is
especially a concern when an animal’s behavioural options are limited by
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STIMULUS <

RECOGNITION OF A
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Perception of stressor
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Y

| Development of pathology ‘

Fig. 1.1. A model of the biological response of animals to stress (reprinted with
permission from Moberg, 1999).

confinement (Ladewig, Chapter 8, this volume). Even in those situations
where a behavioural response will not alleviate the stressor, some compo-
nent of behaviour may still be a part of every stress response. In those situa-
tions, behaviour may provide potential clues to distress (Bohus et al., 1987;
Rushen, Chapter 2, this volume). Unfortunately, our current lack of under-
standing of the behaviour of animals during stress limits the value of using
behaviour as a means for predicting distress (Rushen, Chapter 2, this
volume).

An animal’s second line of defence during stress is the autonomic
nervous system. This system was the basis of Cannon’s proposed ‘flight or
fight’ response during stress (Cannon, 1929). During stress, the autonomic
nervous system affects a diverse number of biological systems, including the
cardiovascular system, the gastrointestinal system, the exocrine glands and
the adrenal medulla. The results are changes in heart rate, blood pressure
and gastrointestinal activity, many of the physical signs we personally
associate with stress. However, because the autonomic responses affect very
specific biological systems and the biological effects are of relatively short
duration, it might be argued that stress activation of the autonomic nervous
system does not have a significant impact on an animal’s long-term welfare.
Furthermore, the value of monitoring the autonomic nervous system'’s
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Immune system

Behaviour

Autonomic
Neuroendocrine system nervous system

Fig. 1.2. The general types of biological responses available to the animal for
coping with stress.

activity as a measure of stress is severely limited by the difficulty of
measuring the system’s response, especially in studies conducted outside
the controlled confines of the laboratory. For this reason, the autonomic
nervous system response during stress has been of only limited interest in the
study of animal welfare.

In contrast to the effects of the autonomic nervous system, the hormones
secreted from the hypothalamic—pituitary neuroendocrine system have a
broad, long-lasting effect on the body. Virtually all of the biological
functions that are affected by stress, including immune competence, repro-
duction, metabolism and behaviour, are regulated by these pituitary
hormones. We know that the secretion of these pituitary hormones is altered
either directly or indirectly during stress (Matteri et al., Chapter 3, this
volume). Stress-induced changes in the secretion of pituitary hormones have
been implicated in failed reproduction (Moberg, 1987a; Rivier, 1995) and
altered metabolism (Elsasser et al., Chapter 4, this volume), immune compe-
tence (Blecha, Chapter 5, this volume) and behaviour. In the majority of
stress studies, the hypothalamic—pituitary—adrenal (HPA) axis has been the
primary neuroendocrine axis monitored. Increases in the circulation of the
adrenal glucocorticosteroids (cortisol and corticosterone) have long been
equated with stress. However, the secretion of prolactin and somatotropin
(or growth hormone) has proven to be equally sensitive to stress. Likewise,
thyroid-stimulating hormone and the gonadotropins (luteinizing hormone
and follicle-stimulating hormone) are either directly or indirectly modulated
by stress. There can be little question that the neuroendocrine system is one
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of the keys to our understanding of how stress alters biological function,
resulting in distress.

We have long attributed the increased incidence of disease in animals
suffering from stress to the suppression of immune competence during stress.
Our early view was that, during stress, the immune system was modulated
by other stress-responsive systems, especially the HPA. However we have
recently come to appreciate the direct role that the central nervous system
plays in regulating the immune system during stress, and also that the
immune system in its own right is one of the major defence systems respond-
ing to a stressor (Dunn, 1988). Measurements of immune competence offer
us a potentially powerful tool for evaluating the disease components of
distress, but we await further developments in our understanding of the
immune system in order to comprehend fully how to evaluate the system’s
response to stress.

As stated earlier, one of the challenges in stress biology is to develop
clinical measures of stress and distress. Based on the importance of these
four defence systems during stress, it seems logical to conclude that the
solution to this problem would be to monitor these stress defence systems.
However, as discussed, the technical challenges of measuring these systems
without stressing the animal have hampered this approach. There are two
additional problems complicating the use of such measurements. First,
although all four biological defence systems are available to the animal to
respond to a stressor, not all four are necessarily utilized by the animal to
defend its homeostasis against a stressor. Contrary to Selye’s prediction
(1950), there is no non-specific stress response that applies to all stressors.
As Mason (1968, 1975) so elegantly demonstrated, different stressors elicit
very different types of biological responses. Therefore, if we are going to
monitor these systems to diagnose stress we will need specific measures for
each stressor.

Perhaps the greatest problem in measuring stress is interanimal varia-
tions in the stress response. Even when faced with the same stressor, each
animal’s central nervous system will use a combination of stress responses
to cope with the stressor (Moberg, 1985). We now recognize that which of
the four defence systems is used in response to a stressor is influenced by a
variety of factors. These factors, or modifiers (Fig. 1.3), may influence how
an animal perceives a stimulus and whether or not it views the stimulus as a
threat to its homeostasis. In addition, these modifiers shape the animal’s
organization of its biological defences. Early experience (Moberg, 1985;
Mason et al., 1991; Lay, Chapter 12, this volume; Mason, Chapter 13, this
volume), genetics (Marple et al., 1972), age (Blecha et al., 1983), social rela-
tionships (Henry, 1992) and human-animal interactions (Hemsworth et al.,
1981; Hemsworth and Barnett, Chapter 15, this volume) have all been found
to modify the nature of the stress response. Under laboratory conditions, we
may be able to identify these modifiers and account for their influence on
the stress response. In fact, we sometimes capitalize on the differences in
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Fig. 1.3. Maoadifiers of the central nervous system’s perception of a stressor and its
organization of a biological defence.

biological responses to a stressor to develop biomedical models for studying
depression or psychological development. However, outside the laboratory,
it becomes almost impossible to account for these interanimal differences in
the biological responses to stress. If we were asked to evaluate stress in a
herd of cattle, or a population of wild animals, for example, there is no way
that we can account for each animal’s prior experiences, its social relation-
ship with its peers or its genetic predisposition to have a heightened stress
response. This example further underscores the problems we face in
measuring the defence systems during stress. However, we must remember
that it is not the type of biological defence an animal utilizes that is
ultimately important to its welfare, but the resulting change in biological
function that determines if there is a threat to an animal’s welfare.

All of the biological defenses used to cope with a stressor alter biologi-
cal function (Fig. 1.1). The autonomic nervous system may increase heart
rate. Secreted glucocorticoids such as cortisol will alter glucose metabolism,
increasing the blood concentration of glucose. A behavioural response alters
ongoing behavioural patterns. It is these stress-induced changes in biologi-
cal functions that will directly affect the animal’s welfare. Whether or not the
stress-altered functions are beneficial in helping the animal to cope is not
important; the changes in biological function during stress result in a shift
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of biological resources away from biological activities occurring before the
stressor. For example, energy originally utilized for growth or reproduction
might be needed by the animal to cope with the stress. This change in bio-
logical function during stress is the ‘biological cost of stress’. Hippocrates
refers to the ponos of disease as the work the body exerts to cope with
disease (Dubos, 1959). The ponos of stress, the work of stress, is the shift in
biological functions away from non-stress functions or activities in order for
the animal to cope with the stressor.

For most stressors the biological cost is negligible because the stressors
are short-lived. During prolonged stress or when stress is severe, the bio-
logical cost is significant and the work of stress becomes a significant burden
to the body. It is during such stress that the animal enters the next stages
of stress: prepathology and pathology (Fig. 1.1). The prepathological state
occurs when the stress response alters biological function sufficiently to
place the animal at risk of developing pathologies. The most obvious
example is infectious disease. The change in biological function occurring
during a stress response may suppress immune competence, rendering the
animal susceptible to pathogens that may be present in the environment. If
the animal succumbs to these pathogens and becomes ill, it enters a patho-
logical state. For example, the increased incidence of respiratory disease
observed in cattle being transported is attributed to a suppression of the
immune system caused by transportation stress (Blecha, Chapter 5, this
volume). The longer an animal is stressed the longer the animal is in a
prepathological state and the greater is the opportunity for a pathology to
develop. However, when considering stress, we must not restrict our view of
pathology to disease but use the term in the broadest sense. Disease is only
one type of pathology that occurs during prolonged stress. When metabo-
lism is shifted during stress, growing animals no longer grow normally. Stress
can suppress reproduction or can result in deleterious behaviours such as
tail biting in swine or self-mutilation in monkeys (Moberg, 1985). All are the
pathologies of stress.

From our model of stress (Fig. 1.1), it is evident that the stress response
is a cascade of biological events, the nature of which may vary between
animals. Relying on one, or even two, of these biological defence responses
to measure stress is not a reliable approach to evaluating animal welfare. |
believe that we should not focus on the nature of the biological defences
used during stress, but on their impact on the animal. It is the change in bio-
logical function that is important to welfare, not the mechanism that induces
the change. By this argument, we could use the development of the patho-
logical state to indicate a threat to welfare. However, depending on the
development of pathologies to measure animal welfare is both impractical
and inhumane. Therefore, | believe we must focus on the stress-induced
changes in biological function as a measure of welfare because it is this bio-
logical cost of stress that is the key to understanding when stress becomes
distress, placing an animal’s welfare at risk.
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When stress becomes distress

The key to differentiating distress from a non-threatening stress is the biologi-
cal cost of the stress. Animals have evolved mechanisms to cope with the
short-term stressors of their lives. An animal escapes from a predator or it
dies. Survival is what is important, and the cost of stress is not important to
the animal. However, this stress response is of little consequence to the
animal because the stress is brief. The biological cost is minimal and
non-threatening because sufficient reserves of biological resources exist to
cope with the stressor and meet the biological cost of the stress. This concept
is illustrated in Fig. 1.4, where the biological cost is met by reserves with no
impact on other biological functions. An example is the body’s utilization of
glycogen stores during stress. The catecholamines secreted during stress
convert the glycogen to readily utilizable glucose or other metabolic
products required for gluconeogenesis. Once the stressor is alleviated, the
glycogen stores are quickly replenished by gluconeogenesis to pre-stress
levels. The overall biological cost is inconsequential to the animal’s welfare.

When there are insufficient biological reserves to satisfy the biological
cost of the stress response, then resources must be shifted away from other

Stress response

Reserve Reserve
Reserve
F1 F1 F1
“ F2 F2 F2
[0}
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3 F3 F3 F3
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Fig. 1.4. A hypothetical scheme of how mild stress diverts biological resources.

In this scheme, biological resources are arbitrarily assigned to various biological
functions (F1-F’n’). During mild stress, only reserve resources are used to cope with
the stressor. The total stress response extends from the time biological resources are
diverted until the reserves have been replenished (reprinted with permission from
Moberg, 1999).



10 G.P. Moberg

biological functions. As shown in Fig. 1.5, when sufficient resources are
diverted from these functions, these biological functions are impaired. For
example, when stress shifts metabolism away from growth, the young
animal no longer thrives and growth is stunted. When energy is shifted from
supporting reproduction, reproductive success is diminished. In these cases,
animals have entered the prepathological-pathological states and are expe-
riencing distress (Fig. 1.1). This period of distress will last until the animal
replenishes its biological resources sufficiently to restore normal functions
(Fig. 1.5).

Distress can result from both acute and chronic stress. The physiological
mechanisms utilized by these two types of stressors are similar, but we
differentiate between acute and chronic stress based on our interpretation
of the duration of the stressor. Acute stress is usually considered to be a rela-
tively brief exposure to a single stressor. Although brief in nature, the biolog-
ical cost of the stressor may be sufficient to alter biological functions and
induce distress. Acute stress disrupts biological function by two fundamen-
tally different mechanisms of action: by disrupting critical biological events,
or by diverting biological resources away from other biological functions.

Distress
Fi F1
F2 Stress F2
[2]
[0}
e
5 F3 F3
?
o F1
— F2 R
.8 F3 ecovery
_g> F'n’ F'n’
5 ‘o
= F'n
Basal Basal Basal
function function function
Normal Stress Normal
function function

Fig. 1.5. A hypothetical scheme of how the diversion of biological resources
necessary to cope with severe stress significantly impairs other biological functions,
leading to distress. As compared with mild stress (Fig. 1.4), the biological cost of
distress requires a much longer recovery period (reprinted with permission from
Moberg, 1999).
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In the body, there are several biological events that rely on critical
timing for success. If this critical timing is disturbed, normal function is
lost. Ovulation is perhaps one of the best examples. Successful ovulation
depends on an exquisite timing between the preovulatory release of the
luteinizing hormone (LH) to induce ovulation and the expression of oestrus
behaviour. If this timing is disrupted, the opportunity to reproduce is lost
(Moberg, 1987a). It is for this reason that ovulation is especially sensitive to
stress and provides an excellent example of how an acute stressor can cause
distress by blocking a critical biological event.

Acute stressors such as restraint, transportation or isolation have been
found to disrupt the events surrounding ovulation (Moberg, 1987a). One
possible physiological mechanism by which stress prevents the normal
preovulatory secretion of LH, an essential step leading to ovulation, is
activation of the HPA (Moberg, 1987a; Nangalama and Moberg, 1991).
There are several possible mechanisms by which stress activation of the
HPA may block successful ovulation. Stress activation of the HPA begins
with the secretion of corticotropin-releasing hormone (CRH) from the
neurosecretory cells in the hypothalamus. Recent evidence indicates that in
rats and primates (Rivier, 1995) CRH acts at the hypothalamic level of the
central nervous system to inhibit the secretion of gonadotropin-releasing
hormone (GnRH) which stimulates LH secretion. However, it is possible that
this central effect of CRH on GnRH secretion may not occur in all species
(Naylor et al., 1990). Another mechanism arises from the primary function of
CRH, which is to stimulate the pituitary secretion of adrenocorticotropic
hormone (ACTH). This pituitary hormone in turn induces the synthesis and
secretion of the adrenal glucocorticosteroids such as cortisol. Increases in
circulating cortisol during stress have been linked to reduced secretion of LH
(Moberg, 1987a) and offer the second plausible way in which acute stress
may block the preovulation secretion of LH (Nangalama and Moberg,
1991). Either of these two mechanisms could determine how a stressor
could disrupt the critical events needed for successful ovulation. If the same
acute stressor occurred at another time in the reproductive cycle, it would
probably have no effect on reproduction and might not even be a significant
biological cost to the animal. However, because of unfortunate timing, a
stress response of the HPA (whose primary role is to shift carbohydrate
metabolism to maintain energy during the stress) has the secondary,
unrelated effect of disrupting critical events that are essential for successful
reproduction. In this manner, an acute stressor causes distress by forcing the
animal into a prepathological state (failure to secrete LH) that results in
pathology (failure to ovulate and the loss of an opportunity to reproduce).

The second way in which acute stress leads to distress is by shifting
biological resources away from other critical functions. Although the acute
stress may be relatively brief, the biological cost of the stress may be of
sufficient magnitude that there are inadequate biological resources in
reserve to meet this challenge. Resources must be diverted away from other
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biological functions in order to cope (Fig. 1.5). The growing animal provides
an example of how acute stress could cause distress by such a significant
shift in resources. During its rapid growth phase, the young animal must
devote considerable biological resources to support its growth. A stress-
induced shift in metabolic resources away from supporting growth might
impair the animal’s development. To test this hypothesis, we measured the
metabolic consequences of a single 4-h period of restraint in 31-day-old
mice. Twenty-four hours after exposure to this acute stressor, there was a
significant reduction in the mice’s growth rate and a marked loss in both
lean energy and fat energy reserves as compared with non-stressed controls.
Furthermore, it took an additional 24 h before these metabolic parameters
returned to control levels (Laugero and Moberg, unpublished). These find-
ings demonstrate that exposure to a relatively brief acute stressor can have
an extended effect on biological function because of the stress-induced
shift in biological resources away from growth. In this example, the acute
stress caused distress by shifting biological resources, which resulted in
inadequate metabolic resources (prepathological state) and thus retarded
normal growth (pathology).

We usually assume that an animal undergoing chronic stress is
experiencing a long-term, continuous stress. In fact, it is difficult to envisage
a single chronic stressor in non-experimental animals, with the possible
exception of unrelenting pain or prolonged exposure to an extreme environ-
mental condition such as severe cold. For most animals, as for most people,
chronic stress undoubtedly results from experiencing a series of acute
stressors whose accumulative biological cost forces the animal into a pre-
pathological state, and possibly leads to a pathological condition. Such an
accumulation of biological costs might result from repeated exposure to the
same acute stressor, or might be the consequences of the summation of
several active stressors’ biological costs (Moberg, 1985).

Figure 1.6 suggests how an animal experiencing repeated exposure to
the same stressor, without any opportunity to replenish its biological
resources, could accumulate sufficient biological cost to affect other bio-
logical functions. The result of this accumulated biological cost would be a
state of distress. To test this scheme, we again utilized the growing mouse as
a model. Four hours of restraint each day for 7 days significantly suppressed
growth, lean and fat energy deposition, and total heat energy production
compared with exposure to the acute stress for only 1 or 3 days (Laugero
and Moberg, unpublished). As predicted by the model for chronic stress
(Fig. 1.6), repeated exposure to the acute stressor resulted in an accumulated
biological cost, similar to what we would predict if the animal was exposed
to a prolonged, unrelenting stressor. Undoubtedly, it is such exposure to a
series of acute stressors that accounts for most chronic stress in animals.

Using the concept of the total biological cost of stress, we can envisage
how two acute stressors acting simultaneously on an animal could individu-
ally cause a shift in biological resources to result in an accumulative cost to
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Summation of a stressor
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Fig. 1.6. A hypothetical scheme of the accumulative biological cost for an animal
experiencing repeated exposure to the same stressor. While the first exposure may
not result in the diversion of sufficient biological resources to affect other functions
(F1-F’'n"), with repeated exposure to the same stressor, the accumulative cost in
biological resources may be sufficient to have a severe impact on or eliminate other
biological functions (reprinted with permission from Moberg, 1999).

the animal that would have an impact on other functions, causing distress.
For example, if an animal is already experiencing significant stress and then
is exposed to the biological effects of a second stressor (Fig. 1.7), distress
may result. To test this hypothesis, we restrained growing mice for 4 h per
day for 7 days. On days 6 and 7 of the restraint treatment, the mice were
injected with lipopolysaccharide (LPS) as a model for the stress of a mild
infection. The combined cost of the two stressors (restraint plus LPS)
suppressed growth to a greater extent and consumed more metabolic
resources than either stressor acting alone (Laugero and Moberg, unpub-
lished). In this case, the total biological cost of the two stressors was a
summation of the biological resources needed to cope with each of the
individual stressors. Since the period of distress would continue even after
the stressors ceased and until the animals could restore biological functions
to pre-stress levels, the magnitude of the stress response and its impact on
function are sufficiently great to meet the criteria of a chronic stress.
Focusing on the biological cost of stress, we can argue that acute or
chronic stress results in distress when the stress response shifts sufficient
resources to impair other biological functions. When this occurs, the animal
enters the prepathological state, is at risk of developing a pathological state
and experiences distress. If the biological cost of the stress does not require
the amount of resources that would have an impact on other functions, the
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Summation of multiple stressors
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Fig. 1.7. A hypothetical scheme showing how the biological cost of two stressors
can summate to impair normal function. As illustrated, exposure to only one
stressor might not require the diversion of biological resources needed for other
functions. If, however, two of these stressors occur simultaneously, the total cost
may have a severe impact on other biological functions (reprinted with permission
from Moberg, 1999).

animal is not at risk and does not experience distress. Using this definition of
distress, we can see how the little hassles of life, good or bad, do not cause
distress. This explains why the biological responses to various stimuli, good
or bad stress, may be similar but the eventual effects on the animal differ. For
example, the increase in cortisol observed during play and pain may be
similar, but the increase in cortisol becomes critical to the animal’s welfare
only if the increase in the hormone is elevated for a sufficient time to cause a
significant biological cost by shifting energy away from other biological
functions. If this happens, it causes distress. If the response to the increase in
cortisol does not affect other functions, then the stress response is just one of
these little things in life.

Threat of subclinical stress

In the past, | have suggested that subclinical stress may increase the risk of
distress (Moberg, 1985, 1999). A subclinical stress does not shift sufficient
resources to affect normal biological functions and as a result does not
cause distress. Because there is no change in function, there is no clinical
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indication of the stress; thus, the term ‘subclinical stress’. However, such
subclinical stress may consume sufficient resources to make the animal vul-
nerable to the effect of a second subclinical stress (Fig. 1.8). Either stressor by
itself would have no effect on biological function, but their accumulated
biological cost would result in distress.

This subclinical stress model might explain why natural animal
populations suddenly decline when exposed to an environmental stressor
that normally would be of no consequence to the animals. For example, a
fish population exposed to low levels of an environmental toxin might
not display any obvious clinical signs of this low-level stress. Yet, biological
resources would need to be used for the fish to cope with this stressor. Upon
being exposed to a second stressor, such as an infectious agent or reduction
of oxygen levels in the water, the fish would not have sufficient reserves to
cope with this second stressor and could survive only by shifting resources
away from other functions. Since reproductive success in fish is closely
related to energy reserves, we can envisage how meeting the total biological
cost of these two subclinical stressors could deprive the fish of the energy
needed for normal reproductive success. The end result would be an unex-
plained decline in the population. In this manner, subtle environmental
stressors may well affect population dynamics and explain the unexpected
decline of populations.

Threat of subclinical stress ond
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Fig. 1.8. A hypothetical scheme showing how subclinical stress may deplete
biological resources without impairing other biological functions. This depletion
of biological reserves makes the animal vulnerable to a second stressor whose
additional biological cost can only be met by diverting resources from other
biological functions.
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There are limited data supporting the argument that subclinical stressors
can make animals vulnerable to other stressors. A number of years ago,
Holmes and co-workers (1979) observed that mallard ducks that consumed
food contaminated with petroleum products showed no apparent symptoms
of distress and no clear changes in body weight. However, when the
ducks were exposed to a second mild, cold stressor, those consuming
the petroleum-contaminated food had higher mortality. Likewise, Atlantic
salmon previously exposed to predators had significantly higher mortality
when exposed to an osmotic stressor than the fish not exposed to the
predator (Jarvi, 1989). In both of these examples the animals were able to
cope with a subclinical stressor, but no longer had the biological reserves
to meet the cost of the second stressor.

Animals confined in the laboratory or in intensive livestock operations
are perhaps even more vulnerable to the subtle effects of subclinical stress
(Moberg, 1996, 1999; Ladewig, Chapter 8, this volume). By its very nature,
confinement restricts or eliminates behavioural options, results in greater
human intrusion into the animals’ lives and forces greater peer interactions
or, possibly, even removes the animal from any social contact with its peers.
Compounding these social aspects of confinement are the effects of the
numerous husbandry practices such as vaccination, restraint, movement
between cages and novel diets. Attempting to respond to these various
minor stressors could result in a significant biological cost to the animal. If
not carefully managed, these costs will result in a subclinical stress load that
may place the animal at risk from what otherwise might be considered as
rather minor inconsequential stressors.

In laboratory animals, one of the most important effects of subclinical
stress might be to cause unexpected alterations in experimental results. For
example, if an animal experiencing subclinical stress resulting from a recent
series of husbandry activities (such as handling, removal to a clean cage,
etc.) was then injected with an antigen intended for antibody production,
the additional stress of the immune reaction might result in unanticipated
distress. This distress might alter the immune response and cause unforeseen
and even erroneous results. Previously, | discussed how a single 4-h period
of restraint impaired a mouse’s metabolic condition for 2 days. Yet, periods
of relatively brief restraint are frequently used in research with no consider-
ation of the lingering effects, which in this case could affect how the animal
responds to other end-points being studied 1 or 2 days later.

If we have difficulty measuring stress and distress, detection of the subtle
effects of subclinical stress presents an even greater problem. In addition,
we are still struggling to understand fully the subtle effects of subclinical
stress on the biology and welfare of the animal. In spite of these problems,
it is essential for us to address this issue. As we begin to recognize the
importance of stress in wild animals, we may find that subclinical stress
contributes to unexplained declines in animal populations. With respect
to confined animals, recognition of subclinical stress must become an
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important component of development of husbandry practices for the
management of stress and distress in animals.

Management of stress and distress

Since stress in life is unavoidable, we can never expect to develop condi-
tions that will always keep our animals stress free. Frequently in animal
welfare discussions it is implied that any stress is unacceptable and that
stress must be avoided at all costs. This is not possible, and we should
understand that there is nothing inherently bad about stress, unless it results
in distress. Since stress is a part of domestic animal production, maintaining
animals in zoos, or using laboratory animals, we must develop husbandry
practices to manage stress in these animals just as we manage their repro-
duction or nutrition (Moberg, 1992, 1993). The key to developing manage-
ment strategies for stress is to focus on reducing the biological cost of stress.
Our general strategy for managing stress should be to minimize the cost of
any stress and certainly never to allow the cost of stress to rise beyond the
level of a subclinical stress. Even then, we must strive to keep the period
of subclinical stress as brief as possible. There are a number of strategies
available to us to accomplish this goal.

Animal behaviour offers one attractive approach to managing stress.
Any stress response begins with the perception of a stressor (Fig. 1.1).
Convincing the animal that no threat exists or diverting its attention from the
stimulus may eliminate the stress response. For example, placing visual
barriers in cages housing groups of monkeys to reduce visual contact
between dominant and subordinate monkeys can reduce stress. Comparable
approaches may be applicable to other specific stresses. Another potential
approach to reducing stress is to engage the animals in other behaviours
during stress. Dantzer and Mormede (1981) found that the amount of
cortisol secreted during the frustration of experiencing intermittent feeding
schedules could be reduced by providing pigs with chains suspended into
their pens from the ceilings. The pigs would chew and pull on the chains
during the period of frustration, and the activity seemed to alleviate some
of the stress. It would seem that electing similar adjunctive behaviours
might be beneficial in reducing the biological costs of other stressors.
Remembering that a behavioural response to a stressor probably comes at a
lower cost to the animal than activation of the other stress defence systems,
behavioural solutions may be a preferable approach for us to use.

Another approach to managing stress is to capitalize on the modifiers of
the stress response (Fig. 1.3). | believe that manipulation of such modulating
factors can be used as tools to ameliorate the stress response of animals.
Both genetics and early experience serve as examples of this approach. In
turkeys, selection for altered stress responses can improve the survival of
animals exposed to cold stress (Brown and Nestor, 1973). Stress-susceptible
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strains of swine may show different physiological responses during environ-
mental stress than non-susceptible breeds (Marple et al., 1972). Genetic
selection of domestic animals to make them more adaptable to confinement
offers a potential tool for the management of stress (Pottinger, Chapter 14,
this volume).

Likewise, since an animal’s previous experience may influence its bio-
logical response to production conditions, manipulation of experience may
serve as a management tool to ameliorate the stress response. In swine,
Hemsworth et al. (1981) and Hemsworth and Barnett (Chapter 15, this
volume) observed that the quality of human handling influences growth in
young pigs, behaviour and the blood concentrations of the stress-sensitive
corticosteroid hormones. Pigs exposed to unpleasant handling treatment
grow more slowly and appear to exhibit indications of elevated stress
responses. In domestic animal production, we have only begun to use such
modifications of the stress response to alter how our animals cope with
stress, but | believe that this area offers one of the most productive areas for
future research on stress management.

Even if stress can be kept in the subclinical range, care must be taken
not to expose the animals to additional minor stressors whose additional
biological cost could induce a prepathological state, and thus distress.
Simple husbandry precautions can prevent such a significant cost of stress
from occurring. For example, pigs experience the greatest mortality if they
are loaded for transportation just before feeding or if they are transported
during high environmental temperatures (Honkavaara, 1989). Likewise, the
longer the time of transportation, the greater the effect on the animals. This
latter example further demonstrates the accumulative biological cost of
multiple stressors over time. By simply separating these potentially stressful
conditions and allowing the animals to recoup their biological reserve, the
stress burden to the animal is reduced. Many of these additive conditions are
obvious to the thoughtful animal technician or stockman, but more work is
needed to understand fully the more subtle effects of stressors associated
with animal production and their effects on the stress load of the animals.

Conclusion

The key to determining when stress affects an animal’s welfare is the bio-
logical cost of the stress. When the biological cost of coping with the stressor
diverts resources away from other biological functions, such as maintaining
immune competence, reproduction or growth, the animal experiences
distress. During distress, this impairment of function places the animal in a
prepathological state that renders it vulnerable to a number of pathologies
(Fig. 1.1).

Measurement of distress remains a problem. Measurements of the endo-
crine, physiological and behavioural responses to a stressor are valuable,
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but none of these end-points can serve as a litmus test for distress. Their use
is compromised by interanimal differences in the nature of the stress
response, by each type of stressor electing a unique biological response and
by these systems’ response to stimuli, whether or not the stressor actually
induces distress.

Only a change in normal function during stress results in distress. This
change in function may result from a disruption of a critical biological event,
such as ovulation, when the biological cost of the stress diverts resources
from other functions. Such a biological cost occurs when the animal
experiences a severe stressor or when the accumulative cost of several
minor stressors is sufficient to impair normal biological functions.

In the subsequent chapters, the biological responses to stress and the
impact of these responses on biological function are discussed in more
depth. Authors also address the critical issue of how to manage stress in
animals to reduce the cost of stress in order to prevent distress and to protect
the welfare of the animals under our care.
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Introduction

Champions of behavioural indicators of stress argue that behavioural
responses are often correlated with physiological or immune responses, and
so can be used to predict the effect of stress on the biological functioning of
the animal. Unfortunately, it is sometimes assumed that the interpretation
of behavioural responses to stress is unproblematic. In this chapter, | try to
show that interpretation of behavioural responses is fraught with difficulty,
and that it is primarily problems of interpretation that limit our ability to use
behavioural indicators of stress.

Anyone familiar with behavioural science will be aware of the distinc-
tion that is often drawn between causal explanations, i.e. the here-and-now
things that make animals do what they do, and functional explanations,
which try to explain why the behaviour has evolved by showing how the
performance of the behaviour functions to increase the reproductive fitness
of the animals that perform it. Although it is important to understand the
causes of stress-related behaviours, | want to suggest that some recent
studies of functional aspects of behaviour, especially predator avoidance
behaviour, may also provide useful information for understanding how
animals respond to stress.

There is now a sizeable literature on the behavioural responses of
animals to stress, and | could not hope to provide a thorough review in
the space available. Toates (1995), Mgller et al. (1998) and Ramos and
Mormede (1998) provide useful overviews. In this chapter, | focus on some
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issues in the interpretation of stress responses. The main messages of this
chapter can be summarized as follows:

1. The control of the behaviour of animals in response to stress is complex
and we cannot interpret behavioural responses, nor use them as indicators
of stress, until we understand the underlying causes of the behaviour. This
understanding can come from investigating both the motivation and the
neurophysiological bases of the behaviour.

2. Behavioural responses to some types of stress, especially acute stressors
that evoke fear in the animals, are derived at least in part from predator
avoidance behaviours, and recent studies on the functional significance of
these behaviours can help us to understand how animals respond to such
acute stressors.

3. Because the behaviours that animals show during stress are performed
to help the animal deal with the stress, the types of responses are often spe-
cific for a particular type of stressor. Thus, it is unlikely that there are ‘gen-
eral” behavioural stress responses that animals show regardless of the type of
stressor. This makes it hard to use behavioural responses to judge the relative
severity of quite different types of stressors. However, it does mean that
behavioural responses can be very informative about the source of the stress.

Neuroendocrine integration of behaviour and physiology

Understanding the causes of behaviour will be advanced once we under-
stand the neurophysiological circuits and the neurochemical systems that
control the behaviour. The correlations that can sometimes be found
between animals’ behavioural and physiological responses to stress are not
surprising in view of the recent findings that both behavioural and physio-
logical responses to stress appear to be controlled, at least in part, by the
same central neuroendocrine systems. Most of the research has focused on
corticotropin-releasing hormone (CRH) because of the obviously central
role it plays in regulating hypothalamic—pituitary—adrenal (HPA) activity,
and because of the demonstrations of its involvement in human anxiety and
depressive disorders (e.g. Arborelius et al., 1999).

A number of studies have shown that, in rats, intracerebroventricular
(i.c.v.) injections of CRH result in a number of behavioural changes that are
similar to those seen under conditions of acute stress. For example,
Morimoto et al. (1993) stressed rats by placing them in a novel cage and
noted that, as well as exhibiting various signs of sympathetic nervous system
activation such as increases in blood pressure and heart rate, the rats also
showed a marked increase in locomotor behaviour. These same effects
could be stimulated by i.c.v. injections of CRH, suggesting that it was the
central secretion of CRH as a result of the stress that elicited both the
peripheral physiological and behavioural responses. This interpretation
was supported by the fact that both the physiological responses and the
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increase in locomotor activity when the rats were placed in a novel
cage were substantially reduced by prior injections of a CRH antagonist.
Interestingly, injections of a CRH antagonist into non-stressed rats caused no
behavioural or physiological changes, suggesting that CRH has no ‘basal’
activity and is important only during periods of stress.

Research has clarified the neurocircuitry underlying the effects of CRH
on the HPA axis (e.g. Herman and Cullinan, 1997). However, less is known
of the motivational mechanisms by which CRH secretion triggers
behavioural stress responses, or the relationship with the animal’s emotional
reactions. Deak et al. (1999) used a conditioned fear paradigm in an attempt
to assess how CRH antagonists influence behavioural responses to stress. In
this paradigm, rats receive a foot shock in a particular cage and then show
conditioned fear responses (e.g. freezing) when they are returned to this
cage. A CRH antagonist given when the rats are returned to the cage reduces
the duration of this freezing. The researchers asked whether the CRH
antagonist was directly suppressing the freezing behaviour itself or was
instead reducing the (presumed) fear that motivated the freezing. They found
that injection of a CRH antagonist given when the rats first received the
shock also suppressed the freezing when the rats were returned to the cage,
even though no CRH antagonist was administered at that time. This suggests
that the CRH antagonist does not simply suppress the motor patterns of
freezing behaviour, and the authors suggest that it affects the level of fear
itself. However, before this interpretation can be accepted, we need to know
that the antagonist given at the time of the conditioning did not interfere with
the learning process or the animal’s memory.

The role of CRH secretion in eliciting behavioural responses and the
relationship between behavioural and physiological responses to acute
stress can be complicated. For example, rats that receive an electric shock
from a probe will often attempt to bury the electric probe in their bedding
material. Korte et al. (1994) found that i.c.v. injections of a CRH antagonist
reduced the amount of time that the rats spent burying the probe, suggesting
a reduction in their level of fear. However, despite this effect on the
behavioural responses, the CRH antagonist did not affect the shock-induced
secretion of corticosterone or adrenocorticotropic hormone. Korte et al.
(1994) speculate that although CRH may be involved in triggering both the
behavioural and HPA responses, it does so by acting on different popula-
tions of receptors; the dose of CRH antagonist used in their experiment
blocks only the receptors involved in the behavioural response. Korte et al.
(1994) also noticed a number of other behavioural effects of the CRH
antagonist including increased grooming and rearing behaviour, but it was
not clear how these related to the stress response.

CRH also appears to be involved differently in the different behavioural
responses to stress. For example, Buwalda et al. (1997) examined the effects
of chronic infusions of CRH given over 10 days. The CRH injections initially
resulted in increased locomotor activity, which is commonly found when
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rats are stressed (e.g. Morimoto et al.,, 1993). However, this effect disap-
peared after 2 days, suggesting some adaptation to the CRH injections. This
is not surprising since rats also adapt to chronic stress. However, the authors
also examined the effect on a second behavioural response. In this case, the
rats were placed in a maze in which some arms were closed and others were
open. When the maze is lifted up, the rats tend to avoid the open arms, pre-
sumably because of their fear of falling. Buwalda et al. (1997) found that rats
infused with CRH were even less likely to enter the open arms of the maze
after 1 week, several days after the CRH effect on locomotor behaviour had
disappeared. Thus CRH secretion may have different effects upon different
fear-related behaviours.

Compared with the research on rats, comparatively little work has
examined the neuroendocrine control of stress-related behaviours in farm
animals. Both Johnson et al. (1994) and Salak-Johnson et al. (1997) report
that i.c.v. injections of CRH in pigs elicit increased locomotor activity and
stimulate vocalization. However, Salak-Johnson et al. (1997) reported that
complex sequences of oral/nasal behaviours were reduced. Such behaviours
are usually considered to be stereotypic behaviours and are thought to
indicate that the animals are experiencing some stress. However, these
behaviours, at least in pigs, are now thought to indicate high levels of feed-
ing motivation (Rushen et al., 1993), and CRH reduces feeding motivation
(Parrott, 1990).

Although in this chapter | have dealt only with CRH, we must remember
that the HPA axis is controlled, or affected, by a whole host of neuro-
endocrine systems (e.g. Jessop, 1999). We should similarly expect equally
complex neuroendocrine control of behavioural responses to stress. In
addition, behavioural responses to stress may also be influenced by many of
the immune system changes that accompany exposure to stressors (Maier
and Watkins, 1999).

Manipulation of neuroendocrine systems and the observation of the
resulting behavioural effects does provide some useful information on the
causal mechanisms underlying behavioural responses to stress. However,
we should not assume that the relationship between behaviour and neuro-
endocrine systems is a simple one-way affair. The above discussion on CRH
focused on unidirectional causation, i.e. where secretion of CRH resulted in
changes in behaviour. However, we must avoid the simplistic interpretation
that the direction of causation always goes one way, i.e. neuroendocrine
changes produce behavioural changes. | will briefly consider another area
where behaviour and physiology are linked, this time in a situation where
the causal direction is two way, with behaviour apparently having a direct
effect on neuroendocrine changes.

One instance of the interaction between behavioural and physiological
responses to stress that has gained considerable attention in the research on
human medicine but has been relatively overlooked in the area of applied
animal ethology is the relationship between stress, sleep and growth
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hormone (GH) secretion. There is now evidence that both CRH and growth
hormone-releasing hormone (GHRH), one of the main stimulants of GH
secretion, have an influence on sleep. In fact there seems to be a reciprocal
interaction between GHRH and CRH in controlling sleep. Numerous studies
(reviewed in Friess et al., 1995; Steiger et al., 1998) show that CRH adminis-
tration can reduce REM (rapid eye movement sleep), SWS (slow wave sleep)
and GH secretion, while GHRH administration increases sleep (especially
SWS) and GH secretion and reduces HPA activity.

The effect of CRH on sleep suggests that stress on an animal is likely to
result in sleep disturbances, which in turn may be apparent in reduced GH
secretion. Indeed, the relationship between stress, sleep and GH secretion
has been demonstrated, at least in humans. Sakkas et al. (1998) report that
SWS in depressed patients is reduced along with a reduction in the secretion
of GH during the first period of sleep.

However, sleep also appears to influence the secretion of both CRH
and GHRH. Studies on rats and humans have shown that GH tends to be
released during sleep (e.g. Friess et al., 1995). There is evidence of a link
in some species between the various phases of sleep and GH secretion
(Astrom, 1995). The results are partly contradictory, but in humans GH
secretion appears to occur during SWS. For example, Follenius et al. (1988)
reported that people show falling GH levels during REM sleep. When people
are deprived of sleep for one night, both SWS and plasma GH concentra-
tions are increased during the following night (Beck et al., 1975). The
results from rats are, however, contrary to those obtained from humans. For
example, rats selectively deprived of REM sleep rather than SWS show a
decrease in serum GH (Toppila et al., 1996).

Sleep is also related to endocrine systems involved in the responses to
stress such as the sympathetic nervous system or the HPA axis. In humans,
cortisol secretion appears to be suppressed by sleep onset and is high
towards the end of sleep (Friess et al., 1995). However, the different phases
of sleep may also be related differently to HPA activity. Vgontzas et al.
(1997) report that, in people, urinary free cortisol and adrenaline concentra-
tions are positively correlated with the amount of REM sleep. Sleep is often
increased during periods of infectious disease, and there is evidence that
enhanced sleep may help some animals, e.g. rabbits, to recuperate from
infection (Toth et al., 1993). Intense stress can lead to increased REM sleep
in rats when the stress is terminated (Rampin et al., 1991), and the reciprocal
link between sleep and HPA activity suggests that sleep may play a similar
role in helping animals to adapt to or recuperate from stress. It is also
clear that disturbances to sleep could have wide-ranging physiological
consequences.

Despite the potential importance of this link, there has been relatively
little research done on the relationship between stress and sleep in domestic
animals. In fact, little is known of the sleep patterns of most domestic
animals, except for the pioneering work of Ruckebusch (1974), which has
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not been adequately followed up. Ruckebusch (1974) described both SWS
and REM sleep in cattle and showed that both tended to occur while the
cattle were lying down. However, when cattle were prevented from lying
down, SWS could still be detected when the cattle were standing, but REM
sleep could not. Thus, preventing cattle from lying down appears selectively
to reduce REM sleep. It is not yet known how stress, sleep and GH secretion
interact in cattle. However, Munksgaard and Levendahl (1993) found
that restricting the times when cattle can lie down results in reduced
concentrations of GH, suggesting a similar relationship between sleep
and GH secretion in cattle to that found in other species.

Veissier et al. (1989) suggest that change in the circadian patterns of
activity and rest could indicate how well animals are adapted to their envi-
ronments. In view of the important link between sleep, stress and endocrine
secretion, this is an important aspect of the relationship between behavioural
and physiological responses to stress which has not been fully explored.

Complexity in the motivational control of stress-related
behaviours: the open-field test

Understanding the neuroendocrine basis of behaviour is only one way of
approaching the question of causation of behaviour. Another approach is to
try to understand the motivational system underlying the behaviour. A major
argument of this chapter is that interpretation of behavioural indicators of
stress is and will remain difficult primarily because of the complexity of the
motivational systems underlying behaviour. That is, unless we have some
understanding of the motivational causes of the behavioural responses that
animals make under stress, we will not be able to use these responses as a
valid ‘stress measure’. Considerable research by ethologists into the motiva-
tional bases of behaviour has shown that the behaviour of an animal at
any one time is the result of an interaction between different motivational
systems that often appear to ‘compete’ for control of the animal’s behaviour
(see McFarland, 1989). The important point for this discussion is that the
behavioural responses that animals make to any given stressor will reflect a
mix of different motivations.

The difficulty in interpreting behavioural responses to stress can be illus-
trated by the work on one very popular behavioural measure of an animal’s
responses to stress, the open-field test. Although the open-field test was orig-
inally used with rodents, | shall illustrate the problems with this test by refer-
ring mainly to work that has been done on farm animals, especially cattle.

The open-field test was originally developed to measure rather poorly
defined characteristics of rats, such as ‘fear’ or ‘emotionality’ (Hall, 1936). A
single rat was placed in a large, novel area and the rat’s responses, which
usually involved defaecation or increased activity, were interpreted as
reflecting the animal’s degree of fear, in response either to novelty or to the
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‘openness’ of the enclosure. However, detailed analysis of the test showed
the problems of this unidimensional interpretation (e.g. Archer, 1973;
Ramos and Mormede, 1998). Careful experimental work suggested instead
that the responses shown probably reflect a mix of motivations such as
freezing in response to fear, exploration, escape attempts and specific
responses to social isolation (Archer, 1973). More recently it has been
shown that open-field activity of rats can be affected by factors apparently
unrelated to the degree of fear, such as aerobic capacity (Friedman et al.,
1992). More recently, researchers have developed more sophisticated
methods for analysing the multidimensional quality of stress responses in
rodents (e.g. Ramos and Mormede, 1998).

Despite these problems, the open-field continues to be used as a
measure of farm animals’ responses to stress. For example, the open-field
test has long been used to measure cattle’s responses to fear-provoking
situations (Kilgour, 1975). Often this involves placing a cow or calf in
a novel area for a few minutes and then recording some aspect of its
behaviour thought to best indicate the degree of fear the animal shows. In
many cases, the open-field area is divided into a number of squares and the
researchers count the number of squares that the animal enters. This
research, however, has the same problems of interpretation as the rodent
research. For example, Warnick et al. (1977) interpreted the degree of
activity that calves show in an open-field as the degree of nervousness of the
calves, while others (e.g. Dantzer et al., 1983; Dellmeier et al., 1985, 1990)
interpreted the same degree of activity in terms of the level of ‘locomotor’
motivation. Which interpretation is correct? Probably both.

As is the case with rodents (Archer, 1973; Ramos and Morméde, 1998),
it is most likely that the behaviour of calves in an open-field, or indeed in
any ‘stress test’, reflects a changing mix of motivation rather than a single
source of motivation such as fearfulness or locomotor motivation. Recently,
de Passillé et al. (1995) used factor analysis as a means of analysing the mix
of motivations that might underlie the behaviour of calves in an open-field.
Even when only seven different behaviours were observed (sniffing/licking,
walking, running, jumping, vocalization, defaecation and standing
immobile), it was still necessary to use three factors to account for 60% of
the variance in these behaviours. Based on the behaviours that had the
highest correlations, these three factors were tentatively labelled as ‘fear’
(vocalization and defaecation), exploration (sniffing and licking) and loco-
motion (running and jumping). The correlations between these three factors
were very small, suggesting that they are effectively independent sources of
motivation. Furthermore, the amount of total activity that the calf showed
correlated with all three factors. Thus, a calf could show a lot of activity
because it had either a high level of fearfulness, or a high level of explora-
tion, or a high level of locomotion, or a mixture of all three. Thus it would be
very dangerous simply to measure total activity and then to interpret the
calves’ activity in this test as simply reflecting the level of fearfulness.
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While factor analysis can be a useful way of examining the complex
motivational structure underlying an animal’s behaviour, the result can
depend a great deal on the sort of assumptions made in carrying out the test.
Hence the results are best thought of as hypotheses about the motivational
structure of behaviour. These hypotheses, however, need to be tested before
we can be certain as to their correct interpretation. De Passillé et al. (1995)
attempted to test their interpretation of calves’ open-field behaviour by
experimentally varying the degree of motivation of each calf. For example,
the factor analysis suggested that the amount of defaecation/vocalization
might indicate the degree of fear the calves showed in response to the
novelty of the enclosure. This was tested by examining how these aspects of
the behaviour of the calf changed in response to three factors that were
likely to alter the degree of novelty of the enclosure and hence the degree of
fear of the calves: prior experience of the enclosure, the presence of a novel
object and the age of the calves. As expected, the amount of defaecation/
vocalization was higher for younger calves and was increased by adding
a novel object, while allowing the calves to become familiar with the
arena reduced the occurrence of these behaviours. Thus the amount of
defaecation/vocalization could be a useful way of assessing the degree
of fear that calves show in response to novelty.

Although older calves also showed more running and jumping, these
behaviours were not affected by the degree of familiarity with the enclosure
or by the presence of a novel object, suggesting that these type of activities
cannot be used to measure calves’ degree of fearfulness. In fact, there is
evidence that the occurrence of these specific locomotor behaviours may
well reflect primarily locomotor motivation (e.g. Dellmeier et al., 1985;
Jensen et al., 1998).

It is likely that any behavioural response to stress will reflect a mix
of motivations. However, this study shows that the use of multivariate
statistical analysis, combined with experimental manipulations, can help us
to untangle the causes of behaviour, interpret the behaviour that animals
make in an open-field and choose the most appropriate type of measure to
assess the degree of fear.

A functional approach: behavioural responses to acute
stress that are derived from anti-predator behaviour

Many studies of the behavioural effects of stress involve exposing animals to
acute stressors, such as forced swimming in cold water, electric shock, close
restraint in a tube, or the open-field mentioned above. In the context of
the normal life of the animal, these could be considered fairly ‘artificial’. In
such situations, the motivational basis of the behaviour is not evident and
the function of the behavioural responses often difficult to understand.
Blanchard and Blanchard (1988) criticized this use of artificial stressors.
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They argue that stress responses evolved to help animals to deal adaptively
with particular stressors that they are likely to encounter in their natural
life. Hence, understanding the responses is best achieved if we use more
‘natural’ stressors, i.e. stressors that the animal is likely to have evolved to
deal with. Arguing that many stress responses are in fact derived from
anti-predator responses, Blanchard et al. (1998) developed a paradigm for
studying stress responses of rodents that involved exposing rats to cats. They
found that such chronic exposure resulted in marked increases in crouching
by the rat and reductions in normal ongoing behaviours such as locomotion,
grooming and rearing.

Vigilance

However, in this paradigm, the exposure to the cat, which was placed on
top of the rat’s cage, is fairly extreme. In reality, anti-predator behaviour is
likely to involve a series of graded responses, and the first line of defence is
to be able to detect the predator before it is too close. For most prey animals
this is achieved by routine scanning of the environment, a phenomenon that
has become known as ‘vigilance’. To maximize the chance of avoiding
predators, animals would need to maximize the time spent being vigilant.
This scanning can interfere with other behaviours, most notably grazing, so
most animals would be under some selection pressure to optimize the time
spent scanning so as to reduce the risk of predation but still allow enough
time to perform competing activities. Thus, the degree of vigilance would be
affected not only by the animal’s own assessment of the risk of predation
but also by the strength of motivation to perform competing behaviours.
Studies of vigilance may therefore provide a useful paradigm for studying the
influence of different levels of perceived stress under different conditions of
motivational conflict.

Considerable research has been carried out on vigilance behaviour in
free-living animals, and the results show promise for elucidation of some
of the causal mechanisms underlying behavioural responses to stress. One
phenomenon that has attracted considerable attention is that the degree of
vigilance shown by individual animals in a group is inversely related to the
size of the group. This has now been reported in many species of birds and
mammals (Elgar, 1989; Roberts, 1996), although the effect is sometimes
small (e.g. Blumstein, 1996) or absent (e.g. Rose and Fedigan, 1995). A plau-
sible functional explanation is that the additional group members increase
the chance of predator detection so that, in a larger group, any one individ-
ual can reduce vigilance time but still have the same chance of detecting a
predator. However, the increased group size may not only increase the
chance of predator detection but also reduce the actual risk of predation,
and there is not yet sufficient evidence to distinguish these possibilities
(Lima, 1995; Roberts, 1996). Nevertheless, the effect of group size on
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vigilance does indicate that an animal’s anti-predator behaviour can be
quite sensitive to environmental factors that affect the risk of predation. This
supports Blanchard and Blanchard’s (1988) suggestion that animals make
some assessment of risk when responding behaviourally to threats, and that
this risk assessment is an essential part in explaining behavioural responses
to some kinds of acute stressors.

Besides group size, other factors that influence the degree of detection
of predators or the risk of predation have been shown to influence the
degree of vigilance by animals. For example, vigilance has been shown to
be higher at places where predators or other groups are more likely to be
encountered, such as at waterholes or where group home ranges overlap
(e.g. Burger and Gochfield, 1992; Rose and Fedigan, 1995), or when
animals are relatively far from cover or a refuge (Poysa, 1994; Frid, 1997).
This suggests that animals may be quite sensitive to factors that affect the
degree of risk. The risk of actual predation may not be the only factor that
influences the degree of vigilance. For example, a loud noise increases the
amount of visual scanning performed by rats while eating (Krebs et al.,
1997).

Studies of vigilance also provide a useful paradigm for obtaining
information on how different sources of stress or risk interact. For example,
Frid (1997) examined vigilance in Dall’s sheep. The degree of vigilance was
found to decrease as group size increased and as distance to cliffs (which the
sheep use to escape from predators) decreased. Frid considered two models
of how these two factors might together influence vigilance. According to
the simplest model, the effect of the two factors might be additive, i.e. the
magnitude of the effect of one factor on vigilance would be independent of
the magnitude of the other factor. A more realistic model, however, is that
the magnitude of the effect of one factor on vigilance would depend on the
magnitude of other factors. Frid found evidence in support of this second,
interactive model: the effect of changes in group size was much smaller
when the animals were close to cliffs. The explanation proposed is that if
animals have a low risk of predation because they are close to a refuge or to
cover, then the reduced chance of detecting a predator when group sizes are
small should be less of a problem than when animals face a high risk of
predation by being far from cover or a refuge. Although this is a relatively
simple example, it does illustrate how studies of vigilance can be used to
examine how multiple stressors might interact in affecting the behaviour of
the animals.

Communication

It is often suggested that communicative behaviours may provide some
measure of the internal or subjective state of an animal, and so may be use-
ful as measures of stress. For example, Griffin (1981) suggested that the study
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of communicative behaviour could provide a ‘window on the minds of ani-
mals’ (p. 149). Weary and Fraser (1995a) provide an excellent review of
some of the issues involved in using signals as a means of assessing animals’
needs, while Dawkins (1993) provides a more general review of signalling
behaviour. The reader is referred to these articles.

There have been many attempts to use signalling or communicative
behaviour to assess animals’ responses to various stressors, and usually these
involve examining vocalizations. For example, vocalization has been used
to assess piglets’ responses to castration (White et al., 1995; Weary et al.,
1998), cattle’s responses to branding (Schwartzkopf-Genswein et al., 1998)
or preslaughter handling (Grandin, 1998), and sheep’s responses to castra-
tion and tail docking (Mellor and Murray, 1989). The assumption behind
these studies is that there is variability in the vocalization given by the
animals, in terms of either the likelihood of vocalization occurring, or the
rate, amplitude or some aspect of the acoustic structure of the calls, and that
some aspect of this variability provides reliable information about the inner
state of the animal.

The view that communicative behaviour is essentially honest in the
sense that it provides reliable information about an animal’s internal state,
especially its motivational state, is implicit in the classical ethological
studies of animal displays (e.g. Tinbergen, 1969). Detailed analyses of the
displays of animals were undertaken to dissect the particular mixture of
motivations acting on an animal at any one time. Perhaps the most widely
known example is Leyhausen’s (1956) analysis of the facial expressions of
cats as reflecting a changing balance of fear and aggression. The underlying
assumption was that natural selection should favour accurate signals, i.e.
signals that reliably communicate information about an animal’s intentions
or likely behaviour. However, more detailed analyses of the evolutionary
pressures on animals, and particularly analyses focused on understanding
the costs and benefits to individuals rather than species or groups of animals,
show that, in some cases, natural selection can be expected to favour ‘dis-
honest’ communication, i.e. where animals convey inaccurate information
about their needs or motivations in order to manipulate the behaviour of
other animals to their advantage (e.g. Krebs and Dawkins, 1984). Indeed,
there are a number of instances (reviewed in Weary and Fraser, 1995a)
where animal communication appears to be quite ‘deceptive’ in that it
contains inaccurate information about an animal’s needs, intentions or
internal state. More detailed analysis has shown that, in some cases, natural
selection will favour ‘honest’ communication, but only under certain
circumstances, e.g. where the sender and receiver are related genetically, or
where there is some ‘cost’ to performing the signal (Zahavi, 1977; Maynard
Smith, 1991; discussed in Weary and Fraser, 1995a).

| do not have the space here to deal with this central issue in animal
communication in any detail. What is important for the present chapter is
that we cannot simply assume that animal communication or signals will



34 J. Rushen

provide reliable information about the motivational or subjective state of the
animal. Instead this must be demonstrated. Attempts to test the ‘honesty’ of
animal signals involve either correlating the signal with some other measure
of stress or experimentally manipulating the state of the animal and observ-
ing which aspects of the signals change.

How can we test the ‘honesty’ of animal communication, particularly
when the animal is exposed to a stressor? In a number of cases, the extent of
vocalizing by animals in conditions assumed to be stressful does correlate
with physiological indices of stress. For example, as mentioned above, CRH
injections can stimulate vocalization and HPA activity in pigs (Johnson
et al., 1994), while opioid antagonists can increase HPA activity and vocal-
ization during restraint stress (Rushen and Ladewig, 1991). In open-field
tests, individual differences in HPA activity and vocalization appear to be
correlated (von Borell and Ladewig, 1992). There are fewer examples where
an animal’s state has been experimentally manipulated; the best example of
these is the work done by Weary and Fraser (1995b) and Weary et al. (1996)
on the vocalization of pigs. These authors examined the vocalizations
shown by young pigs when they are separated from their mother. They
tested the extent to which these vocalizations gave reliable information
about need by increasing the level of hunger of some piglets by making them
miss a milk ejection. They also compared piglets that were thriving, in the
sense that they were above average weight for their litter and had good
growth rates, with ‘non-thriving’ piglets, i.e. that were small and had poor
growth rates. They found similar differences in both cases. Piglets that were
not thriving or that had missed a milk ejection gave more vocalizations,
more high frequency vocalizations, longer calls and calls with a greater
increase in frequency. These acoustic properties were likely to increase the
energetic cost of performing the signals, and since the calls were from
offspring to their mothers (i.e. between genetic relatives) they argued that
these calls filled the criteria necessary for honest signalling.

Finally, they examined what information was transmitted to the receiver
of the calls by examining how sows responded to playback of the calls. Sows
responded to the calls by orienting towards and approaching the loud-
speaker, and they responded more strongly to calls that were recorded from
needy piglets (i.e. smallest, slowest growing piglets that had missed a milk
ejection and were in a cold environment). These experiments show that the
vocalizations of piglets separated from their mothers do contain reliable
information about the level of need of the piglets, and that the sows use this
information in judging how to respond to the calls.

Thus, the experiments show that vocalization by pigs does contain some
information about the level of risk to the piglets and the degree of stress they
are under. However, research with a number of species shows that calls
contain other types of information besides the level of risk.

Firstly, vocalizations can show a high degree of variability, and some
of this variability is used to identify individuals rather than to communicate
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the emotional state of an individual. This individual recognition appears
particularly important for the contact calls that many mammals give when
separated from a group or from particular individuals within the group
(Cheney et al., 1996; Janik and Slater, 1998).

Secondly, signalling behaviour is affected by the presence of an audi-
ence. If communication is performed with the intent of influencing the
behaviour of others, it would not be surprising if the absence or presence of
an audience has an effect. Evans and Marler (1991, 1992) examined the
alarm calls that cockerels gave in response to the sight of an aerial predator
and found that the rate of calls given was significantly higher when the
cockerel could see a hen, although the breed or degree of familiarity of the
hen did not seem to make a difference.

Thirdly, research with primates suggests that alarm calls may not just
provide information about the degree of risk, but also about the type of risk.
This was first shown in intriguing experiments by Seyfarth et al. (1980),
which are discussed and reviewed in Cheney and Seyfarth (1990). Vervet
monkeys have a number of predators, most notably leopards, snakes and
aerial predators such as eagles. The predator avoidance behaviour that
vervets show is specific to the particular type of predator. For example,
vervets react to the presence of eagles by looking up in the sky or running
under bushes, to the presence of snakes by standing bipedally and looking
at the ground, and to leopards by running up trees. Vervets also give acousti-
cally different alarm calls when faced with different types of predators. Play-
back experiments demonstrated that these calls contain information about
the type of predator rather than just the degree of risk: vervets show the
appropriate predator avoidance behaviour when they hear a particular type
of call. These findings indicate that vocal signals may not so much contain
information about the internal state of the sender, but information about
objects in the environment, i.e. semantic information. The importance of
this finding for the present discussion is that the calls that animals give when
faced with a stressful challenge may not so much indicate the degree of
stress that an animal is under (or the degree of risk of predation) but rather
the type of risk.

Similar findings have been reported for Barbary macaques (Fischer,
1998). These monkeys give an acoustically different alarm call when they
are disturbed by a person from that when they are disturbed by a dog. The
way that the monkeys perceive these calls was tested using the habituation—
dishabituation paradigm. In this paradigm, a recording of one of the calls is
repeatedly played back to the monkeys until they stop reacting (habituation).
Once this has occurred, the other type of call is played. If the monkeys
perceive the two types of calls as distinct, they respond to the second type of
call (dishabituation). The receivers of the two types of alarm calls do classify
these calls differently, suggesting that they contain information about the
type of predator. Such semantic information appears not to be restricted
to alarm calls. The scream vocalizations of rhesus monkeys given to elicit
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support in the face of an attack from another monkey appear to contain
information about the rank difference between the monkey and its attacker
(Gouzoules et al., 1998).

It is not yet clear if such semantic calls occur in mammals other than
primates. Marmots also show a variety of different alarm calls, but these do
not appear to be systematically associated with a particular type of predator
(Blumstein and Armitage, 1997). In fact, playback experiments suggest that
variation in the acoustic structure of calls, particularly the rate of calling,
conveys information about the degree of risk: marmots hearing playbacks
were more likely to flee to their burrows if the alarm calls occurred at a
higher rate. Blumstein and Armitage (1997) suggest that marmot calls may
not indicate the type of predator because the predator avoidance behaviour
of marmots (fleeing to the burrow) is the same regardless of the type of
predator. In contrast, red squirrels do produce an acoustically different
alarm call in response to large predatory birds from that in response
to ground predators such as dogs or approaching people (Greene and
Meagher, 1998). However, it is not yet known if this conveys specific
semantic information to other squirrels or whether it reflects other factors.
For example, the calls given in response to aerial predators are acoustically
structured to make them difficult to localize, which may be more important
for an aerial predator than for a ground predator. Nevertheless, the discovery
of semantic alarm calls suggests that animals may, under some circum-
stances, vary their response depending on the type of danger they are facing
rather than just the degree of danger.

The context specificity of vocalizations poses a problem to researchers
wishing to use them as an indicator of the degree of stress an animal is
experiencing. For example, Watts and Stookey (1999) examined vocaliza-
tion by beef cattle and found increased vocalization (as well as a greater
frequency range, higher maximum frequency and higher peak sound level)
when cattle were branded. Restraint of the animals did not appear to
increase vocalization, and the authors conclude that vocalization occurs
in response to relatively severe stressors. However, cattle vocalize readily
when isolated from other animals (Boissy and Le Neindre, 1997). Does this
indicate that isolation is a very severe stressor (according to the logic of
Watts and Stookey) or that some types of stressors are more potent at
eliciting vocalization than are other types of stressor? If vocalizations are
primarily contact calls, they may be given most frequently in contexts that
involve social isolation.

The above discussion on alarm calls suggests that behavioural responses
may be specific to the particular type of challenge. This could be seen as
a disadvantage if we are interested in using behaviour to measure the
relative severity of very different types of stressors. However, the specificity
of behavioural responses to stress does have one big advantage: the
responses can provide information about the particular cause or source of
the stress.
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Conclusions

The attractiveness of behavioural indices of stress lies in the fact that they
are quicker and appear technically easier to obtain than physiological
measures. In addition, they are considered to reflect more directly the
animals’ feelings or emotions. There are arguments in favour of these views.
Unfortunately, much use of behavioural indices of stress has been based
on an over-simplistic interpretation of the behaviours and a lack of evidence
of the validity of the measures. This is best exemplified by the use of the
open-field test. My belief is that interpretation of behavioural responses to
stress is far from simple, and that until we understand more of the causal
mechanisms underlying the behaviour we will not be able to use
behavioural indices of stress with any confidence. Understanding the
neurocircuitry underlying the behaviour is an essential step. The role played
by CRH in controlling many behavioural responses to stress gives us some
confidence in the use of such behaviours to assess stress. However, we
should avoid making the assumption that the neuroendocrine control of
stress-related behaviour is a simple matter. Furthermore, understanding just
how neuroendocrine systems control the behaviour, and the implications
this has for the emotional state of the animal during stress, will require that
we understand how the neurocircuitry and the motivational controls of
the behaviour interact. The two-way interaction between sleep and the
secretion of GH and CRH has been underappreciated in studies of animal
welfare, and it is clear that we need to broaden the range of behaviours and
physiological systems that we consider when we examine animals under
stress.

Finally, the great improvement in our capacity to dissect the functional
role of behaviour that has accompanied the development of behavioural
ecology and sociobiology provides some novel perspectives. In this chapter,
| briefly discussed some of the functional approaches taken in investigations
of both communication and anti-predator behaviour, which appear to
have implications for our understanding of stress responses. The theoretical
studies of the evolution of ‘honest’ communication make it clear that we
cannot assume that communicative behaviours will provide a valid measure
of the animals’ emotional state; this must be directly tested. The notion that
stress responses have evolved to deal with or adapt to particular stressors
means that the type of behaviour shown will probably be context specific,
making it unlikely that we will find general stress responses.
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In his seminal work on the general adaptation syndrome, Hans Selye
observed marked changes in the sizes of endocrine tissues subsequent to
stressor exposure (Selye, 1939). Selye’s observations have been confirmed
many times over, and it is clear that endocrine responses constitute an
integral component of the stress response (Van de Kar et al., 1991; Stratakis
and Chrousos, 1995). Stress can affect the hormonal control of metabolism
(Weissman, 1990; Wenk, 1998), reproduction (Moberg, 1991; Rivier and
Rivest, 1991; Rivest and Rivier, 1995), growth (Stratakis et al., 1995) and
immunity (Peterson et al., 1991; Sheridan et al., 1998). Since hormone
signalling plays a vital role in the maintenance of homeostasis, virtually
every endocrine system responds in some fashion to specific stressors. The
overall effect on the animal’s adaptive response to stress is an integration
of multiple, and often interactive, hormone responses that directly affect
physical health and well-being.

A complete discussion of the vast and complex literature on endocrine
responses to stress is beyond the scope of the present chapter. Whenever
possible, the readers are referred to more comprehensive reviews on
selected topics. In the subsequent discussion, we will introduce and briefly
review the general effects of stress on the major neuroendocrine systems.
Additionally, we will present relatively new and important concepts in the
neuroendocrinology of stress relating to appetite control.

OCAB International 2000. The Biology of Animal Stress
(eds G.P. Moberg and J.A. Mench) 43
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Neuroendocrine systems
Background

Neuroendocrinology can be defined as the study of communication
between the central nervous system and endocrine glands. The term ‘neuro-
endocrine’ classically refers to hormone signalling involving the hypo-
thalamus, pituitary gland and peripheral body systems. The hypothalamus is
a bilaterally symmetric region on the inferior aspect of the brain above the
anterior pituitary gland (Fig. 3.1; Braunstein, 1995). While not precisely
defined by anatomical borders, the anterior to posterior range of the hypo-
thalamus is considered to extend approximately from the optic chiasm to the
mammillary bodies. The lateral boundaries extend roughly to the optic
tracts. From superior to inferior, the hypothalamus extends from the floor of
the third ventricle to the median eminence (lower-most region), where the
pituitary stalk is formed. Axon terminals of parvicellular hypothalamic
neurons release hormones into a capillary network (hypophysial portal
vasculature) that traverses the pituitary stalk from the median eminence to
the anterior pituitary gland. The parvicellular neurons produce hormones
that regulate the function of the anterior pituitary gland. Magnocellular
neurons extend directly through the pituitary stalk into the posterior pituitary
gland. The magnocellular neurons produce vasopressin and oxytocin, the
hormones released from the posterior pituitary gland.

Hypothalamus

Pituitary gland

Pituitary stalk

Anterior lobe Posterior lobe

Intermediate lobe
Fig. 3.1. Location of the hypothalamus and pituitary gland (with anterior, inter-
mediate and posterior pituitary lobes indicated).
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The pituitary gland comprises three components: (i) the anterior lobe;
(ii) the posterior lobe; and (iii) the intermediate lobe (Fig. 3.1; Asa et al.,
1995). The anterior pituitary gland contains specialized cells that produce
and secrete growth hormone, adrenocorticotropic hormone (ACTH),
thyroid-stimulating hormone (TSH), luteinizing hormone (LH), follicle-
stimulating hormone (FSH), and prolactin (Fig. 3.2). The chemical structures
and major functions of the anterior pituitary hormones have been described
elsewhere (Matteri, 1994). The role of the intermediate lobe is species
specific, and in the human as well as a small number of other mammals the
intermediate lobe is considered rudimentary. The posterior lobe of the pitu-
itary is an extension of the floor of the third ventricle and maintains physical
contact with the hypothalamus via the pituitary stalk. The posterior lobe acts
as a storage site for vasopressin and oxytocin. Vasopressin, also known as
antidiuretic hormone (ADH), enhances water reabsorption by the kidney,
constricts smooth muscles surrounding blood vessels and participates in
stress-induced ACTH secretion (see below). Oxytocin stimulates uterine
contractions during labour and milk ejection from mammary tissue.

Hypothalamic—pituitary—adrenal (HPA) axis

One of the best known and consistent neuroendocrine responses to stress is
activation of the HPA axis, resulting in the secretion of steroid hormones
from the adrenal gland (Fig. 3.3). This relationship between stress and

Hypothalamus VP CRH GHRH 8§ TRH DA GnRH
NAON AN AN \
Pituitary ACTH GH TSH PRL LH/FSH
v ¥ v \ v
. Adrenal cortex, Liver, Thyroid, Mammary, Gonad,
Target tissue, glucocorticoid IGF-I T, T, mammary sperm and egg
effect secretion secretion  secretion  development, production,
milk production sex steroid
* ) * * ‘ secretion
Biological Hom.e.ost.aS|s, .
f ) mobilization of  Growth Metabolic rate,
unction

energy stores metabolism thermogenesis Lactation  Reproduction

Fig. 3.2. Schematic representation of hypothalamic—pituitary neuroendocrine
axes, and major biological actions. Hypothalamic factors: CRH, corticotropin-
releasing hormone; DA, dopamine; GHRH, growth hormone-releasing hormone;
GnRH, gonadotropin-releasing hormone; SS, somatostatin; TRH, thyrotropin-
releasing hormone; VP, vasopressin. +, stimulatory hypothalamic factor;

-, inhibitory hypothalamic factor. Pituitary hormones: ACTH, adrenocorticotropic
hormone; FSH, follicle-stimulating hormone; GH, growth hormone; LH, luteinizing
hormone; PRL, prolactin; TSH, thyroid-stimulating hormone; IGF, insulin-like
growth factor.
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Stress

Neurotransmitters Sympathetic

‘fight or flight’
response

Hypothalamus

CRH

ACTH

+ Adrenal
Adrenal medulla
cortex
Glucocorticoids Catecholamines

N 4

Homeostasis

Fig. 3.3. Schematic diagram of the major components of the hypothalamic—
pituitary—adrenal axis. External stimuli perceived as a stressor initiate a cascade of
events which leads to activation of the sympathetic division of the nervous system
and stimulation of corticotropin-releasing hormone (CRH) and vasopressin (VP)
release from hypothalamic neurons. Activation of the sympathetic pathway initiates
release of catecholamines from the adrenal medulla which act on various target
organs and tissues. CRH and VP stimulate the release of adrenocorticotropic
hormone (ACTH) from anterior pituitary corticotrophs which in turn stimulates
glucocorticoid release from the adrenal cortex. Glucocorticoids act on a variety

of target tissues and organs to maintain homeostasis.

adrenocortical activation was one of the first recognized in the study of the
endocrinology of stress (Selye, 1939). Early investigators concluded that the
regulation of glucocorticoid secretion from the adrenal gland depended on a
linkage between the hypothalamus and the pituitary gland. Harris (1948)
suggested that neurons of the hypothalamus regulate the secretion of hor-
mones from the anterior pituitary. Harris’s work led to further investigation
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into the hypothalamic—pituitary linkage, which demonstrated that factors
produced in hypothalamic neurons did indeed regulate the secretion of
ACTH from the anterior pituitary (Guillemin and Rosenberg, 1955; Saffran
etal., 1955; Porter and Jones, 1956). ACTH is produced from a larger mole-
cule known as pro-opiomelanocortin (POMC), which is also a precursor of
B-endorphin, lipotropin and melanotropin (Matteri, 1994). POMC-related
peptides are synthesized in specialized anterior pituitary cells known as
corticotrophs. ACTH stimulates the synthesis and release of steroids from the
adrenal cortex by promoting the uptake of cholesterol and its enzymatic
conversion to cortisol and corticosterone, the glucocorticoid hormones.
Cortisol is the primary glucocorticoid in humans and most mammals,
whereas in the rodent corticosterone is the primary glucocorticoid.

As their name implies, glucocorticoids play an important role in
gluconeogenesis by stimulating the liver to convert fat and protein to inter-
mediate metabolites that are ultimately converted to glucose for energy.
Glucocorticoids also support this response by potentiation of the synthesis
and action of epinephrine (adrenaline), a catecholamine released by the
adrenal medulla during the stress response. Adrenaline stimulates gluconeo-
genesis and lipolysis, which mobilize energy stores for vigorous ‘fight or
flight’ activity. Maintaining a sufficient, yet not excessive, concentration
of glucocorticoids is necessary in order to maintain homeostasis. Chronic
elevation of glucocorticoids results in protein catabolism, hyperglycaemia,
immune suppression, susceptibility to infection and depression. McEwen
and Sapolsky (1995) also noted that mental performance and hippocampal
volume were reduced following chronic elevation of corticosteroids.
Considering the potent deleterious actions of chronically elevated gluco-
corticoids, an important function of these steroids is to curtail the HPA
response to stress. This occurs through negative feedback inhibition, where
glucocorticoids inhibit further HPA response at the levels of the brain and
pituitary (McEwen, 1979; Fink et al., 1991).

Activation of the pituitary component of the HPA axis can be mediated
by several neuroendocrine hormones. In accordance with conventional
nomenclature, Saffran and colleagues (1955) named the ACTH regulator
corticotropin-releasing factor (CRF). Today, this neurohormone is com-
monly referred to as corticotropin-releasing hormone (CRH) by many
scientists, though the use of CRF remains in the scientific vocabulary. During
this same time period, others were conducting in vivo stress studies with
vasopressin (VP) in the rat (Martini and Morpurgo, 1955; McCann, 1957).
Initially VP was thought to be the putative CRH. This led to a controversy in
the scientific community as to which substance, CRH or VP, was the primary
factor responsible for the regulation of ACTH secretion. The controversy
continued throughout the 1960s and 1970s, although there was increasing
evidence that VP was indeed not the primary stimulator of ACTH secretion
(Arimura et al., 1967; Portanova and Sayers, 1973). Finally, in 1981, Vale
and colleagues characterized the chemical structure and sequenced
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ovine CRH as a 471-amino acid hypothalamic peptide with intrinsic
ACTH-releasing activity. Following the characterization of CRH were
several studies demonstrating the physiological role of CRH as a primary
regulator of ACTH secretion (Rivier and Plotsky, 1986).

It is now apparent that CRH and VP work independently, as well as in
concert, to mediate glucocorticoid secretion at the level of the pituitary and
adrenal glands. The magnitude and duration of the glucocorticoid response
are secretogogue-dependent. An intriguing aspect of ACTH regulation is the
ability of VP to increase the potency of CRH. In several species (rat, human,
porcine, bovine), it has been demonstrated that VP possesses the ability to
potentiate CRH-induced ACTH secretion (Liu et al., 1983; Rivier and Vale,
1983; Watabe et al., 1988; Carroll et al., 1993; Minton and Parsons, 1993).
However, what has not been fully elucidated is the need for multiple ACTH
secretogogues.

While Selye’s work sparked an interest in stress regulation throughout
the scientific community, his hypothesis (that regardless of the stressor
the body would respond in the same physiological manner) was an over-
simplification of what we now know to be a very complex and integrated
system that regulates glucocorticoid secretion. There are at least two other
regulatory factors in addition to CRH and VP that have been reported to
induce ACTH secretion from the anterior pituitary: adrenaline (Giguere and
Labrie, 1983) and oxytocin (Link et al., 1993). High affinity receptors for
both adrenaline (Petrovic et al., 1983) and oxytocin (Antoni, 1986) have
been identified in the rat pituitary gland. The biological need for multiple
stimulators of ACTH secretion has not been fully elucidated; however, the
existence of multiple stimulators does highlight the relative importance of
this system in the maintenance of homeostasis. Ultimately, an increase in
plasma concentration of ACTH stimulates release of glucocorticoids from
the adrenal cortex.

In mammals, the adrenal gland, like the pituitary gland, comprises
multiple endocrine organs: the adrenal cortex and the adrenal medulla (Fig.
3.3). The adrenal medulla is encapsulated by the adrenal cortex; its primary
secretions are the catecholamines epinephrine (adrenaline), norepinephrine
(noradrenaline) and dopamine. The adrenal cortex comprises three layers: (i)
the zona glomerulosa; (ii) the zona fasciculata; and (iii) the zona reticularis.
In general, the adrenal cortex is responsible for the synthesis and release of
three classes of adrenocortical steroid hormones (i.e. mineralocorticoids,
glucocorticoids and androgens). Mineralocorticoids, predominately aldos-
terone, are synthesized in the zona glomerulosa, whereas the major
products of the zona fasciculata and zona reticularis are the glucocorticoids
and the androgens. While the role of adrenal androgens is limited to effects
on reproductive performance, glucocorticoids and mineralocorticoids are
essential for survival. Mineralocorticoids are essential for the maintenance
of sodium balance and extracellular fluid volume, and glucocorticoids elicit
a variety of effects on the metabolism of carbohydrates and protein.
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Regulation of the stress response at the level of the adrenal gland is no
less complex than regulation at the level of the hypothalamus or anterior
pituitary gland. While glucocorticoid secretion from the adrenal cortex is
mediated primarily by the endocrine action of ACTH from the anterior
pituitary, CRH and VP may also regulate glucocorticoid production and
secretion via paracrine (local) actions within the adrenal gland. The ability
of CRH to increase adrenal blood flow and the localization of CRH and
CRH mRNA in the adrenal gland suggest an intra-adrenal role for this
neurohormone (Minamino et al., 1988; Usui et al., 1988; Muglia et al.,
1994). Indeed, CRH has been reported to directly stimulate glucocorticoid
secretion from the adrenal gland in humans (Fehm et al., 1988; Parker et al.,
1995), rats (Mazzocchi et al., 1989) and cattle (Jones and Edwards, 1990;
Carroll et al., 1996). Additionally, CRH has been identified in the adrenal
medulla of humans and several other mammalian species (Suda et al.,
1984), and has been reported to be capable of stimulating local ACTH pro-
duction from chromaffin cells in the presence or absence of VP (Markowska
et al., 1993; Mazzocchi et al., 1994, 1997). It has been suggested that VP
may be capable of sustaining catecholamine and steroid secretion by acting
directly through VP receptors in the adrenal cortex, or indirectly by acting
on medullary VP receptors that stimulate local ACTH secretion (Markowska
et al., 1993; Mazzocchi et al., 1994, 1997). In cultured bovine adreno-
cortical cells, VP stimulates cortisol in a time-dependent manner (Carroll
et al., 1996). In terms of potency, ACTH remains recognized as the
predominant physiological regulator of cortisol production, although many
investigations continue to assess the relative roles of angiotensin I,
cytokines, growth factors, VIP, VP and CRH. Thus, the traditional view of
HPA activation is continually undergoing modification as novel approaches
are employed to elucidate the complex and integrative aspects of
glucocorticoid synthesis and secretion.

The adrenal medulla also plays a role in the overall regulation of
the HPA axis at several levels, including the brain and the pituitary gland.
During embryonic development, the adrenal medulla originates from the
neural crest and becomes a rather specialized sympathetic ganglion that
secretes its products directly into the circulatory system rather than into a
synaptic cleft. Thus, while the adrenal medulla is part of the sympathetic
division of the autonomic nervous system, it functions as an endocrine and
paracrine organ. While both adrenaline and noradrenaline increase alert-
ness and awareness, adrenaline seems to be associated more with anxiety
and fear (Fell et al., 1985; Abelson et al., 1996). In humans, adrenaline
accounts for the majority of catecholamine output from the adrenal, while in
the cat and other species noradrenaline is the primary catecholamine
secreted. Catecholamines influence the HPA axis at many levels, including
stimulating neurohormone release from the hypothalamus (Plotsky et al.,
1989), ACTH release from the pituitary gland (Axelrod and Reisine, 1984;
Dinan, 1996) and cortisol release from the adrenal cortex (Dinan, 1996).



50 R.L. Matteri et al.

Thus, the increase in catecholamine synthesis and secretion during acute
stress (Kvetnansky et al., 1971; Axelrod, 1972; Kvetnansky, 1973) probably
facilitates activation of the HPA axis.

HPA axis activation is therefore an important and complex adaptive
response to stress. At this time, it is apparent that the original concept of an
‘all or none’ stress response is an over-simplification with regard to the HPA
axis. In the mid-1980s Plotsky and co-workers demonstrated that specific
stressors would elicit specific ACTH secretogogues. During haemorrhage,
CRH, VP, oxytocin and catecholamines (all known stimulators of ACTH
secretion) are released; however, during hypotension, CRH is the only
secretogogue released (Plotsky et al., 1985a, b). Others have also provided
evidence that specific stressors elicit specific patterns of neurohormonal
activation (Mason, 1974; Seggie and Brown, 1982), which also supports the
concept that activation of the HPA axis is stressor specific. The effectiveness
of glucocorticoid-mediated negative feedback on the HPA axis also varies
among specific stressors (Plotsky et al., 1993). It would appear that the brain
has the ability to distinguish between stressors and to release ACTH secreto-
gogues depending on the physiological response needed to cope with the
current stressor. Similarly, plasma concentrations of catecholamines, which
regulate the HPA response, are elevated by acute stress; but the magnitude
of the increase is dependent on the intensity of the stressors (Natelson et al.,
1981; Goldstein et al., 1983). While acute immobilization stress in the
rat causes a subsequent reduction in adrenal medullary adrenaline,
noradrenaline levels are unaffected. Thus, the body mounts a specific HPA
response of a magnitude necessary to maintain or return to homeostasis.
Central interpretative regulation in the brain, coupled with the intercommu-
nication that exists between the sympathetic nervous system and the HPA,
works in concert to maintain homeostasis.

Somatotrophic axis

The term ‘somatotrophic axis’ is generally used to refer to the integrated
neural and endocrine mechanisms that control growth hormone (GH)
production/secretion and the subsequent physiological responses to
the secreted GH. Specialized cells of the anterior pituitary gland called
somatotrophs produce and release GH. A variety of hormonal inputs can
affect the somatotroph (Bertherat et al., 1995). Growth hormone-releasing
hormone (GHRH) and somatostatin are important hypothalamic factors
that exert stimulatory and inhibitory effects on GH secretion, respectively
(Fig. 3.2). One of the effects of GH is the stimulation of the liver to
produce and release insulin-like growth factor-I (IGF-1). The growth and
development of a variety of peripheral tissues are dependent on IGF-1. GH
also exerts direct effects on numerous peripheral tissues (Holly and Wass,
1989).
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Stress-induced reductions of GH and IGF-I secretion have been reported
in rats (Armario et al., 1987; Straus, 1994; Peisen et al., 1995); however,
data from other vertebrate species indicate that the somatotrophic axis
responds to stress by concurrently increasing GH and decreasing IGF-I
secretion (Vance et al., 1992; Kakizawa et al., 1995; Bruggeman et al.,
1997; Carroll et al., 1998; McCusker, 1998). These endocrine responses act
to divert energy from growth to survival. The increase in circulating GH
antagonizes the effects of insulin by direct GH receptor-mediated actions on
peripheral target tissues, thus reserving blood glucose. A reduction in IGF-I
is thought to minimize growth during times of distress, further preserving
energy for purposes of survival. While evidence is limited, it is interesting to
note that positive emotional experiences may be associated with decreased
GH secretion (Berk et al., 1989).

In rats, crowding reduces GH secretion by altering regulatory signals
from the hypothalamus (Armario et al., 1987). Acute psychological stress
transiently increases GH secretion in non-rodent species (Rushen et al.,
1993; Cataldi et al., 1994; Gerra et al., 1998). In humans, a variety of
psychological stress tests elevate GH secretion within 30 min, with a signifi-
cantly enhanced response in individuals with higher aggressive tendencies
(Gerra et al., 1998). Fifteen minutes of restraint by nose snare increases GH
secretion in prepubertal gilts, with no attenuation when repeated daily for 9
days (Rushen et al., 1993). The acute increase in GH secretion following
restraint stress appears to be mediated by an increase in GHRH release
(Cataldi et al., 1994). Concurrent activation of the HPA axis during stress
could enhance the GH response, as acute glucocorticoid treatment
increases GH secretion (Casanueva et al.,, 1990). While acute restraint
elevates GH secretion in pigs within 0.5 h (Farmer et al., 1991; Rushen
etal., 1993), IGF-I concentrations are rapidly reduced following application
of the stressor (Farmer et al., 1991). The physiological mechanism for this
acute reduction of circulating IGF-I concentrations in the face of elevated
GH secretion remains to be determined; however, a rapid reduction in IGF-I
production can be induced by cortisol in cultured target cells (McCarthy
et al., 1990).

The effects of nutritional stress (undernutrition, fasting) on the
somatotrophic axis are well documented (Vance et al., 1992; Straus, 1994).
Inadequate nutrition reduces both GH and IGF-I secretion in rodents
(Straus, 1994). In other species undernutrition induces a concurrent
elevation in GH secretion and suppression of circulating IGF-I (Ketelslegers
et al., 1995). Undernutrition reduces liver GH receptors and/or signal
transduction at the GH receptor (Straus, 1994; Villares et al., 1994;
Ketelslegers et al., 1995), thus contributing to suppressed IGF-I secretion
in concert with high levels of GH. In piglets, weaning results in elevated
GH secretion and reduced IGF-I and IGF-Il secretion (Carroll et al.,
1998), the expected effects of undernutrition. As noted above, the
concurrent elevation in GH and suppression of IGF secretion is an
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important adaptive response that diverts energy substrate from growth to
survival.

Acute exposure to high temperature significantly elevates, while chilling
reduces, GH secretion (Weeke and Gunderson, 1983). Chronic heat stress
increases both basal and secretagogue-stimulated GH secretion in lactating
sows (Barb et al.,, 1991). Exposure to lower temperatures reduces IGF-I
secretion (Ozawa et al., 1994). The reduction in IGF secretion may be an
adaptive response to an environment that requires increased energy
expenditure to maintain body temperature rather than growth. Consistent
with this concept, chronic exposure to temperatures at the upper end of
the thermoneutral zone favours IGF secretion (Ma et al., 1992). The effects
of the thermal environment on the somatotrophic axis may be dependent
on the developmental status of the animal. In very young pigs, housing
at temperatures somewhat below the thermoneutral zone does not
appear to affect GH secretion or somatotroph function (Matteri and Becker,
1994, 1996a). Interestingly, while housing at low temperature does not
affect circulating levels of IGF-I or IGF-II in the young pig, lower levels of
hepatic IGF-I, IGF-1l and GH receptor mRNA are observed (Carroll et al.,
1999).

Lactotrophic axis

Most pituitary hormones respond to stimulatory input from releasing factors;
however, the primary regulation of pituitary prolactin (PRL) secretion is
thought to be mediated by the suppressive effects of hypothalamic dopa-
mine, which reaches the pituitary gland through the hypophysial portal
system (Fig. 3.2). It should be noted that the well-documented negative
regulation of PRL does not preclude stimulatory control by thyrotropin-
releasing hormone (TRH), neurophysin, substance P and other factors (Kuan
etal., 1990; Henriksen et al., 1995; Shin et al., 1995; Watanobe and Sasaki,
1995). The best-documented function of PRL is to stimulate milk synthesis
and secretion; however, a variety of other functions may exist (Bole-Feysot
et al., 1998). In rodents, but not other species, PRL has a trophic effect
directly on the corpus luteum (CL). PRL also appears to play a role in CL
maintenance in the pig by preventing uterine luteolytic substances from
reaching the ovaries (Bazer et al., 1991). PRL also has been implicated in the
control of salt-water balance, immunity, growth, development and meta-
bolism (Nicoll, 1980; Weigent, 1996). Stress activation of the lactotrophic
axis is a consistent observation.

Acute psychological stress elevates PRL secretion in a variety of species
(Klemcke et al., 1987; Jurcovicova et al., 1990; Kirschbaum et al., 1993;
Matthews and Parrott, 1994; Juszczak, 1998). The effect of stress on PRL
secretion is recognized as a factor that must be taken into consideration for
the accurate clinical diagnosis of hyperprolactinaemia (Muneyyirci-Delale
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et al., 1989). Behavioural factors may influence PRL secretion in response to
stress. Passive, rather than active, coping responses to stress are associated
with increased PRL secretion (Theorell, 1998). Aggressive tendencies such
as fighting with peers, oppositive behaviour and rule violation in adolescent
boys appear to be related to a higher level of basal PRL secretion (Gerra
et al., 1998). Since there are several hundred potential functions of PRL in
vertebrates (Bole-Feysot et al., 1998), assigning a specific adaptive purpose
to stress-induced PRL secretion is difficult. There is speculation, however,
that PRL may enhance the acquisition of active avoidance behaviour,
induce analgesia and offer protection against chronic stress effects (Drago
et al., 1989).

Prolactin secretion is positively related to environmental temperature
(Wettemann and Tucker, 1974). Although the inhibitory effect of dopamine
on PRL secretion at the pituitary gland is well recognized, recent evidence
suggests that stimulatory dopamine signalling within the ventromedial
hypothalamus is involved with elevated PRL release due to heat exposure
(Colthorpe et al., 1998). Pretreatment of sheep with an antagonist to a
specific dopamine receptor (D1 subtype) inhibits the PRL response to high
ambient temperature, yet does not affect acute PRL secretion following
psychological stress (Colthorpe et al., 1998). Circulating levels of PRL are
reduced within 2 h of cold exposure in humans (Leppaluoto et al., 1988).
Acute and chronic elevations in ambient temperature increase PRL secre-
tion. This response is consistent and conserved across a variety of species.
The increase in PRL secretion subsequent to long-term heat exposure is
accompanied by a marked increase in pituitary PRL available for release
(Matteri and Becker, 1994, 1996b). The underlying mechanism is unknown,
but may involve an expansion of the lactotroph population, as can occur
during oestrogen treatment (Pasolli et al., 1992).

While most of the PRL responses to stress are characterized by increases
in hormone secretion, reduced PRL levels may occur as a consequence of
chronic stress, such as that encountered during prolonged illness (Van den
Berghe and de Zegher, 1996). Whether this decline in PRL is attributable to
the disease per se or to the associated decrease in food intake is not known.
Fasting reduces PRL secretion in pigs, rats and humans (Tegelman et al.,
1986; Bergendahl et al., 1989; Rojkittikhun et al., 1993).

Gonadotrophic axis

Luteinizing hormone (LH) and follicle-stimulating hormone (FSH) are
collectively termed gonadotropins due to their positive effects on gonadal
structure and function. These hormones are produced in specialized cells of
the anterior pituitary gland called gonadotrophs. The secretion and synthesis
of LH and FSH are positively regulated by hypothalamic gonadotropin-
releasing hormone (GnRH; Fig. 3.2). While gonadotrophs synthesize both
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LH and FSH, a variety of mechanisms involving hormones such as activin,
inhibin, follistatin and sex steroids exist that allow separate control of the
secretion of both gonadotropins (Farnworth, 1995; Schwartz, 1995). LH
induces ovulation and exerts trophic effects on the corpus luteum in the
female. FSH supports maturation of ovarian follicles, maintains the size of
the ovary and stimulates oestrogen production. In the male, LH stimulates
the production of androgens from testicular Leydig cells, and FSH stimulates
Sertoli cell function and is needed for sperm production.

Acute psychological and thermal stress can elicit a short-lived increase
in LH, but not FSH, secretion (Siegel et al., 1981; Sakamoto et al., 1991).
Chronic stress, however, is recognized as a cause of decreased gonado-
tropin secretion and reproductive failure (Moberg, 1991; Rivier and Rivest,
1991). As Hans Selye observed in 1939, ‘It appears that in cases of emer-
gency, the pituitary tends to produce more adrenocorticotropic and less
gonadotropic hormone than under normal conditions. The reason for this is
probably that, under certain conditions, an abundant supply of the life-
maintaining principle of the adrenal cortex is a more imminent necessity
than the preservation of normal sex function’ (Selye, 1939). The neural and
endocrine mechanisms underlying stress-induced reproductive failure are
complex and have yet to be fully elucidated. Evidence exists for suppressive
effects of glucocorticoids, vasopressin, ACTH, opioids and CRH on gonado-
tropin secretion (Matteri et al., 1984; Moberg, 1991; Ferin, 1993; Rivest and
Rivier, 1995; Dobson and Smith, 1995; Xiao et al., 1996). The role of physi-
ological levels of glucocorticoids in suppressing gonadotropin secretion
is somewhat controversial, but is supported by recent evidence in sheep
(Adams et al., 1999; Daley et al., 1999). Glucocorticoids may also exert
direct inhibitory effects on gonadal steroid secretion and sensitivity of target
tissues to sex steroids (Magiakou et al., 1997).

The administration of CRH has been shown to inhibit GnRH release in
rats, monkeys and women (Petraglia et al., 1987; Gindoff and Ferin, 1987;
Barbarino et al., 1989; Chrousos et al., 1998). In rats, neutralization of CRH
or blockade of CRH action prevents the inhibition of LH secretion during
stress (Rivier et al., 1986). The suppressive effect on GnRH neurons may be
mediated directly by CRH or by CRH induction of POMC-related peptides
(Rivier and Rivest, 1991; Chrousos et al., 1998; Tellam et al., 1998). The
evidence for a role for CRH in the inhibition of reproduction during stress,
however, is not completely consistent among studies. The CRH-induced
reduction in LH secretion observed in ovariectomized rhesus monkeys
(Gindoff and Ferin, 1987) is not apparent in intact animals (Norman, 1994).
The suppression of LH secretion by restraint stress in CRH-deficient mice
demonstrates that other stress-related factors certainly are involved in the
inhibition of reproduction (Jeong et al., 1999). In sheep, central CRH admin-
istration appears to increase LH secretion, but the effect is dependent on the
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presence of sex steroids (Caraty et al., 1997). Although evidence exists to
support a role for CRH in the inhibition of reproduction during stress under
specific experimental conditions, the underlying mechanisms are complex
and may be dependent on animal species and a variety of physiological
factors.

Nutritional stress poses a serious challenge to homeostasis. The impor-
tance of nutritional intake in maintaining reproductive function is well
established (Schillo, 1992; Brown, 1994; Chilliard et al., 1998). Inadequate
nutrition delays or prevents the onset of puberty, interferes with normal
cyclicity in the female and results in hypogonadism and infertility in males.
A consistent observation across species is that undernutrition results in
decreased gonadotropin secretion, an event mediated by reduced hypotha-
lamic GnRH release (Schillo, 1992; Brown, 1994). A complex array of
neural and neuroendocrine signals convey information of nutritional status
to the reproductive system (Pettigrew and Tokach, 1993; Maeda et al., 1996;
Polkowska, 1996). Metabolites can also exert potent effects on endocrine
systems (Widmaier, 1992), and have been implicated in the control of
gonadotropin secretion (Pettigrew and Tokach, 1993). More recent evidence
suggests that leptin, a hormone produced in fat tissue, is required for
reproduction (Houseknecht et al., 1998). Reduced leptin secretion due to
inadequate nutrition may play an important role in mediating the associated
disruption of reproductive neuroendocrine function (Houseknecht et al.,
1998; Nagatani et al., 1998).

The sensitivity of the gonadotrophic axis to environmental temperature
is well recognized. Heat stress has repeatedly been shown to exert inhibitory
effects on gonadotropin secretion. High ambient temperature attenuates the
post-castration rise in gonadotropins (Flowers and Day, 1990). Gonado-
tropin secretion is reduced by heat exposure, which reflects an inhibition
of hypothalamic GnRH release (Donoghue et al., 1989; Barb et al., 1991;
Gilad et al., 1993). Responsiveness of the pituitary gland to GnRH can also
be reduced by heat stress (Gilad et al., 1993). Relative to the effects of heat,
little information exists on the effects of cool temperatures on gonadotropin
secretion. While acute exposure to cold water results in a brief elevation
in LH secretion, this effect may reflect a general acute stress response
(Sakamoto et al., 1991). Long-term exposure to temperatures below the
thermoneutral zone reduces LH and FSH secretion and the amount of
releasable hormone in the pituitary gland (Wada, 1993; Matteri and Becker,
1996b). The underlying mechanism of reduced gonadotropin secretion may
reflect inadequate nutrition relative to increased metabolic demand at
colder temperatures. As leptin appears to be required for GnRH and gonado-
tropin secretion (Houseknecht et al., 1998), a reduction in leptin production
during cold stress (see section below on appetite control) would be expected
to suppress the reproductive neuroendocrine axis.
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Thyrotrophic axis

The principal components of the endocrine thyroid (thyrotrophic) axis,
summarized in Fig. 3.2, are hypothalamic thyrotropin-releasing hormone
(TRH), pituitary thyroid-stimulating hormone (TSH) and the thyroid
hormones (tri- and tetra-iodothyronine, T3 and T, respectively). As with
other hypothalamic hormones, TRH is released into the hypophysial portal
vessels, where it is carried to the anterior pituitary. The pituitary cell type
that produces and secretes TSH in response to TRH is called the thyrotroph.
As potent metabolic regulators, thyroid hormones play a major role in
controlling body temperature and metabolism (Danforth and Burger, 1984).

Relative to other anterior pituitary hormones, less is known with regard
to the effects of psychological stress on TSH secretion. The effect of acute
psychological stress on TSH secretion may vary between species. While
short-term stress produces a transient increase in TSH secretion in humans
(Richter et al., 1996), a decrease in secretion is observed in rodents (Goya
et al., 1995; Marti et al., 1996). In rats, crowding reduces TSH secretion
without altering pituitary sensitivity to secretory stimulation (Armario et al.,
1987). Acute psychological stress induces an increase in TSH secretion in
humans that occurs within 20 min (Richter et al., 1996). Maximal increases
in T3 and T4 secretion occur within 10 min of acute stress in pigs (Farmer
et al., 1991). The physiological benefit of stress-altered TSH secretion has
not been elucidated.

Several hours of cold stress increase TSH and thyroid hormone levels
in rodents (Goya et al., 1995) but not humans (Leppaluoto et al., 1988).
Perhaps the smaller size and associated thermal capacity of small animals
result in more rapid changes in core temperature during cold stress which
then trigger activation of the thyroid axis. In general, thyroid hormone pro-
duction responds to changes in thermogenic demand imposed by chronic
changes in the thermal environment. Cool temperatures increase the activity
of the thyroid axis (Arancibia et al., 1996). Housing in a cool thermoneutral
environment greatly increases pituitary thyrotroph responsiveness to secre-
tory stimulation as compared with a warm thermoneutral environment
(Matteri and Becker, 1994). Exposure to cold temperatures increases TRH
gene expression and secretion (Joseph-Bravo et al., 1998).

Nutritional stress decreases overall activity of the thyroid axis. The
elevation in HPA activity during chronic undernutrition may contribute to
suppressed activity of the thyroid axis. Infusion of cortisol at levels similar
to those observed during fasting suppresses TSH secretion (Samuels and
McDaniel, 1997). In addition to reducing thyrotroph function, under-
nutrition diminishes hypothalamic TRH release, thyroid hormone produc-
tion and levels of peripheral thyroid hormone receptors (Tegelman et al.,
1986; Nordio et al., 1989; Everts et al., 1996; Tagami et al., 1996; Diano
et al., 1998). The decrease in thyroid axis function at so many levels
reflects an important adaptive response to undernutrition (Sul and Wang,
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1998). A reduction in metabolic rate and associated energy use has a
positive survival value at times when the food supply is limited (Chilliard
etal., 1998).

Neuroendocrine control of appetite during the stress
response

In the sections above, we have briefly touched upon the major impacts of
stress on classical neuroendocrine systems. Various stressors also influence
neural and neuroendocrine mechanisms involved with appetite control.
The impact of stress on appetite has long been recognized (Forbes, 1995);
however, recent advances in our understanding of appetite control have
revealed neural and endocrine linkages that offer novel explanations for
the suppression of appetite. As feed intake is necessary for the growth and
survival of all animals, it is important for us to understand how common
stressors reduce feed intake at the biochemical level, with the hope of
someday being able to prevent or diminish appetite loss and subsequent
reduction in the growth, health and well-being of animals. While the
primary emphasis of this section relates to interactions between stress and
appetite, the reader should also be aware that regulation of food intake
is currently a topic of great interest within the human clinical fields
associated with diseases such as diabetes, obesity, cancer and anorexia
nervosa.

Regions of the hypothalamus have long been associated with the
control of essential homeostatic functions including water balance, thermo-
regulation and appetite. Great strides have been taken towards elucidating
the complex interplay of neuroendocrine signals involved in appetite regula-
tion, particularly within the leptin—neuropeptide Y (NPY) axis. Although
many different stressors influence feed intake, we are only just beginning to
investigate the endocrine changes occurring due to a particular stress.
Within the area of endocrine control of appetite, changes occurring due to
hypothermic activation of the metabolic axis, stress activation of the HPA
axis and disease activation of the immune axis have been best character-
ized. These are outlined below, following a brief review of the leptin-NPY
axis.

Review of appetite regulation

One of the most potent stimulators of feed intake in animals is neuropeptide
Y, a 36 amino acid peptide found throughout the peripheral nervous system
but also produced in the brain (Tatemoto et al., 1982). In the hypothalamus,
NPY mRNA is produced in cell bodies within the arcuate nucleus,
whereas the mature NPY peptide is released at terminals mainly within the
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paraventricular (upper lateral) nucleus (Pelletier, 1990). Feed restriction
increases both transcription and peptide levels of NPY in the hypothalamus
of rodents (Sahu et al., 1988) and sheep (McShane et al., 1993). Central
(intracerebroventricular) administration of NPY induces an immediate
increase in appetite in sheep (Miner et al., 1989) and pigs (Parrott et al.,
1986), as well as in many other animals.

Leptin (Zhang et al., 1994) is a 16 kDa protein produced in several
tissues, including adipose. Adipocytes produce and secrete leptin in
quantities directly and positively correlated with the adiposity of the
animal and thus indirectly correlated with body weight (for a comprehensive
review of leptin, see Houseknecht and Portocarrero, 1998). While roles for
leptin have recently been implicated in the areas of placental nutrient
transfer and fetal growth (Hassink et al., 1997), as well as in angiogenesis
(Rocio Sierra-Honigmann et al., 1998), a primary role for leptin is the
endocrine regulation of NPY production and release in the brain. Leptin
administered either centrally or peripherally decreases feed intake (and
subsequently decreases body weight), presumably at least partly through
its actions on NPY release. There are leptin receptors within the arcuate
(ARC, lower medial) area of the hypothalamus of sheep (Dyer et al., 1997a),
and they are co-localized with NPY neurons in murine ARC (Mercer et al.,
1996). Animals that lack functional leptin (such as the ob/ob ‘obese’
mouse) or do not produce functional leptin receptors (such as db/db ‘dia-
betic’ mice and fa/fa Zucker ‘fatty’ rats) over-express NPY, are hyperphagic
and obese.

In normal animals, leptin and NPY work in concert to maintain energy
balance. Feedback mechanisms exist which would further ensure homeo-
stasis. Leptin receptors appear to be down-regulated by leptin and highly
expressed when leptin levels are low (Dyer et al., 1997a; Mercer et al.,
1997; Baskin et al., 1998). Increases in mMRNA expression of both leptin and
NPY receptors in sheep adipose tissue occur in response to a peripheral
injection of NPY (Dyer et al., 1997b).

A variety of other peptides, such as galanin and cholecystokinin,
influence appetite (Lee et al., 1994; Hirschberg, 1998). The recently discov-
ered neuropeptide orexins (ORX) also increase feed intake in adult rats
(Sakurai et al., 1998) and in weanling pigs (Dyer et al., 1999). Like NPY,
orexin mRNA expression increases in rats which have been feed-restricted
(Sakurai et al., 1998). Very little is known about the orexins or their
receptors, and there is no evidence yet to indicate any role for leptin in
regulating ORX function. Our laboratory has found positive relationships
between body weight and orexin mRNA expression, and between orexin
mRNA and type 2 orexin receptor mRNA expression in weanling pigs
(unpublished). Although we know too little at this point to speculate further
on the possible role of orexins in appetite control, work is continuing in this
direction and hopefully we will soon know more about this new family of
neuropeptides.
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Effects of thermal environment on appetite

It makes sense that an individual adapts to changes in thermal environment
by adjusting energy expenditure to maintain normal body temperature (see
section on thyrotrophic axis above). At the molecular level, however, we are
far from understanding the complex neuroendocrine mechanisms that occur
during episodes of climatic change. The suppressive effect of heat stress on
appetite is well recognized (Forbes, 1995), but virtually nothing is known
about the underlying endocrine mechanisms. The limited information that
exists about neuroendocrine-appetite interactions during thermal stress
relates to cold exposure. Since the appetite regulators leptin and NPY
also have metabolic effects, responses of the leptin-NPY axis to ambient
temperature are of particular interest. In addition to stimulating feed intake,
central administration of NPY suppresses sympathetic outflow to brown
adipose tissue (BAT) and reduces uncoupling protein-1 (UCP-1) gene
expression (Egawa et al., 1991; Billington et al., 1994). UCP-1 uncouples
mitochondrial respiration, causing an increase in energy utilization for non-
shivering thermogenesis. While a decrease in UCP-1 expression would
minimize energy loss and therefore be beneficial during feed restriction, it
would not be beneficial and could potentially be fatal during a period of
hypothermia.

Recent work suggests that a response in NPY expression to hypothermia
depends on the duration of exposure, but hypothermia consistently
decreases leptin expression. Trayhurn et al. (1995) reported a complete dis-
appearance of leptin mRNA within hours in adipose tissue of cold-exposed
mice, and provided evidence that the cold-induced suppression of leptin
MRNA expression is mediated by catecholamine activation of the fat cell
B-adrenoceptor. In a similar study, plasma leptin concentrations declined in
normal rats exposed to 4°C for 24 h, but not in cold-exposed fa/fa rats which
lack the fully functional form of the leptin receptor (Hardie et al., 1996). The
authors of this study proposed that the lack of leptin modulation in the fa/fa
rats in response to cold may reflect reduced B-adrenoceptor numbers in the
adipose tissue of these animals (Muzzin et al., 1991).

McCarthy et al. (1993) exposed rats to 4°C for 2.5 or 18 h, and observed
that NPY protein levels were significantly elevated (80-170%) in various
hypothalamic areas, but were reduced by 21% in the ARC after 2.5 h and
comparable with controls after 18 h. While changes in NPY mRNA levels
were not investigated, it was proposed that the increase in NPY protein
content was not due to increased synthesis, as much as to inhibited release.
In a later experiment, Mercer and colleagues (1997) found that exposure of
mice to 4°C for 24 h caused an induction of both leptin receptor and NPY
MRNA expression, but actual NPY release was not measured.

In contrast to the results of acute-term exposure experiments such as
those described above, chronic cold exposure in rats (4°C for 21 days)
increased feed intake and decreased plasma leptin concentrations but did
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not change hypothalamic NPY protein levels or mRNA expression (Bing
et al.,, 1998). In this experiment, cold-exposed rats weighed 14% less
than controls after 21 days, despite a 10% increase in daily food intake
which continued from the third day of exposure. Leptin levels continued to
correlate to animal body weight throughout the experiment. BAT activity (as
measured by UCP-1 mRNA expression) was increased by day 2 and was
elevated to 335% of control values by day 21. The authors noted that,
although the profile associated with cold-induced hyperphagia (decreased
leptin but no increase in NPY) differs from starvation-induced hyperphagia
(where NPY is elevated), the difference may in fact be physiologically
appropriate. The inhibition of thermogenesis caused by an induction of NPY
activity would be extremely detrimental to an animal facing hypothermia.

Although the mechanisms are still largely unknown, it appears that
leptin acts centrally to inhibit feeding in a manner independent of NPY
modulation, and stimulates sympathetically driven BAT activity and thermo-
genesis. The hyperphagia seen in cold-exposed rats is less than the marked
increases in feed intake seen when comparable body weight is lost through
feed restriction, diabetes or lactation. In those situations, NPY release is
elevated and BAT activity is suppressed. Expression of other orexogenic
(appetite-stimulating) hormones has not been measured in hypothermic
conditions; possible contributors to hyperphagia without suppressing BAT
activity may include the orexins, or as yet undiscovered factors.

The hypothermia scenario described above may apply to animals with
BAT, but it is unknown how these mechanisms may be altered in animals
that lack BAT (e.g. swine). Once pigs reach 1 week of age, they respond to
cooler temperatures by ingesting more milk (Forbes, 1995). Sometimes, the
increase in voluntary consumption is greater than necessary to maintain
weight. Reduced nocturnal temperature increases intake and growth by
about 10% in piglets. In older growing pigs, Holme and Coey (1967) found
that cold-stressed animals not only ate more than controls but also gained
more weight. This phenomenon has been observed in both younger
(Suguhara et al.,, 1970) and older (Jensen et al., 1969) growing pigs.
Comparisons across studies must be made with great care, as species
differences, degree of cold stress and duration of cold stress must all be
considered.

Effects of generalized stress (induction of HPA axis) on appetite

Only recently has enough information been gathered on how the factors
of the HPA axis (in particular CRH and glucocorticoids) affect feed intake
regulators to form a theory as to how feed intake is decreased during times of
general or perceived stress. Once again, complicated interplays between
multiple hormones make elucidation of the pathway(s) involved extremely
difficult.
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CRH, produced in the hypothalamus, has a direct effect of decreasing
feed intake in both normal and NPY-deficient mice (NPY —/—knockout),
suggesting that this effect is not mediated through NPY (Hollopeter et al.,
1998). Leptin treatment increases hypothalamic CRH content and decreases
appetite in rats (Uehara et al., 1998). The suppression of appetite produced
by leptin treatment is attenuated by co-administration of a CRH antagonist
(Uehara et al., 1998). Glucocorticoids increase plasma leptin levels in rats
(Newcomer et al., 1998). Makino et al. (1998) postulated that the increased
leptin secretion does not decrease feed intake exclusively through decreas-
ing NPY levels, but by increasing sensitivity to CRH. There are receptors for
CRH within the ventromedial hypothalamus (VMH), an area which is rich
in leptin receptors. In a series of experiments using adrenalectomized, feed-
restricted and corticosterone-treated rats, Makino and colleagues (1998)
rendered convincing evidence that the decreased feed intake associated
with high glucocorticoid levels is at least partially induced by increasing
leptin secretion, thereby increasing the sensitivity of the VMH to CRH by
inducing CRH receptor mRNA expression. The exact mechanism by which
CRH acts remains unknown.

Effects of immunological stress on appetite

Disease challenges elicit potent and well-defined stress responses involving
a variety of immune system hormones referred to as cytokines (Curfs et al.,
1997). The most studied of these hormones with regard to stress are the
pro-inflammatory cytokines interleukin-1B (IL-1B), interleukin-6 (IL-6)
and tumour necrosis factor-a (TNF-a), which are involved in the
acute-phase response to inflammatory stressors (Koj, 1996; Maule and
VanderKooi, 1999). Other prominent pro-inflammatory cytokines include
IL-8 and interferon-y (Koj, 1998). Cytokines can affect many components of
neuroendocrine function (Mandrup-Poulsen et al., 1995; Maule and
VanderKooi, 1999).

One of the first symptoms of any disease is decreased appetite, often
coinciding with fever. Evidence has begun to accumulate that pro-
inflammatory cytokines play a role in disease-induced anorexia, as reviewed
by Johnson (1997, 1998). IL-6, IL-1B and TNF-a have been implicated
in disease-related anorexia. Both peripheral and central injections of
recombinant IL-1p induce anorexia (Dantzer and Kelley, 1989), whereas
only central administration of IL-6 will induce anorexia (Schobitz et al.,
1995; Weingarten, 1996). TNF-a, like IL-1B3, suppresses feed intake when
administered either centrally (Warren et al., 1997; Plata-Salaman et al,,
1998) or peripherally (Mahoney et al., 1988). IL-1B is much more effective
than TNF-a when given centrally (Johnson et al., 1997; Segreti et al., 1997);
however, TNF-a may have an important peripheral role in directly stimulat-
ing leptin secretion from adipocytes (Finck et al., 1998). All of these
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cytokines are produced within the central nervous system (Johnson et al.,
1997) and are inducible by central (llyin et al., 1998) or peripheral (Laye
et al., 1994) lipopolysaccharide (LPS) administration. Unfortunately, very
little is known about the mechanism(s) by which these cytokines act within
the brain to inhibit feeding. When LPS was administered intracerebro-
ventricularly in rats, IL-1PB, IL-1 receptor type 1, and TNF-a mRNA expres-
sion in the hypothalamus, as well as anorexia, was induced; but no change
in NPY mRNA expression was observed (llyin et al., 1998). Potent activation
of the HPA axis by cytokines (Mandrup-Poulsen et al., 1995; Rivier, 1995)
may also contribute to appetite suppression (see preceding section on the
effects of generalized stress).

Summary

Neuroendocrine and endocrine responses to stress play an integral role
in the maintenance of homeostasis. In general, endocrine responses to
stress work towards inhibiting non-essential functions such as growth and
reproduction, in favour of maintenance and survival. Substantial evidence
suggests that neuroendocrine responses to stress can be specific and
graded, rather than ‘all or none’. Acute responses have important adaptive
functions and are vital to coping and survival. Long-term chronic stressors
elicit endocrine responses that may actually contribute to morbidity and
mortality. The effects of stress on appetite are well recognized, but we are
just beginning to understand the complex hormonal interplay mediating
these effects. Integrated, multidisciplinary approaches that fully utilize
emerging technologies and methods of molecular biology, neurology and
endocrinology will lead future advances in our understanding of the biology
of stress and related animal well-being.
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Introduction

Inherent in any discussion on the effects of ‘stress’ on metabolism is the
problem of defining how animals cope with stress. To lessen the stress,
animals remove themselves from the ‘discomfort’, confront the stress, or
adapt to it (Lefcourt, 1986). Behavioural, social, environmental, injury and
disease stresses have some commonality in their capacity to alter an
animal’s metabolism. A common denominator of the responses to these
stresses is the endocrine system (Davis, 1998). While most of the concepts
developed in this chapter relate to the impact of stresses from infection and
tissue trauma on metabolism, the effector and regulatory mechanisms
affected and activated transcend several stressors.

The impact of stress on metabolism can be characterized as a gradient
response with some positive correlation between the magnitude of the stress
challenge(s) and the change in metabolism (Beisel, 1988). Variables associ-
ated with this impact can be quantified for comparative purposes through
measurements of the efficiency of nutrient use for a specified purpose or
assessment of a change in chemical composition or biochemical activity of
various tissue beds in the body. The interpretation of metabolic efficiency
in various stress paradigms requires caution and one should consider that
the loss of growth efficiency in a young animal experiencing a disease stress
is often offset by an increased efficiency of nutrient use for thermogenesis.
The cost to growth is offset by enhanced immunosurveillance and higher
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biological priority for the animal to fight off the infection in order to survive
(Powanda, 1980).

The host’s own cognitive and non-cognitive responses to a stress dictate
the patterns of chemical messengers that redirect the use of nutrients by
various tissues. Animals seldom experience a single stressor that alone
underwrites the overall impact of stress on metabolism. Rather, there is a
constantly changing milieu of biochemical signals (neurally excitant and
depressant amino acids, prostaglandins, neuropeptides, hormones and cyto-
kines) that are needed to: (i) initiate responses; (ii) rebalance and stabilize
the internal environment; and (iii) facilitate recovery of physiological pro-
cesses. Some of the greatest challenges to an animal’s metabolism can
be generated during the initial stages of sudden-onset stress, particularly
disease stress. Excessive tissue production and release of particular
cytokines, which are normally tightly controlled and in extreme concentra-
tions (tumour necrosis factor-a, TNF-a, in particular), often start a cascade
of responses potentially deleterious to the animal’s health. The intense
reactions typical of acute bacterial infection or endotoxaemia can culminate
in severe acute deficiencies in cardiopulmonary function and metabolic
derangements largely associated with hypoglycaemia, acidosis and hypo-
calcaemia. Chronic effects of cytotoxic reactions in tissues can result in
overproduction of oxygen and nitrogen free radicals, hypoxia, ischaemia,
and losses of metabolic regulatory controls which, for example, impair
insulin secretion from the pancreas or hormone secretion from the pituitary.

The release of stress-responsive hormones and cytokines is not the
only factor that reshapes metabolism in the face of a perceived challenge.
Contributing to the complexity of the stress response is the modulation of the
numbers of receptors for each of these signals, receptor signal transduction
factors, circulating hormone transport-binding proteins, organ perfusion/
blood shunting responses, and cell-to-cell communication in organs like
the liver (Kupffer cell and hepatocyte), pancreas (differential islet cells) and
the pituitary (infiltrating macrophages and intercommunicating hormone-
secreting pituitary cells). We have come to recognize that factors like food
intake and nutritional status, photoperiod, age and sex can moderate the
metabolic response to stress by modifying these regulatory processes.

Inappetence and lower feed intake, lethargy, reduced activity and fever
are key indicators of many types of stresses, particularly those associated
with infection or trauma. In some states of mild stress resulting in increased
basal metabolic rates or maintenance energy requirements, the animal can
obtain additional calories by increasing its intake. More often, however,
especially in cases of clinically evident infections, feed intake declines and
some calories have to be made up either by redirecting nutrients from some
‘less important’ tissues or by actively breaking down tissue stores to supply
energy substrates and amino acids.

The gradient of metabolic response of tissues to stress need not be
uniform throughout the body or across all tissue beds. Different tissue depots
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can be selectively curbed in their use of nutrients for growth or other
productive functions. Conversely, tissue beds can be selectively recruited to
make up for the nutrient and calorie deficits inherent in the cost of febrile
response incurred in the face of reduced voluntary intake. This becomes par-
ticularly complex when the thermogenic requirements (of fever in addition
to maintenance of core temperature) are balanced against calories available
through the reduced voluntary feed intake often associated with stress
responses. This chapter will outline the interrelationships between nutrition,
the immune system and the endocrine system, which serve as targets for
stress-related metabolic perturbations in animals. It becomes apparent that
strategies to limit the extent of metabolic perturbations stemming from stress
must embrace this cycle of interactions. Recognizing how defined bio-
chemical reactions are altered in stress is a key to developing nutritional and
pharmacological measures to limit metabolic illness in animals.

Ascribing the priority by which tissues receive and
utilize nutrients

In this chapter, shifts in metabolism will be viewed in terms of how tissues
use or provide nutrients during stress and how the priority with which
nutrients are available to the different tissues of the body is determined. Met-
abolic shifts away from physiological processes resulting in a net increase in
synthesized product (growth, lactation, etc.) occur during stress, particularly
disease stress. A working model of the hierarchy of nutrient processing
by tissues is depicted in Fig. 4.1 (Hammond, 1944). Hammond assessed
metabolic priorities in terms of the impact of variations in plane of nutrition
and nutrient availability on the development and growth of different tissues.
Applying this to observations in domestic animals, Hammond ranked prior-
ity of nutrient use from highest to lowest, where tissues with the highest met-
abolic rate receive first or higher priority of nutrient use as compared with
less metabolically active tissues. When there is a nutrient deficit, tissues like
adipose are the first to lose priority. Hammond (1944) also demonstrated
that earlier developing tissues in utero continued to be metabolically more
active after birth than later developing tissues and continued to receive a
greater opportunity to assimilate and process nutrients as animals matured.
This model layer evolved to incorporate environmental and genetic factors
(Hammond, 1952). In this latter model, energy and nutrition are accounted
for and partitioned to different tissues through a prioritization scheme
of use (Hammond, 1952; Touchberry, 1984) where neural utilization >
visceral > bone > muscle > adipose. As stated by Touchberry (1984), ‘. . . it
is quite evident that priorities are set for the utilization of the nutrients in the
circulating blood according to the importance and activities of various body
tissues’. This original Hammond thesis implied that the tissues with the
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Brain and
CNS

Fig. 4.1. Hammond's original scheme for the prioritization of nutrient use by
different tissues in the animal body as ranked by metabolic rate (adapted from
Hammond, 1944). In terms of metabolic priority, tissues with the greater number
of arrows have the higher priority of use.

least effect on coordinating body functions and survival were the tissues
permitted to receive fewer and fewer nutrients as the availability (plane of
nutrition) decreased. Thus, nutrient use by adipose tissue is of low priority
both because it is a late maturing tissue and because its relative accretion is
highly dependent on nutrient ‘excess’.

However, flexibility needs to be imparted to the ranking of adipose
tissue accretion. We now know that fat accretion may be preferentially
increased in some animals (hibernators and photoseasonal reproducers) in
anticipation of future physiological needs such as hibernation or lactation,
or in anticipation of harsh cold conditions (Hammond et al., 1983). In
addition, the role of adipose tissue to coordinate body functions may be
far from passive. Recent information (see the review by Heiman et al.,
1998) suggests that adipose tissue may ‘flip-flop’ in roles as a pseudo-
endocrine and pseudoimmune organ as indicated by its production of
insulin-like growth factor-I (IGF-I) (Ramsay et al., 1995; Kim et al., 1998),
leptin (Heiman et al., 1998) and TNF-a (Morin et al., 1998). Adipose
tissue is implicated as a direct endocrine link regulating appetite and
feed intake through the elaboration of adipocyte factors like leptin,
which can interact with specific receptors for leptin in the hypothalamus in
nuclei traditionally identified as feeding and satiety centres (Heiman et al.,
1998).
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Endocrine—immune signal integration: dissecting
systemic responses to reveal the localized tissue
response

Most papers dealing with metabolism during stress characterize the changes
in concentrations of numerous hormones, cytokines and metabolites circu-
lating in plasma with respect to a particular stress paradigm. Correlations
between an effector and a metabolite of cellular function are usually
interpreted as cause and effect relationships, wherein the changes in plasma
concentrations of the effector drive the host metabolic response. This view
is simplistic and fails to account for the integrated effector responses that
permit discrete cell responses, even those localized in specific regions
within organs.

Regulation of cell function, and therefore metabolism, occurs not only
through endocrine-type responses (the elaboration of a hormone or cytokine
that is transported in the blood to change the functioning of a more distal
organ or cell), but also more locally through paracrine (localized adjacent
cell-to-cell chemical signals) and autocrine (where a cell regulates a part
of its own response similar to ultrashort-loop feedback) regulation. The
term ‘metabolic cooperation’ has been applied to the processes by which
juxtaposed cells of organs exchange nutrients and biochemical signals to
modulate cell metabolism in the localized area (Bettger and McKeehan,
1986). We proposed a set of interactions between the endocrine and
immune systems, which are modulated by the nutritional status of the
animal (Figs 4.2 and 4.3), that illustrates these multiple levels of control.
In this model, cells integrate impinging signals to compartmentalize the
metabolic responses to stress. In essence, the output of the endocrine system
is moderated by the prevailing immune and nutritional status. Similarly,
the immune system is enhanced and repressed according to nutrition and
endocrine status. Both the endocrine and immune systems’ responses affect
and are affected by nutrition. Each of these is shaped by the stress inputs to
cognitive and non-cognitive (immune) centres.

Shifts in metabolism during stress can be mediated both by different
concentrations of effector molecules (hormones and cytokines) and by the
temporal character and patterns of secretion and metabolic clearance of
each hormone. While many hormones (such as insulin) have secretion
patterns that, for the most part, occur in response to a stimulus (such as
feeding or specific nutrient infusion), other hormones have secretion
patterns with diurnal and ultradian rhythms (glucocorticoids, for example).
In addition, other hormones, such as growth hormone (GH), show bursts
of secretion (episodic secretion) that are characterized in terms of the
concentration, pulse height, and duration of a secretory burst (as assessed by
changes in measured plasma concentrations of a hormone), the frequency
of the secretory bursts, and the kinetics associated with removal and
inactivation of the hormone from intracellular fluids (Tannenbaum, 1991).
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Fig. 4.2. Stress affects endocrine and immune system targets as well as nutrient
intake and supply. The interactions between the endocrine and immune systems
are further refined according to the availability of nutrients and the need or use for
those nutrients. Ultimately, the total body response to stress can be measured as
suboptimal rates of growth, losses in the efficiency of nutrient use for growth and
increased cost of maintenance metabolizable energy.

A variety of factors regulate hormone and cytokine secretion by specific
glands and cells (e.g. pituitary, pancreas, adrenals, lymphocytes and Kupffer
cells). For the most part, these regulatory peptides and factors are synthe-
sized and released in structures in the brain (the hypothalamus, in particu-
lar). The interaction of these neurotransmitters and regulatory peptides alters
the sensitivity and responsiveness of various tissues to primary regulatory
hormones and thus changes the output of a hormone or cytokine by a tissue
or cell (Elsasser, 1979). ‘Sensitivity” at the cell level is the lowest level of
regulation that can initiate a cell response or the amount of change in level
of regulatory effector that is needed to increase or decrease a cell’s function
past the point of initiation. The term ‘responsiveness’ refers to the magnitude
of the output for a given level of stimulatory or inhibitory input; responsive-
ness necessarily embraces sensitivity in that it is the measurable increase in
response through which sensitivity can be defined.

The hypothalamo-pituitary unit is a target for disease stress in infected
animals (Elsasser et al., 1991; Abebe et al., 1993) which significantly alters
metabolism. Our research focuses on the role of the pituitary in stress
states, and has demonstrated that pituitary as well hypothalamic regulatory
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Fig. 4.3. The ultimate capability for integration of all metabolic regulatory signals
resides in the target tissues. The cellular response is shaped not only by the con-
centrations of hormones, cytokines and nutrients reaching a given cell, but also
through the timing and patterns of these factors, blood flow to the tissue, inter-
actions with neighbouring cells, and changes in enzyme activity, receptors and
transport mechanisms by which regulatory factors enter or modify the metabolic
capabilities of cells.

mechanisms are impaired during stress due to parasitism. Parasitized calves
have decreased circulating plasma concentrations of GH associated with
fewer secretion pulses of lower magnitude and shorter duration (Elsasser
et al., 1986). They also have a reduced sensitivity and responsiveness to the
growth hormone-releasing factor. Reduced GH output was partly due to sig-
nificant increases in plasma and tissue (pancreatic and gut) concentrations
of somatostatin (SS) (Elsasser et al., 1990). In addition, these calves have
higher basal plasma TNF-a concentrations. Additional support for our
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hypothesis was related to experimental results that demonstrated: (i) the
ability of TNF-a to blunt increases in plasma GH subsequent to in vivo
challenge with growth hormone-releasing peptides; (ii) the presence of
specific receptors for TNF-a in pituitary cell homogenates; and (iii) the abil-
ity of TNF-a to abolish directly the stimulatory effects of growth hormone-
releasing peptides on GH release into media in vitro (Elsasser et al., 1991).
An interesting observation by Abebe et al. (1993) is that under some disease
stress situations, macrophages can infiltrate from the circulation to the
anterior pituitary and selectively change the ability of GH-secreting cells to
release hormone. This effect is apparently due to the localized release of
immune cytokines from the macrophages in proximity to the somatotrophs.

Fine-tuning responses among tissues and cells

Metabolically active cells integrate numerous endocrine, immune and
nutritional signals. The task of interpreting factors such as hormone or
cytokine concentration, temporal patterns of effector signals and receptor
activity (which determines sensitivity and responsiveness) resides within and
between cell types that make up a target organ.

The interaction of peripheral, blood-borne and local factors that shape
cell response and metabolism is presented in Fig. 4.3. The major effector
hormones forming the checks and balances on metabolism are associated
with: (i) a dominant anabolic action of the somatotropic axis (Salomon et al.,
1991; Beermann and Devol, 1992) which comprises GH, the IGF-I com-
plexes (Etherton and Bauman, 1998) and peptides that regulate GH secre-
tion such as SS and GHRH; (ii) the adrenal axis (Dayton and Hathaway,
1992) with the catabolic actions of adrenocorticotropic hormone (ACTH)
and glucocorticoids; and (iii) the thyroid axis as associated with regulation of
basal metabolism, transmembrane nutrient uptake by cells and regulatory
input to the somatotropic axis (Rodriquez-Arnao et al., 1993).

There may be additional modulating conditions that affect how
hormonal, cytokine and nutritional information reaches cells. Modulation of
hormone and cytokine action can occur through changes in regional blood
flow patterns to organs and through intracellular states of oxidation and
reduction (Jaeschke, 1995). Blood flow to specific organs can be altered
dramatically in the acute phase response stage of infection or tissue trauma
by changes in vasoconstriction and vasodilation as affected by the induced
release of arachidonic acid metabolites (prostaglandins, prostacyclins and
thromboxanes) and nitric oxide (NO), especially within arteriole smooth
muscle and precapillary sphincters (Lancaster, 1992; Griffith and Stuehr,
1995). For example, the imbalance in the relative elaboration of arachidonic
acid-derived thromboxane and prostacyclin is part of the reason that signs of
pulmonary hypertension and peripheral hypotension are apparent in septic
shock (Demling et al., 1986).
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That NO has both toxic and beneficial effects may be due to the charac-
ter of the redox-activated forms of the molecule, since free radical nitric
oxide is further converted to nitrosonium (NO*) or nitroxyl anion (NO")
altering its potential to complex with other molecules in the cell (Beckman
and Koppenol, 1996; Stamler and Feelisch, 1996). It is interesting that IGF-I
has been found to modulate NO-synthase activity in vascular tissue
locations (Tsukahara et al., 1994) and may account for some aspects of GH-
and IGF-mediated effects on blood flow as well as nutritional regulation of
regional blood flow. The relationship demonstrates the integrated links
between nutrition, the endocrine system and the immune system and under-
scores the value of recognizing where and how stress can alter the balance
in this relationship and affect metabolism. Contributors to this adjustment
in metabolism are reflected in the fact that: (i) diet is the most prominent
regulator of IGF-I production (Clemmons et al., 1990); (ii) GH is the princi-
pal hormonal regulator of IGF-I production; and (iii) the protein and energy
content of diets affect not only IGF-I production by promoting high affinity
GH receptor binding (Breier et al., 1988), but also cytokine and NO
responses to stress (Kahl et al., 1997).

Many hormones circulate bound to plasma binding proteins, fatty acids
or circulating receptor fragments (Daughaday and Trivedi, 1991; Cohick
and Clemmons, 1993). In addition to increasing plasma half-life of lower
molecular weight peptides, transport proteins regulate the passage of
hormones across endothelial barriers between blood and target tissues.
Thus, the biological activity of hormones and cytokines can be further mod-
ulated by their partitioning between bound and free states. During different
physiological and pathophysiological situations, specific plasma proteases
can degrade hormone-binding proteins and modify the binding capacity of
specific hormones. This is particularly evident for the IGF-I-binding proteins
whose characteristics, patterns and concentrations are regulated by GH,
nutrition, insulin and cytokines (Clemmons et al., 1990; Clemmons and
Underwood, 1991; Cohick and Clemmons, 1993). Patterns of these binding
proteins and therefore the availability of the transported hormones to tissues
are markedly altered during the stress due to infection (Elsasser et al., 1995;
Fan et al., 1995).

Further integration of the stress response occurs in the cascade of intra-
cellular messengers that transmit information from hormone and cytokine
receptors to responding genes and epigenetic elements. At the receptor
level, for example, modulation of sensitivity and responsiveness can occur
through changes in: (i) receptor numbers; (ii) receptor-ligand binding
affinity; (iii) post-receptor signal transduction messages via alteration of
intracellular second and tertiary messenger production (such as cyclic AMP
or calcium flux); (iv) phosphorylation activation of specific protein kinases;
and (v) a host of additional factors and processes that ultimately turn on or
off the transcription and translation of a specific series of genes to alter cell
function in the further elaboration of protein products such as enzymes and
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energy-transforming reactants in mitochondria, etc. It is the disturbance in
these biochemical reactions that triggers much of the pathophysiological
response to stress that appears as aberrant metabolism.

Concentration or flux?

In terms of the impact of disease on metabolism, a concept often ignored
is how the host response to the disease process can alter the timing and
presentation of hormones and cytokines to tissue receptors, as well as the
delivery of nutrients and oxygen and removal of metabolic wastes. Alter-
ations in blood flow mediated by various effectors that regulate vascular
constriction and dilation significantly impact tissue function by allowing
more or less oxygen, nutrients and regulatory factors to reach cells in a
given time (Huntington and Reynolds, 1987). Tissue extraction and uptake is
influenced by blood flow, tissue transit time, and capillary and endothelial
transport. These last two are in turn affected by the transport state of a
hormone or nutrient (e.g. binding proteins), local pH, etc.

The challenge to the immune system is to clear a threat from the internal
environment and, in doing so, signal a reduction in metabolism to assist
survival. Such signals are produced by macrophages, neutrophils and lym-
phocytes, and include the systemically active pro-inflammatory cytokines
IL-1, IL-6, TNF-a and interferon-y. Sometimes the acute cytokine response
is overpowering as in the case of acute bacteraemia, phasic parasitic erup-
tions, endotoxaemia and major tissue trauma. Overreaction by the immune
system becomes a source of metabolic pathogenesis in its own right as
cascading waves of effectors including cytokines, prostaglandins, prosta-
cyclins and thromboxanes are released in disproportionate amounts and
culminate in cardiovascular shock and acute organ failure, hypoglycaemia
and hypocalcaemia (Sherry and Cerami, 1988; Beutler and Cerami, 1989;
Fong and Lowry, 1990). The actions of cytokines that contribute to a redirec-
tion of metabolism towards tissue mobilization and catabolism are summa-
rized in Table 4.1. In essence, the actions of pro-inflammatory cytokines
perturb metabolism through direct effects on target tissue like muscle and
adipose tissue, and through associated actions that increase the systemic
and local production of catabolic endocrine hormones (e.g. glucocorticoids)
while decreasing the action of anabolic hormones (e.g. insulin).

In stress responses, the priority of nutrient use by
tissues is altered

It is simplistic to assume that the reverse of Hammond'’s nutrient partitioning
scheme is true when tissues are affected by stress. Responses to stress range
from mild decreases in growth rate in younger animals to the cachectic
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Table 4.1.
and alter metabolic processes.

Actions of cytokine response to infection and endotoxin to modify

Promotes

Depresses or disrupts

Cartilage and bone remodelling
Osteoclast activity
Hypocalcaemia

Inflammatory response via:
Macrophage, Kupffer cell and local

tissue responses
Priming and initiation of cytokine—
arachidonic acid cascade

Tissue remodelling and replacement of
senescent tissue

Apoptosis

Hepatic acute phase response protein
synthesis

Nitric oxide, superoxide and peroxide
generation

Fever/endogenous pyrogen release

Antiviral/antiparasitic protection

ACTHY/glucocorticoid secretion

Redistribution of organ perfusion
shunting

Glycogenolysis

Energy metabolism for febrile response

Amino acid transmembrane fluxes into
specific tissues

Cartilage production and long bone
elongation

Osteoblast activity
Haematopoiesis

Progenitor/stromal cells

T-, B-cell numbers

Myogenesis

Pituitary GH release (species specific)
Voluntary feed intake

Energy metabolism for growth and
lactation

Skeletal muscle protein synthesis

Iron and zinc in plasma

Anabolism

Tissue-specific secondary and tertiary
messenger and signal transduction
mechanisms

Fat accumulation

catabolism that results in muscle degradation and fat mobilization when
stress is severe. Adipose tissue is often thought of as the first source of energy
substrates to provide metabolic fuel; skeletal muscle provides amino acids,
glutamine, etc. Actually, the liver and skeletal muscle may be called upon
first during a stress response to provide glucose substrates through hormone
(glucagon and catecholamine)-mediated breakdown of glycogen. Second-
arily, other tissue sources such as adipose may be mobilized to provide
energy substrates in the form of fatty acids.

Muscle and liver metabolism contribute important substrates that serve
as alternative fuel sources in times of stress. For example, cardiac muscle
is well equipped to metabolize lactate, acetoacetate or B-hydroxybutyrate
as an energy substrate (Halestrap et al., 1997). Thus, in association with
muscle production of lactate in either exercise or response to immune
challenge, the heart (as well as the kidney and intestine) can serve as a sink
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for the elimination of these carbon sources, sparing glucose for use by other
tissues.

There is also a dynamic relationship between muscle breakdown during
infection and sepsis and the production of muscle-derived glutamine for
immune cell function (Newsholme and Calder, 1997). As the immune
response increases and the metabolic demands on monocytes and macro-
phages increase, glutamine released in muscle breakdown is utilized as a
carbon source by immune cells, ensuring that they can proliferate and
function while glucose is diverted to other tissues more dependent on this
source of energy (Calder, 1995). The breakdown of muscle protein appears
to be dependent on the direct synergistic catabolic effect of TNF-a and IL-1f3
(Zamir et al., 1992) and disruption of normal growth hormone and IGF-I
regulation by pro-inflammatory cytokines (Elsasser et al., 1995; Elsasser
et al.,, 1998a).

A hierarchy of nutrient use priority also exists among tissues which are
subcomponents of a major tissue type; for example, within the larger group-
ing of skeletal muscle, postural muscle such as the psoas major may have a
different priority from a muscle primarily used for locomotor activity such as
the rectus femoris. This theme can be broadened to encompass different
visceral organs, regional adipose sites such as intramuscular, pelvic or renal
fat, or even leukocyte and lymphocyte populations. In a recent growth trial
in our laboratory, different tissues and structures in the body were affected
differentially by the presence of infection stress. In addition, where growth
hormone was used experimentally to determine whether the use of an
anabolic hormone could decrease losses in protein gain in the body, we
observed some catabolic effects additive to those of infection (Elsasser et al.,
1998a).

Data in Table 4.2 illustrate that average daily overall carcass protein and
fat gain are significantly decreased by parasitic infection (Elsasser et al.,
1998a). However, GH administration does affect protein gain, but acts
synergistically with infection to cause the net mobilization of adipose tissue.
Similarly, there is evidence of an impact of infection on some visceral
organs, but not others. Overall average daily organ gain was not statistically
decreased by infection. However, while the terminal weights and rates of
weight gain of heart, kidney and liver may not have been affected by infec-
tion, the growth rate and chemical composition (fat, protein, water, ash) of
the intestine, rumen, abomasum, omasum and reticulum as well as some
muscles was significantly altered. Interestingly, treatment of these calves
with GH appeared to shift nutrient use in infected animals further away from
a maintenance protein use in the intestine. Finally, carcass ash, a measure
of bone content, is not affected by infection, suggesting that the skeletal
axis’s relative priority was conserved during stress. Thus, the processes
associated with the response to infection (i) decrease the protein accretion
response of some organs to the exogenous administration of GH; (ii)
augment the antilipogenic aspects of GH in some adipose depots but not
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others; and (iii) uncouple the normal regulation of IGF-I by GH. This
illustrates how the response of cells to stress varies from location to location
(and, therefore, purpose to purpose) and how stress modulates responses to
effector molecules (like GH or insulin).

Not all muscles react to stress equally. Muscle growth responses to
stress are an interesting and somewhat complex issue as well, as seen in Fig.
4.4 in the case of two muscles differing in location, anatomical function
and biochemical make-up. In this study the impact of disease stress on the
different muscles was at first masked by the inflammatory oedema response
(increased muscle water content in infected calves). Protein gain, but not
intramuscular fat gain, was markedly affected by infection. In rectus femoris,
the decrease in protein gain associated with infection was not significant
and was largely prevented by GH injection. In contrast, protein gain in psoas
major was negated by infection and could not be maintained by GH even
though protein gain in this muscle was increased by GH treatment of healthy
animals. The significant decrease in carcass fat gain compared with the
minimal effect on intramuscular fat gain suggests that the muscle fat depot is
relatively refractory to catabolic effects of infection whereas other depots
like back fat and subcutaneous fat may be relatively more capable of being
mobilized by the endocrine and immune gradient effectors. Thus, a parti-
tioning priority may exist not only between different tissue pools but also
within pools as dictated by function and physiological purpose of the
particular tissue.

-GH +GH

2 4

1 i l
.

0 m

Control Infected Pair-fed Control Infected Pair-fed

I Rectus femoris
1 Psoas major

—

L

Average daily protein gain (g day™)

Treatments
Fig. 4.4. The average daily protein gain of locomotor muscle (rectus femoris) is
largely unaffected by infection with Sarcocystis cruzi, level of intake and the use of
exogenous GH treatment. In contrast, the growth of a postural muscle (psoas major)
was significantly decreased by infection and the anabolic effect of GH was
abolished.
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Appetite is often depressed during infectious disease challenges. The
nutrient supply to support the increased metabolic and caloric demand is
low and the difference is made up by catabolic processes that mobilize
muscle protein and fat stores (Beisel, 1988). As stated by Beisel, the severity
of the metabolic compromise and the subsequent diversion of nutrients is
proportional to the severity of the stress. Growth is accomplished, or rather
permitted, after basal metabolic needs are met but is often the first physio-
logical process held in check with the onset of stress. Because stress
demands on nutrient utilization supersede those of growth, tissue accretion
will occur only if the metabolic needs of the immune system and the acute
phase response are met.

At present, it is impossible to interpret the multiple cytokine interactions
that affect muscle metabolism in states of health, let alone disease. Whereas
it is apparent that the pro-inflammatory cytokines and glucocorticoids
participate actively in muscle proteolysis and degradation during infection
and sepsis (Douglas et al., 1991; Zamir et al., 1992), newly discovered
cytokines such as interleukin-15 have specific anabolic effects in skeletal
muscle (Quinn et al., 1995) that may be the signal for muscle recovery
from a disease state. Furthermore, pathologically high levels of some pro-
inflammatory cytokines, such as TNF-a, can significantly perturb mitochon-
drial energetics, the cytochrome chain, and therefore ATP production and
turnover (Lancaster et al.,, 1989). These adverse effects of cytokines on
mitochondrial energetics disrupt the energy needed to maintain the electro-
chemical gradients, transport processes and oxidation-reduction environ-
ment necessary for proper cell function. The culmination of prolonged
or severe disruption of these mitochondrial-dependent functions is
cytotoxicity, cell death and necrosis. In fact, some cytokines like TNF-a are
capable of up-regulating apoptotic mechanisms in cells and effectively
induce premature cell death (Natoli et al., 1998).

A schematic of tissue prioritization in response to stress is shown in
Fig. 4.5. The endocrine-immune gradient fine-tunes the basic priority of
tissues to obtain and utilize, or donate, nutrients. Not only are there
priorities between major tissue beds, but also subpriorities across different
regional components of the larger tissue type. Across these different
tissues, there can be greater or lesser impact of endocrine and immune
effectors in shaping local metabolism, and there is also a high degree
of plasticity in the capacity of tissue responses to be up-regulated or
down-regulated. Many organs have a high metabolic rate and demand for
nutrients, are outside the normal regulatory input of the endocrine—immune
gradient, and can adapt metabolism to utilize energy resources that are
not usable by other tissues. There is also a degree of relative overlap
between different tissues’ metabolic priority. In addition, this scheme
shown in Fig. 4.5 implies that across the scope of physiological processes,
the gradient of responses is affected by diet quality and food intake.
Furthermore, the impact of stress on the absorption of nutrients perturbs the
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Fig. 4.5. A schematic representation of the priority of nutrient use by various
tissues as mediated by a gradient of endocrine and immune response factors.
Shaded ovals represent those tissues that respond to hormone and cytokine effects;
unshaded ovals are tissues that minimally respond to hormones and cytokines.
Within any tissue type (i.e. muscle, adipose) there may be a wide range in the
priority of individual tissues or cells, and across tissues there is some degree of
priority overlap.

relationship between what an animal eats and what is available to actually
reach tissues.

A further adaptation of the Hammond model (Elsasser and Steele, 1992)
incorporated the introduction of immune and lymphoid tissues to the
prioritization scheme. The positioning of the immune cell priority just below
that of neural tissue suggests not only the increased priority of this tissue
when induced through disease challenge but also the relative impact on
ultimate survival of the host. Within the immune system, distinct cell popu-
lations have different priorities during stress depending upon their type and
state of activation. For example, neutrophils are mobilized and circulate at a
higher state of activation during stress, whereas the activities of T-cytotoxic
lymphocytes and macrophages are suppressed (Wilckens, 1995).

It is important to point out and clarify the relationship between prioritiz-
ation of nutrient use by a tissue and the absolute use of that nutrient by a
tissue. By virtue of the total mass of a given tissue it may appear that a tissue
‘uses’ a large percentage of available nutrients. In contrast, tissues vital to
survival (brain, heart, kidney) may use much less of the total available nutri-
tion but the use per gram of tissue and the associated oxygen consumption
can be high. The significant discriminator here is the mass of the tissue in
the body relative to its function. Klasing (1998) estimated that, at most, the
lymphoid tissue component of the immune system (together with connective
and circulating cells) accounts for less than 5% of the body’s tissues. Even



The Metabolic Consequences of Stress 93

when faced with an immune challenge, only a portion of the immune sys-
tem responds, so the body’s immune system does not utilize a large amount
of nutrients compared with other anabolic processes like growth. However
when the immune system orchestrates a systemic acute phase response,
nutritional resources are diverted to the liver for the generation of acute
phase proteins and to other tissue to support the increased protein turnover
needs. The biochemical mechanisms by which ‘high priority’ tissues like
the immune system compete for nutrients are optimized in terms of affinity
constants, transmembrane transport kinetics and reaction K, (substrate
concentration at half-maximal reaction rate) and V.. (substrate concentra-
tion at which all enzyme is reacting (saturation) and the product generation
proceeds at maximum rate). In fact, some membrane nutrient transporters
are up-regulated in times of infection and stress to ensure further that the
substrates needed for biological response processes are there to support the
needed function. For example, the burst of NO needed during the pathogen
inactivation is derived from the metabolism of arginine via inducible nitric
oxide synthase (iNOS; Lancaster, 1992). In order to ensure that there is
sufficient arginine substrate for this purpose, some cytokines like TNF-a
increase the kinetics of the transporters that mediate arginine uptake by
some cells (Wu and Morris, 1998). Thus, nutritional and hormonal states
(i.e. diet protein and energy content, and growth hormone administration)
that increase or decrease arginase activity (Elsasser et al., 1996) in tissues
will also affect the availability of arginine for the iINOS pathway (Wu and
Morris, 1998; Fig. 4.6).

Core temperature, fever, appetite and calories

One of the most basic responses by a host to an encounter with a pathogen
is the development of fever. The relationship between infection-related fever
response and metabolism is not entirely straightforward. Metabolic rate
increases by approximately 10% for a given 1°C increase in body tempera-
ture (reviewed by Baracos et al., 1987; Kluger, 1991). However, two caveats
temper the directness of the relationship between fever and the perceived
costs to metabolism in terms of caloric expenditure. First, the increases in
core body temperature over ‘normal’ temperature customarily associated
with the host fever response to disease may or may not be derived from
increases in heat production from increased caloric burning. In fact, patterns
of fever during illness are moderated by environmental factors. Depending
on the ambient environmental temperature, fever may be due to increased
generation of metabolic-derived heat or from decreased dissipation of heat
(Kluger, 1991). Second, some elements of the hyperthermia of host response
are more directly associated with the implementation of heat conservation
mechanisms, which occur through blood shunting away from the surface
and periphery, circulatory redistribution, and capillary and arteriolar
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Fig. 4.6. Relationships between pathways that can utilize the common metabolic
substrate arginine. Dietary supply and hormonal regulation of the K, and V., of
transport systems affect arginine uptake by cells, whereas the activity of arginase
and nitric oxide synthetase (NOS) is regulated by cytokines and determines the
loss of arginine. Depending upon the oxidation—reduction environment in the cell,
NO can decay to forms that react strongly with superoxide, form peroxynitrite and
promote cytotoxic reactions in the cell.

constriction in the peripheral limbs. Hyperthermic responses involving
increases in heat production (i.e. calorie burning) are more pronounced at
low ambient temperatures than in warmer ones. However, some of the com-
plications associated with the response to infection can be augmented by
fever during periods of high ambient temperature, as heat load and the
inability adequately to release heat affect organ (central nervous system, in
particular) function, and water and ion loss from diarrhoea and dehydration
compromise cooling capacity.

Metabolic changes due to stress are greatest if increased heat produc-
tion and decreased feed intake occur concomitantly. In this situation, the
needed calories come from the catabolism of tissues. Even when food intake
is normal (Elsasser et al., 1986), metabolic inefficiencies due to the acute
phase response are evident and contribute to poor use of nutrients by tissues.
Calves chronically infected with the protozoan parasite Sarcocystis cruzi
gain less weight than control or non-infected pair-fed conspecifics, largely
due to significantly lower nitrogen uptake from the gut and lower dietary
nitrogen utilization efficiency throughout the post-infection period. In these
and other studies (Elsasser et al., 1988), nitrogen retention during infection is
highly correlated with plasma concentrations of the anabolic hormone IGF-I
and a reduced capability for GH to increase plasma concentrations of IGF-I
as it does in healthy, well-fed calves.
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Growth hormone may be beneficial in decreasing some aspects of tissue
wasting associated with undernutrition, in quicker recovery from trauma-
related tissue wasting and in an overall increase in immunocompetence
resulting in a greater survival during infection. More recent experiments
investigated the relationship between metabolism and the host response to
parasitic infection by determining whether it was possible to modulate tissue
wasting in cachectic calves with the use of GH. Young calves were infected
with a moderate dose (200,000-250,000 oocysts per os, S. cruzi) and
treated for 35 days with either bovine GH (0.1 mg kg™ day™") or an
excipient buffer (Elsasser et al., 1998a). A variable termed the infection
‘response index’ was developed (average daily increase in rectal tempera-
ture for 21 days post-onset of the acute phase response) and regressed on the
change (decline to nadir) in plasma concentration in IGF-I, an indicator of
relative plane of nutrition and overall metabolic state (Steele and Elsasser,
1989). A substantial negative linear correlation (Fig. 4.7) was apparent, sug-
gesting that the more severe the response to infection (the greater the change
and duration in fever) the greater the impact in the decline in IGF-l. Growth
hormone did not offset the magnitude of the decline in IGF-I seen due to
stress.

The cost to metabolism during infection or infestation does not
necessarily result from a redirection of nutrients and calories into fever and
hyperthermic responses. Cole and Guillot (1987) provided interesting
evidence on the relationship between metabolism and varying degrees of
stress in a study in which the impact of exoparasitism on basal metabolic
rate and maintenance energy requirement of cattle as a function of the
percentage of body surface area infected with Psoroptes ovis mites was
investigated. The data (Fig. 4.8) suggest that, up to a point, the increased
need for nutrients to support increased metabolism from stress associated
with the exoparasitism is compensated for by increased intake. However,
when caloric needs cannot be met by intake, the required supplemental
energy is obtained in a linear fashion by increased tissue catabolism. The
increased maintenance energy is directly proportional to the surface area of
infestation and thus the severity of the stress.

Subclinical infections and other undetected stressors can affect
metabolism and growth. For example, chickens and pigs raised in
conventional production facilities grow more slowly and less efficiently
than animals kept in more sanitary environments. Some of the lost
growth rate can be recovered by feeding subtherapeutic levels of
antibiotics (NRC, 1998). Klasing and his colleagues suggested that
dietary antibiotics act by decreasing the frequency and intensity of
challenges by opportunistic bacteria and consequently preventing the
stress response associated with their activation of the immune system
(Roura et al., 1992). The immune stress and associated metabolic diversions
from the normal patterns of nutrient channelling (i.e. assimilation for
growth and development) are related to patterns of low-level inflammatory
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Fig. 4.7. As a measure and reflection of the relationship between the severity of
an infection stress and the negative impact on growth, there is a significant negative
correlation between the decrease in the anabolic hormone IGF-I and the magnitude
and duration (response index) of fever on calves infected with a muscle parasite,
Sarcocystis cruzi. A similar negative correlation was present between the response
index and average daily carcass protein accretion. Protein accretion is a necessary
parameter rather than weight gain because a significant contribution to weight is
made from the inflammatory oedema in the muscles and tissues, and the watery
oedema masks the true effect on the tissue anabolism.

cytokines such as IL-1 and TNF-a (Klasing et al., 1987; Elsasser et al., 1995,
1997b).

The pancreas: a chronic and acute phase response
shock organ

The pituitary gland and somatotropic axis are not the only metabolically
important endocrine glands targeted during disease stress. It has been
recognized for years that some of the most pronounced impacts of stress and
disease on animals manifest themselves in terms of carbohydrate meta-
bolism and perturbations in pancreatic insulin and glucagon secretion. Two
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Fig. 4.8. The effect of surface area infestation on changes in basal metabolic
energy requirements (adapted from Cole et al., 1987).

potential impacts of stress on pancreatic function and carbohydrate
utilization in muscle and adipose tissue are summarized in Fig. 4.9. In the
first, the acute actions of stress effectors culminate in poor control of insulin
release. Disturbances in the dynamics of insulin secretion leading to poor
nutrient use by peripheral tissues were seen in experiments with parasitized
calves undergoing an acute phase response, where intravenous challenge
with arginine (an insulin secretagogue) was used to unmask the underlying
secretion problem (Elsasser et al., 1986). Secondly, immune insults in the
pancreas associated with nitric oxide induction and cytotoxic damage to
islet cells predispose animals to type-I diabetes-like conditions (Corbett and
McDaniel, 1996) that can be further exacerbated with subsequent bouts of
even low-level disease stressors (Elsasser et al., 1999).

There is a temporal relationship between the origin of a disease stress
and the mechanism by which the impact on metabolism is manifested. For
example, when an animal first encounters the abrupt onset of the acute
phase response of experimental endotoxin challenge (time course 1-6 h
after challenge) the immediate biphasic hyperglycaemic—hypoglycaemic
response is highly correlated over time with the peripheral release of
cytokines and their effects on the waves of glucocorticoid, catecholamines,
prostaglandins and reflex release of both insulin and glucagon coupled to a
cytokine-induced peripheral insulin resistance (Ciraldi et al., 1998). In fact,
one theory suggests that TNF-a from peripheral immune cells as well as
adiposites and muscle cells may link obesity, diabetes and peripheral insulin
resistance (Hotamisligil and Spiegelman, 1994). TNF-a also appears to
cause a differential effect on glucose transporters (GLUT-1 and GLUT-4),
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Fig. 4.9. Cytokine interactions at the level of the pancreas as well as in target
tissue (muscle and adipose) are capable of yielding differential tissue responses.
Where the need calls for it, the blockade of a nutrient’s use by one tissue is offset
by the increased ability of another tissue to utilize it, thus the ‘yin and yang’ of
interplay between muscle and adipose depots.

insulin receptor (IR) phosphorylation and activation (Cheung et al., 1998),
and glycogen synthesizing and catabolizing enzymes in muscle and adipose
(Ciraldi et al., 1998). The ability of TNF-a to increase glucose uptake into
muscle may be a compensatory mechanism to offset the insulin resistance
that is apparently caused by the same cytokine (Ciraldi et al., 1998).
Mandrup-Poulsen et al. (1996) and McDaniel et al. (1996) suggested that the
local islet production of NO under the influence of pancreatic localized
cytokine production during disease stress limits the release of insulin and
thus complicates hormonal regulation of sugar use by tissues. Our labora-
tory extended these observations by demonstrating that iNOS (the enzyme
that forms NO when induced by cytokines) and the insulin secretostatic
hormone (Martinez et al., 1996) adrenomedullin are sharply increased in
the same cells (Fig. 4.10) during mild forms of two different disease stressors,
i.e. occult parasitic infection and endotoxin challenge. The pattern of unreg-
ulated iINOS was co-localized to the same cells that increased in adreno-
medullin content, and the degree of up-regulation was similar between
stressors. When the experimental challenge with endotoxin was applied in
addition to the pre-existing occult parasitic infection, the release of
adrenomedullin (Fig. 4.11) and nitrate (the stable product of NO production
from arginine, Fig. 4.12) into plasma was significantly increased only in
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Fig. 4.10. Immunohistochemical localization of adrenomedullin in pancreatic
islets of control calves and calves challenged with endotoxin, parasitized or
challenged by both endotoxin and parasitism. The marked up-regulation of
adrenomedullin (and parallel up-regulation of inducible nitric oxide synthase, not
shown) are taken as indications that the combined stresses culminate in the local
elaboration of regulatory proteins that decrease the release of insulin from the
pancreas.

calves experiencing the combined infection and endotoxin challenges. We
believe that these peripheral augmented cytokine and hormone responses
as well as the islet-localized increases in both adrenomedullin and NO (via
the increased iINOS activity) contribute to the lasting disturbances in insulin
regulation and growth observed previously in similarly infected calves
(Elsasser et al., 1986).

Collectively, these observations suggest that stress has an impact on the
pancreas to compromise the normal secretion of hormones that regulate
metabolism. This results in an imbalance in the signals that are responsible
for the conservation and uptake of both glucose and amino acids and
potentially affect both synthesis and storage of glycogen and protein.

Breakpoint stress: where host response contributes to
the pathology

Experiments discussed previously in this chapter point out that low levels of
disease stress and the accompanying short-lived metabolic perturbations are
relatively benign to the animal in the long run. The host easily adapts to
low-level stress by processes involving such elementary activities as
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Fig. 4.11. Plasma concentrations of adrenomedullin are increased by endotoxin
challenge but further synergistically augmented in calves challenged with endo-
toxin and harbouring an occult parasitic infection. The inset demonstrates the tight
relationship between the elaboration of the TNF response to the endotoxin and the
peak response in adrenomedullin.

increasing intake to offset a change in increased metabolism (Cole and
Guillot, 1987). Similarly, many chronic, occult infections that decrease gain
or the efficiency of nutrient use for growth are not recognized as a pathology
(Elsasser et al., 1999). There are limits, however, to how much an animal
can adapt to and accommodate the stress. In the first study, as the level of
stress increased with the greater surface area of infestation, the point was
reached where the animal could no longer adapt to the challenge. In the
second study, where another low-level stress was added to the first, a point
was reached where the host responded to the stress with retarded growth
and cytotoxic reactions. When response is such that the pro-inflammatory
cytokine and free radical milieu are harmful, a ‘breakpoint’ is reached
and further pathological consequences can be expected. Breakpoint
responses can be observed under a variety of stressful situations and are
largely caused by one primary biochemical format — the development of free
radical-dependent chemical modification of intracellular proteins and
lipids. Physical manifestations of this are apparent in cytokine-induced cell
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Fig. 4.12. Plasma nitrite and nitrate, the stable breakdown products of NO,
increased in plasma only in conjunction with the combined parasitic and
endotoxin challenges in calves.

apoptosis, general cytotoxicity and impaired signal transduction (Lancaster
et al.,, 1989; Oshima, 1990; Natoli et al., 1998).

Free radicals

TNF-a and other cytokines released acutely during endotoxin challenge and
septicaemia trigger the production of NO from arginine and oxygen via
inducible iNOS (Lancaster, 1992; Beckman and Koppenol, 1996). Super-
oxide anion is also a free radical associated with tissue response to
inflammatory stimulus (McCord, 1995). Depending on the intracellular
oxidation/reduction state (Stamler et al., 1992), NO may be further altered
to several other highly chemically reactive species such as peroxynitrite
(ONOOQO) in the reaction with superoxide anion (Beckman et al., 1992;
Ischiropoulos et al., 1992) or nitroxyl anion (please refer to Fig. 4.6). Patho-
logical conditions are associated with the ability of ONOO™ to nitrate
intracellular tyrosine residues of proteins as illustrated by the presence
of ONOO™ nitrated proteins in atherosclerosis (Beckman et al., 1992, 1994).
Furthermore, when proteins such as those in the catalytic portion of tyrosine
kinases are nitrated, the ability to activate these proteins by phosphorylation
is blocked (Oshima, 1990; Castro et al., 1994).

Cytokines are a substantive link between how a host detects and per-
ceives the threat of infection and how the body mobilizes a response to the
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threat (Sherry and Cerami, 1988). Data indicate that the local paracrine
cytokine responses of tissues coordinate systemic cytokine responses to initi-
ate, change or maintain a cascade of bioregulators including other cyto-
kines, prostaglandin derivatives, glucocorticoids and endocrine hormones.
This cascade results in altered metabolism and the decreased propensity for
growth during the period of immune challenge. The pattern of cytokines is
essential in directing the components of the immune system to attack invad-
ing pathogens and in diverting nutrients to support these efforts. However,
there are times when the host response is unbalanced with respect to the
magnitude of the challenge and the capabilities of the internal environment.
The result of this imbalance in response ranges from protracted recovery
times to frank additive pathology. One of the components of the immune
response initiated and maintained by the pattern of cytokines elaborated
during infection stress is the up-regulation of constitutive as well as induc-
ible isoforms of NOS and the generation of NO from substrate arginine.
Once formed, NO decays to other forms of reactive nitrogen intermediates
(RNIs) and the path of decay dictates whether NO is beneficial or harmful to
cells adjacent to those in which NO is produced. The path of decay depends
in part on the internal oxidation/ reduction atmosphere inside the cell.
Evidence presented here suggests that the formation of peroxynitrite from
NO and superoxide radical contributes to perturbed cell function and affects
growth through several mechanisms. One of the mechanisms postulated
here is the nitrosylation of liver proteins that impact on the regulation of
IGF-I. The magnitude of the response can be modulated by specific effects of
hormones and nutrients on otherwise normal aspects of metabolism.

In a study where steers were challenged with endotoxin at 0, 0.2, 1.0 or
3 ug kg™! i.v. for 4 consecutive days, the change in plasma concentration
of IGF-I was used as an indication of disruption of GH regulation of IGF-I
control and thus an indication of metabolic regulatory perturbation (Elsasser
et al., 1997a). Plasma IGF-I was not affected by repeated challenge with
0.2 pg kg™ but was significantly decreased within 1 day at the two higher
doses of endotoxin used. Plasma concentrations of IGF-l continued to
decline to progressively lower levels when doses of 1.0 and 3 pg kg™! were
repeatedly administered to calves. The greatest average decrease in plasma
IGF-I concentrations was observed in calves dosed with 1.0 pg kg='. Only
those displaying immunohistochemical presence of nitrotyrosine, a marker
for ONOQO™ nitrated protein modification and RN stress, displayed the pro-
longed perturbation in plasma IGF-I. The pattern of positive immunostaining
in liver specimens suggests that the response to endotoxin resulting in
production of nitrated proteins was not uniform across the liver but largely
contained in periportal cell regions and hepatocytes located on the border of
the hepatic central veins. The presence of positive nitrotyrosine immuno-
staining correlated with decreased plasma concentrations of IGF-1 suggests
that the formation of ONOO~™ contributed to tissue toxicity which affected
the production of IGF-I (Elsasser et al., 1998b, c). These observations are
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consistent with those of Billiar et al. (1989) who observed that arginine was
required for Kupffer cell-mediated production of RNIs that were cytotoxic to
hepatocytes.

Toxin—disease interactions

In the south-eastern US, fescue grass forms an important component of rumi-
nant diets. However, most of this grass is infected with an endophyte. The
endophyte infection of this grass causes a toxicosis in animals characterized
by poor temperature regulation, low plasma prolactin concentrations,
decreased rate of gain, and perturbations in reproduction and lactation.
Evidence suggests that a significant factor causing these signs is the presence
of a class of ergot-like alkaloids with dopaminergic activity (Aldrich et al.,
1993). Studies conducted by Filipov et al. (1999) examined the propensity
for this underlying toxicosis to interact with a simulated additive disease
stress, which was simulated by endotoxin administration. Calves grazing
fescue were affected by the toxin, as evidenced by the significant decrease
in prolactin levels. When challenged with endotoxin (0.2 pg kg™', i.v.),
plasma TNF-a and cortisol responses were significantly higher in animals
grazed on toxic fescue compared with cattle grazed on an endophyte-free
fescue (Fig. 4.13). In addition, the time of recovery was protracted in these
animals. These data support the concept that an underlying chronic stress
can make an animal more sensitive and responsive to additional stress
inputs. Collectively, these stresses push animals to reach the ‘breakpoint’
sooner, decreasing the ability to resist disease. In these situations, manage-
ment of stress is made more complicated.

Conclusion

Metabolism and the use of nutrients are affected by stress in several ways.
Some mild stresses are handled simply by behaviours that allow the animal
to remove itself from the stress or to adapt to the increased metabolism need
by increasing feed intake. On the other hand, when stressor responses are
strong or protracted enough to affect metabolism, there is a priority that
dictates an order by which tissue beds are affected. An endocrine-immune
gradient of hormone and cytokine interactions fine-tunes the metabolic
activities of the cells. When specific endocrine glands such as the pituitary
and pancreas are the targets of a stress, the perturbed secretion of hormones
contributes to metabolic impairment and loss of acute regulation of cell
metabolism. Similarly, while pro-inflammatory cytokine responses by
immune cells are necessary to initiate signals to counter infectious
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Fig. 4.13. Fescue toxicosis is associated with metabolic perturbations that
decrease growth and weight gain in cattle. These data illustrate that if cattle graze a
grass with this endophyte-derived toxin, the severity of metabolic responses to an
infection stress increases because of increased TNF and cortisol responses to

the challenge (from Filipov et al., 1999).

challenges in the body, the oversecretion of these effectors can result in
inappropriate increases in cytokine-driven free radical production and result
in chemical modifications of cell proteins or lipids that limit the efficiency of
metabolism by affected cells. Strategies that prevent stresses from reaching
the ‘breakpoint’ where the stress response contributes to the pathology are
needed. These strategies should be designed to prevent stress-induced
pathology such as the accumulation of oxidatively damaged proteins while
maintaining an appropriate balance between physiological processes that
compete for nutrients.
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Introduction

Organisms have evolved many strategies to defend against stressful environ-
ments and conditions. Indeed one could argue that the immune system is
the result of the evolving response of the host to the stress of pathogen
challenge. Exactly how the immune system responds to stress, however, is a
difficult question to answer, in part because of the complexities of the host
immunity and the stress response systems.

These complexities are illustrated by the myriad of choices that must be
made when one attempts to unravel the influence of stress on the immune
system. For example, decisions have to be made as to whether one should
evaluate innate or acquired immunity (Blecha, 2000). If innate immunity is
chosen, then which aspect will be studied: cellular or humoral? If cellular is
chosen, then which cell type will be evaluated: neutrophils, macrophages or
natural killer cells? If one evaluates acquired immunity, the same decision as
to whether to evaluate cellular (T or B lymphocytes) or humoral (immuno-
globulin) immunity must be made and is further complicated by the decision
regarding whether to evaluate passive or active acquired immunity. Simi-
larly, what aspect of the stress response should one evaluate in the context
of immune function: the classical increased glucocorticoid response via
activation of the hypothalamic—pituitary—adrenal (HPA) axis or increased
sympathetic activity via activation of the hypothalamic autonomic nervous
system? The danger of generalizing the influence of stress on the immune
system is apparent. However, despite these difficulties, progress has been
made in understanding how the immune system responds to stress.
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A reflection of the activity and interest in the area of stress and immunity
is illustrated by the nearly 200 review articles written on this topic in the last
decade, including several reviews relative to food animals (Blecha, 1988;
Griffin, 1989; Dohms and Metz, 1991; Kelley et al., 1994; Minton, 1994;
Davis, 1998; Griffin and Thomson, 1998). This body of literature provides
evidence from the disciplines of neuroscience and immunology for the
existence of bidirectional interactions between the immune and nervous
systems. This crosstalk between the immune and nervous systems is
mediated in large part by cytokines and is undoubtedly involved in an
animal’s response to stress. The effect of stress on cytokine production and
the bidirectional communication between the immune and neuroendocrine
systems have been the focus of several recent reviews (Faith et al., 1998;
Weigent and Blalock, 1998; Weizman and Bessler, 1998). This chapter will
focus on research evaluating the influence of stress on immune function
in cattle, pigs and sheep. | will first discuss studies that investigated the
influence of management and environmental stressors on immune function.
A logical extension of these studies, which | will also address, is the
influence of activation of the HPA axis on host immunity. Finally, | will
summarize results of laboratory studies using model stressors to determine
the impact of stress on the immune system.

Management and environmental stressors and the
immune system

The assumption that stress influences host immunity arises from observa-
tions of increased disease occurrence in animals exposed to extreme,
stressful environments. Although it is important to remember that the link
between stress and animal well-being is a continuum and is influenced by
genetics, age, nutrition and experiences (Hahn and Becker, 1984), it is
clear that many intensive livestock production management practices affect
host immunity and disease susceptibility. One of the most frequently used
examples of this relationship is bovine respiratory disease in shipped cattle.

The bovine respiratory disease complex has been studied intensely
for decades, yet it continues to cause large economic losses in the cattle
industry (Loan, 1984). This multifaceted disease complex involves the inter-
action of respiratory viruses and bacteria and stress. Several years ago we
conducted a study specifically to address the impact that the stress of
long-distance transport had on immune function in feeder calves (Blecha
et al., 1984). Calves that were shipped 700 km for 10 h developed a
leukocytosis that was caused primarily by a neutrophilia. Neutrophilia is
a common observation in stressed animals and is thought to be caused by a
glucocorticoid-induced change in neutrophil trafficking and release from
bone marrow reserves (Kelley et al., 1981; Roth and Kaeberle, 1982; Roth
et al., 1982; Murata et al., 1987). Lymphocyte proliferative responses were
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decreased in the shipped calves immediately after the stress of shipping
(Fig. 5.1); however, concentrations of plasma cortisol did not differ between
control and shipped calves. Considering the abundant evidence linking ele-
vated glucocorticoid levels with suppressed immune responses, it is unclear
why decreased lymphocyte proliferation in shipped calves was not corre-
lated with increased concentrations of cortisol. It may be that these findings
are simply a reflection of the blood sampling procedure and frequency, such
that the peak cortisol concentration occurred prior to sampling at unloading.

The importance of well-controlled experiments in determining the
influence of shipping stress on immune parameters was shown in experi-
ments on pigs conducted by McGlone and colleagues (McGlone et al.,
1993; Hicks et al., 1998). Experiments conducted in a field situation, where
it was difficult to handle the pigs for blood collection, failed to show a
shipping-induced increase in plasma cortisol because of the high baseline
concentrations. However, in an experiment where many more experimental
variables were controlled, shipping stress caused increased cortisol concen-
trations and neutrophilia. In addition, body weight was reduced by 5.1% in
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Fig. 5.1. The stress of shipping suppressed mitogen-stimulated lymphocyte
proliferation in 9-month-old feeder calves. Forty calves were allotted by weight and
breed to control or shipped groups. Mitogen-stimulated lymphocyte proliferation
was evaluated prior to transport, at unloading and 1 week after transport. After 10 h
of transport, concanavalin A-stimulated lymphocyte proliferation was lower in
shipped calves; *P < 0.05. Adapted from Blecha et al. (1984).
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shipped pigs compared with non-shipped controls. Increased cortisol con-
centrations in shipped pigs did not translate into lower immune function as
measured by natural killer (NK) cell cytotoxicity. In fact, just the opposite
was observed: pigs with higher plasma concentrations of cortisol had
increased NK cell cytotoxicity (McGlone et al., 1993). An interesting and
important aspect of these studies was that a pig’s social status interacted with
the stress of shipping. Among the shipped pigs, submissive pigs and those of
intermediate social status had decreased NK cell cytotoxic responses as
compared with the socially dominant pigs. Other studies have also failed
to show a direct correlation between concentrations of plasma cortisol
induced by various management stressors and immune function (Blecha
et al.,, 1985; Lund et al., 1998).

Collectively, studies of the effect of shipping stress on immune function
in cattle and pigs suggest that other factors, in addition to cortisol, are
involved in shipping-induced immune alterations. Furthermore, they high-
light the importance of considering the influence of social status when
evaluating the effect of stress on the immune system.

Activation of the HPA axis and the immune system

Although acute increases in glucocorticoids are considered a classic charac-
teristic of the stress response, as indicated previously it is often difficult to
establish a relationship between stress-induced activation of the HPA axis
and alterations in immune function. It is well established that incubation of
cattle and swine immune cells with physiologically relevant high concentra-
tions of cortisol decreases lymphocyte proliferative responses, interleukin-2
(IL-2) production and neutrophil functions (Westley and Kelley, 1984;
Blecha and Baker, 1986; Salak et al., 1993). Synthetic glucocorticoids have
been used to study the effects of increased adrenal glucocorticoids on
immune function; however, they may not represent an acceptable model
for studying stress and immune interactions (Roth and Kaeberle, 1985; Roth
and Flaming, 1990; Minton and Blecha, 1991; Saulnier et al., 1991). These
findings have led to in vivo studies using the anterior pituitary hormone,
adrenocorticotropic hormone (ACTH), and more recent experiments using
hypothalamic corticotropin-releasing hormone (CRH), to increase physio-
logical concentrations of cortisol and evaluate subsequent alterations in
immune capacity.

Feeder calves injected with ACTH twice daily for 2 days had concentra-
tions of plasma cortisol three times higher than saline-injected control calves
(Blecha and Baker, 1986; Fig. 5.2). This ACTH-induced increase in cortisol
caused a leukocytosis, primarily of mature and immature neutrophils. These
findings are similar to changes in cortisol concentrations and leukocyte
profiles often found in acutely stressed animals. Importantly, this experi-
mental paradigm also decreases mitogen-induced lymphocyte proliferation
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Fig. 5.2. Administration of ACTH to 9-month-old feeder calves increased plasma
concentrations of cortisol and decreased interleukin-2 production. Calves were
injected with ACTH (1 1U kg™'; n = 6) or saline (n = 6) twice daily for 2 days.
Plasma cortisol concentrations (A) and lymphocyte production of interleukin-2

(B) after 2 days of ACTH injections were different from saline-injected calves;

*P < 0.05. Adapted from Blecha and Baker (1986).

and IL-2 production in cattle (Fig. 5.2) and pigs (Blecha and Baker, 1986;
Wallgren et al., 1994).

Activation of the HPA axis, administration of exogenous cortisol and
blockage of cortisol synthesis have been used to investigate the in vivo
effects of glucocorticoids on NK cell activity in pigs (Salak-Johnson et al.,
1996). A single intravenous bolus of ACTH causes plasma cortisol concen-
trations to double within 2 h of injection in 7- to 9-week-old gilts. However,
NK cell cytotoxicity measured within this same time frame is not influenced
by ACTH treatment. In an earlier study, ACTH administration increased por-
cine NK cell activity (McGlone et al., 1991). A pharmacologically induced
threefold increase in plasma cortisol concentrations does not alter porcine
NK cell activity at 1 or 2 h after injection (Salak-Johnson et al., 1996). How-
ever, infusion of 400 pg of cortisol, which causes a sevenfold increase in
plasma cortisol concentrations, does decrease NK cell cytotoxicity at 1 h
post-infusion, but not at 2 h after cortisol injection. If increased concentra-
tions of cortisol cause a decrease in NK cell activity, then blocking the syn-
thesis of cortisol should influence, and perhaps increase, this response. Pigs
fed metyrapone, which blocks the conversion of deoxycortisol to cortisol,
had plasma concentrations of cortisol 10- to 30-fold lower than controls
(Salak-Johnson et al., 1996). However, pigs with these low concentrations of
plasma cortisol also had NK cell cytotoxic responses that were significantly
lower than those of control pigs. The authors speculated that the low cortisol
concentrations caused a loss of negative feedback, which probably
increased concentrations of central CRH, ACTH, B-endorphin and catechol-
amines. Increased central CRH and subsequent release of catecholamines
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decreases NK cell activity (Irwin et al., 1987, 1988, 1990). However, in pigs,
intracerebroventricular administration of porcine CRH only marginally
decreases NK cell activity but significantly impairs neutrophil chemotaxis
(Salak-Johnson et al., 1997). Depending on the mitogen used, porcine
lymphocyte proliferative responses are either decreased or not influenced by
central administration of CRH (Johnson et al., 1994; Salak-Johnson et al.,
1997).

These studies suggest that activation of the HPA axis stimulates some
aspects of acute stress-induced immune alterations. However, they also
illustrate the complexities involved in pharmacologically modelling the
influence of stress on the immune system.

Model stressors used to study the immune system

Because of the difficulties in conducting adequately controlled in vivo
experiments that mimic stressful field conditions and because of the inherent
experimental bias associated with pharmacologically influencing the HPA
axis, researchers have sought to develop laboratory stress models to study
the influence of stress on the immune system (Roth and Flaming, 1990;
Minton, 1994). Laboratory stress models used in large domestic animals
include acute physical exertion, restraint, and restraint and isolation
paradigms.

An early laboratory stress model used to simulate stress-induced
influences on bovine respiratory disease is acute physical exertion (Blecha
and Minocha, 1983). This model involves running a calf for 5 min on a
large-animal treadmill, inclined at 3°, at speeds of 1.8-2.2 m s™'. Hereford
steers exposed to this stress paradigm had lower lymphocyte proliferative
responses, and serum from stressed calves enhanced the growth of the
bovine respiratory disease virus bovine herpesvirus-1. Although this labora-
tory model established that acute physical exertion is a stressor that can be
used to study stress-induced immune and viral alterations in calves, it is an
expensive and difficult stress model to use in large animals. In addition, it is
not clear how closely acute physical exertion mimics the stress of long-
distance transport of calves. For these reasons, this stress model has not been
widely used in domestic farm animals, and other stress paradigms, like
restraint, have become more common.

Physical restraint has been used for many years as a model to study
stress and immune function interactions in laboratory animals (Blecha et al.,
1982a, b; Blecha and Topliff, 1984; Morrow-Tesch et al., 1993). Over the
last few years this same stressor has been used to evaluate the influence
of acute stress on immune function in pigs and sheep (Klemcke et al., 1990;
Minton and Blecha, 1990; Coppinger et al., 1991; Minton et al., 1992;
Brown-Borg et al., 1993). Although restraint increases ACTH and cortisol
concentrations in pigs and lambs and alters some immune parameters,
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including lymphocyte proliferative responses, 1L-2 production and expres-
sion of some leukocyte differentiation antigens, the responses have been
variable. Because of this, we conducted a study to determine the contribu-
tion of cortisol to the suppression in lymphocyte functions in restrained and
isolated lambs (Minton et al., 1995). Cortisol was infused intravenously into
lambs to approximate the concentration and time domains that were
observed in lambs exposed to restraint and isolation stress. Lambs that were
subjected to a restraint and isolation stressor had decreased mitogen-
induced lymphocyte proliferative responses (Fig. 5.3); however, cortisol
infusion did not alter lymphocyte function. These findings show that factors
other than cortisol were involved in the stress-induced immunosuppression
observed in restrained and isolated lambs. Furthermore, they illustrate the
importance of using appropriate laboratory models to investigate the
influence of stress on the immune system.
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Fig. 5.3. Increased concentrations of cortisol do not account for decreased
lymphocyte proliferative responses induced by restraint and isolation stress.
Cortisol-infused lambs received cortisol intravenously to attain stress-induced
concentrations of plasma cortisol. Restraint and isolation (stress) treated lambs
were placed in right lateral recumbency with their legs bound with non-adhesive
wrap and isolated from visual and tactile contact with other lambs for 6 h on 3
consecutive days. Control lambs remained undisturbed in their home stanchions.
Restraint and isolation decreased concanavalin A-induced lymphocyte prolifera-
tion; **P < 0.01. Adapted from Minton et al. (1995).



118 F. Blecha

Summary

Extreme environmental conditions and stressful management practices
influence the health and well-being of domestic farm animals. Converging
evidence suggests that these stressors directly alter host immune function.
These alterations have been linked to disturbances in the HPA axis and the
hypothalamic autonomic nervous system. However, through the use of care-
fully controlled laboratory stress models, it is clear that many physiological
and behavioural factors interact to influence host immunity. Only through
the use of carefully conducted, well-controlled studies will our understand-
ing of the complex interactions between various stressors and the immune
system continue to be enhanced.
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Introduction

In order to survive, an animal must be able to adapt to environmental
challenges. These adaptations are often referred to as the ‘stress response’,
an umbrella term that in fact includes a disparate set of body-wide effects
detectable as behavioural and physiological changes. These include
changes within the central nervous system in sensory processing, cognition,
hypothalamic and pituitary function, and neurosteroids and neurotrans-
mitters, changes within limbic structures such as the amygdala and hippo-
campus, and changes in hypothalamic—pituitary—adrenal (HPA) activity.
They also include changes in the levels of circulating metabolites. All of
these are integrated and provide the physiological foundations for behav-
ioural responses (for a review, see Sapolsky, 1992). The complexity and
suite of changes can differ markedly from species to species, individual
to individual and stressor to stressor, and can vary according to prior
experience and hormonal status (Cook, 1996, 1998a).

It is well recognized that in order to understand the complexity and
integration of physiological and behavioural responses to challenge it is
necessary to measure at least several variables. Recent advances in biomedi-
cal technology provide the opportunity for sophisticated exploration of the
functional complexity of stress responses using new animal models. Use of
this technology has already led to fresh insights, and more may be expected.
Nevertheless, our capacity to produce sophisticated animal models must be
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tempered by a humane commitment to minimizing the invasiveness of the
procedure for the animal’s sake, the scientific need to avoid artefacts linked
to invasive procedures, and the benefits of studying animals in their ‘natural’
situation. A comprehensive account of all recent advances in stress mea-
surement is not possible in the space available. We therefore provide some
specific examples, derived from the work of our different groups, where
progress with hands-off studies has been made. We have outlined the
strengths and weaknesses of hands-on studies of hormonal and behavioural
responses to painful husbandry practices elsewhere in this volume (Mellor
et al., Chapter 9, this volume).

Hands-on and hands-off studies

With few exceptions, the act of studying an animal affects what is
being studied and can thereby confound interpretation of the results.
Accordingly there is a strong need to minimize study-induced disturbances.
This can be achieved by both reducing the extent of contact and the
invasiveness of hands-on studies and, where practicable, engaging in
hands-off studies.

Hands-on studies

Hands-on studies may be favoured in several situations. Where no hands-off
study methods are available there is a trade-off between getting no data at all
or acquiring some data that are possibly compromised by the need to use
hands-on approaches (for example castration of young ram lambs using
different analgesic regimes). Thus, hands-on monitoring of behavioural
and/or physiological responses may be needed to allow repeated blood
sampling, invasive preparation of animals for intensive monitoring (e.g.
electrocorticographic (EcoG) recording from surgically implanted elec-
trodes used, for example, to monitor the efficiency of preslaughter stunning),
or to allow intensive behavioural observation and/or clinical care of study
animals. For these types of measures it may be necessary to remove
animals from their usual habitat and relocate them (e.g. indoors or to the
laboratory). Also, duplication of hands-on farm or other procedures may
be required to test animal responses to normal non-invasive hands-on
activities (e.g. mustering, yarding, shearing, dipping, drenching, etc.), or to
study animal responses to invasive hands-on procedures (e.g. branding,
castration, dehorning, tail docking, clinical or experimental surgery or other
procedures).

Hands-on studies can be informative within certain limits (Mellor et al.,
Chapter 9, this volume). Caution is required when extrapolating from a
hands-on experiment to the more natural hands-off situation if only the
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former has been studied. Familiarizing animals with hands-on procedures
before the study may be helpful; however, such training is problematical as
it may alter the animals’ responses during the study; yet some untrained
animals (individuals or species) may otherwise be too intractable for mean-
ingful hands-on study. The use of appropriate control animals is imperative,
but when control handling has measurable effects any associated inter-
pretative limitations must be clarified. Technical difficulties associated
with handling, including contamination of signals caused, for example, by
inadvertent physical displacement of monitoring electrodes, must also be
minimized. However informative hands-on studies may be, there would
usually be value in conducting similar hands-off studies when the appropri-
ate methods are available.

Hands-off studies

Hands-off studies may be favoured when the available hands-off methods
allow observation of the required parameters. For instance, responses to
usual activities and/or events that involve little or no direct hands-on contact
with people may be studied without handling in the animals’ usual environ-
ment. Intractable animals (individuals or species) may be studied without
complications of extreme responses to the hands-on study methods them-
selves. Short-term and/or long-term responses to a variety of challenges may
be studied in free-range and freely behaving animals.

Such hands-off studies are enhanced by the following safeguards.
Monitoring equipment needs to be weather-proof (for outdoor use) and
robust enough to operate effectively for the required periods on freely
ranging animals. Signals from equipment on different animals must not
interfere with each other, and equipment must not impede the animals’
expression of their normal behaviours. Baseline values and the time required
for them to be reached after attaching monitoring equipment need to be
ascertained; generally non-invasive is preferred to invasive equipment to
minimize post-attachment disturbances. Finally, special attention needs
to be given to monitoring uncontrolled and/or unexpected phenomena
that can affect free-range animals, either as individuals or as groups, and
that can evoke responses which otherwise would hinder interpretation of
results.

While this list is by no means complete, it does allow some guiding
principles that can be used as a framework for the methodological examina-
tions below. In many studies experimentation will begin with a hands-on
study. As we then come to understand the usefulness of the measures
chosen, it will advance to the comparative state of a hands-off study, the
data from which in time will come to supplant and exceed the data obtained
using hands-on methods. The first methodological approach presented
below illustrates this.
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Stress-free assessment of the HPA axis: an example of
moving from hands-on to hands-off assessment through
the development of remote blood sampling technologies

Changes in the activity and functioning of the HPA axis are routinely used to
quantify an animal’s response to stress. However, the stress associated with
handling and restraint of animals with traditional blood sampling techniques
can in itself cause activation of the HPA axis, thereby confounding such
measurements (Seal et al., 1972; Hattingh et al., 1988). This effect is further
exacerbated in wild or semi-domesticated animals or in species with flighty
natures such as red deer (Fig. 6.1).

A variety of techniques have been developed in an effort to minimize
the stress imposed on the animal during sample collection. These include
rendering the animal unresponsive to the effects of handling by shooting
(Hattingh et al., 1984; Smith and Dobson, 1990) or sedation (Monfort et al.,
1993), habituation to the blood sampling procedure (Bubenik et al., 1983)
and the use of techniques which reduce or eliminate the degree of handling.
These include measurement of corticosteroids in substances other than
blood (e.g. saliva, Cook and Jacobson (1995); milk, Verkerk et al. (1998);
urine and faeces, Palme et al. (1996)), and the use of indoor remote catheter
systems (Ladewig and Stribrny, 1988; Monfort et al., 1993) or remote porta-
ble blood sampling devices (Farrell et al., 1970; Bubenik and Bubenik,
1979; Hattingh et al., 1988; Mayes et al., 1988; Stephan and Cybik, 1989;
Goddard et al., 1994; Ingram et al.,, 1994). These existing procedures,

70 T

60 + T

50 +

40 +

30 +

Cortisol (ng mI™)

20 +

10 +

0 . S I

Restraint ' Pen ' DracPac '

Fig. 6.1. The effect of blood sampling technique on plasma cortisol concentra-
tions in red deer (Cervus elaphus). The restraint group consists of animals sampled
via venepuncture in a pneumatic crush (Ingram et al., 1994). The pen group con-
sists of animals sampled via a catheter while free standing in pens (Ingram et al.,
unpublished data). The DracPac group consists of animals sampled by a remote
blood sampling device while undisturbed at pasture.
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however, have limitations when it comes to assessing the activity and func-
tioning of the HPA axis. Shooting animals affords only limited information
on cortisol concentrations at the time of death, with no opportunity to follow
changes over time in the same individual. Measurements obtained from
sedated animals may vary due to the difficulty in maintaining consistent
levels of sedation over time and between individuals (Monfort et al., 1993)
while some sedatives (e.g. xylazine hydrochloride, Chao et al., 1984) may
affect the HPA axis directly.

The process of taming and habituating an animal to the blood sampling
procedure may result in animals showing atypical responses when com-
pared with wild or semi-domesticated conspecifics. This is of particular
importance when handling is an integral component of the stressor being
assessed (e.g. shearing or transport of animals).

Collection of saliva or milk samples from lactating females, though less
invasive than blood sampling, still requires some degree of handling.
Though collection of urine or faeces is achieved without handling, the
integrated estimates of HPA axis activity obtained with this technique lack
the temporal precision to detect fluctuations in circulating corticosteroids,
which are important in assessing responses to acute stress, or in tests of HPA
axis function.

The use of static remote catheter systems for obtaining blood from
undisturbed animals also involves an extended process of habituation to
indoor housing and in some cases restraint of the animal, which can place
limitations on the type of animal and the stressor that can be evaluated. The
use of remote blood sampling systems can overcome many of these limita-
tions. Such a technique can be applied in the assessment of a wide range of
stressors and removes the requirement for repeated handling and the need
for habituation to indoor housing, though some degree of habituation to
carrying the sampling equipment may be required. The relatively large size
of remote blood sampling systems and the requirement in most systems to
store the blood sample on the animal until retrieval does, however, impose
limitations upon the size of animal that can be remotely sampled as well as
restricting any measurement to compounds that are relatively stable over
time in whole blood.

Remote blood sampling systems do, however, lend themselves to the
monitoring of glucocorticoid concentrations, which are relatively stable in
whole blood for several days (Reimers et al. 1983), and to the sampling of
large, flighty, free-ranging animals (such as red deer). We used such a system
to determine both HPA axis activity and function in undisturbed free-ranging
red deer and cattle. To quantify ultradian and circadian rhythms in HPA axis
basal activity accurately, blood samples need to be collected over 24 h at a
frequency that can accurately measure corticosteroid pulsatility (sampling
at least every 20 min (Monfort et al., 1993)). To measure changes in HPA
axis function remotely, a device capable of administering, by remote bolus
infusion, adrenocorticotropic hormone (ACTH) or corticotropin-releasing
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hormone (CRH) challenges and monitoring the subsequent adrenocortical
response would be ideal. The DracPac remote blood sampling device was
therefore developed with these specifications in mind.

The DracPac device (Fig. 6.2) consists of a pump unit containing two
small peristaltic pumps for pumping heparin and drawing blood (length
150 mm, diameter 50 mm, weight 395 g), two 38-position rotary switching
valves (length 200 mm, diameter 60 mm, weight 950 g), a 6 volt battery
supply (Duracel, MN908) and a control box (length 160 mm, width 80 mm,
height 60 mm, weight 580 g) containing a programmable microprocessor
that allows programming of the start time, duration and rate of sample
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Fig. 6.2. Schematic representation of the DracPac remote blood sampling system
used for automatic continuous sampling of blood from free-ranging animals. The
device comprises a microprocessor control box (C), a peristaltic pump unit (P), a
plastic bag containing concentrated heparin (H), two 38-port rotary switching
valves (Vi_,), 74 separate blood collection tubes (S) (4.5 ml monovette syringe,
Sarsdetd Ltd, Numbrecht, Germany) and a double lumen catheter (D)(Cavafix
Duo16/18G 32 cm, Braun, Germany) which is modified by shortening the end of
the catheter by ~5 cm and removing 1-2 mm of the wall between the two lumina
at the tip to facilitate optimal mixing of the outflowing heparin and inflowing blood
(from Ladewig and Stribrny, 1988).
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collection. The device samples by pumping heparinized saline (5000 IU
ml~1) down one side of a double lumen catheter to the tip where it mixes
with jugular blood being continuously drawn up the second lumen by the
action of the second pump. The heparinized blood passes through one
or both rotary switching valves and is collected into one of 74 separate
blood collection tubes (4.5 ml monovette syringe, Sarsdetd Ltd, Numbrecht,
Germany). Bolus infusions of substances such as ACTH and CRH can also
be administered to the animal remotely by aligning a valve to a specific port
containing the substance and reversing the direction of the blood pump.
This step can be repeated a number of times allowing either multiple
infusions of the same substance or a battery of substances to be delivered
over time. The equipment and samples are kept on the animal in a backpack
harness (Fig. 6.3) until sampling is completed.

Using this device, detailed 24 h profiles of plasma cortisol con-
centrations in red deer stags at pasture have been obtained (Fig. 6.4).
These profiles are characterized by low mean plasma cortisol concentra-
tions (6.7 1.0 ngml™") and the presence of ultradian, circadian and
seasonal rhythms (Ingram et al., 1999). Mean basal cortisol concentrations
are similar to those reported for hand-reared Eld’s deer sampled via a remote
catheter system (5.4-14.5 ng ml~'; Monfort et al., 1993) and those reported
for red deer stags blood sampled immediately after being shot dead while
undisturbed at pasture (5.7 +3.7 ng ml~"; Smith and Dobson, 1990).

The adrenocortical response to a variety of acute stressors including
handling (Ingram et al., 1994, 1997, 1999; Carragher et al., 1997), transport
(Waas et al., 1997) and velveting (Matthews et al., 1994) has also been
determined in deer using this sampling technique (Fig. 6.5). Remote bolus

B B e W ! : s Y
Fig. 6.3. Farmed red deer (Cervus elaphus) stags equipped with a remote blood
sampling device and harness.
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Fig. 6.4. A 24 h profile (72 x 20 min samples) of plasma cortisol concentrations
collected from a red deer stag (Cervus elaphus). The occurrence of cortisol pulses
as detected by cluster analysis is shown as points at the top of each graph. The
circadian rhythm is represented by the best fitting sine curve (dashed line) for the
data series derived from COSINOR analysis. The black bar at the top of the graph
represents the period of darkness.
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Fig. 6.5. The adrenocortical response of free-ranging red deer stags (n = 5) to
yarding and holding in a pen for 10 min either as a group or in isolation, and
subsequent recovery after release to pasture. Grey blocks indicate time to and
from yards, while the black block indicates time spent in yards.

infusions of ACTH or CRH have also been used to quantify seasonal (Ingram
et al., 1999) and social stress-induced changes in HPA axis function in red
deer. A marked reduction in adrenal responsiveness to ACTH was observed
during the winter breeding season (Ingram et al., 1999) while chronic social
stress resulted in reductions in responsiveness to both ACTH and CRH
(Fig. 6.6).

These data demonstrate the versatility of remote blood sampling as a
technique for monitoring changes in both the activity and functioning of
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Fig. 6.6. The effect of a chronic social stressor (repeated mixing into novel groups
over 12 days) on plasma cortisol responses to remote bolus infusions of ACTH

(0 min) and CRH (130 min) prior to (Pre) and following (Post) the imposition of the
stressor in free-ranging red deer stags.

the HPA axis in undisturbed animals as well as in response to a variety of
stressors. The DracPac system can mitigate the confounding effects of blood
sampling stress associated with manual methods of blood collection,
thereby allowing the true effects of stress to be revealed. It is envisaged that
the remote blood sampling technique will find application in a wide range
of studies quantifying physiological, haematological and biochemical
parameters influenced by stress. Such a development provides us with a
measurement technology applicable to at least larger sized animals that, as
seen in the next section, can be combined with other remote technologies to
enable hands-off assessments.

Development of free-range physiological monitors: the
use of telemetry and logging to obtain physiological
data from an animal in the field

Stress is difficult to measure directly, and is often quantified by measuring its
effects. However, if one identifies a measure that changes in a consistent and
repeatable manner in response to a treatment that is generally recognized as
a stressor (for example, bringing a dog near sheep), one can argue for the
identification of a reliable indicator of a particular stress. Clearly this is the
first step in developing a useful suite of measures to allow quantification of
stress. The difficulties of this are that:

. it is generally difficult to prove that the observed response is indeed
caused by stress;

. the measurement may be confounded by other phenomena, e.g.
increased activity;
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. the degree of response to any stressor may be reduced by habituation or
increased by facilitation.

Because of these and other physiological factors, estimates of stress that con-
sider only physiological measurements and behaviour have faced difficulties
of interpretation. Stress studies need to address the complete axis from brain
functions of perceiving and responding to a stressor to the outputs of this
central processing and the feedback from these actions. If we have a
measure of how an animal is processing sensory information while freely
behaving in the field, and can measure how this changes with behaviour
and applied stress, we may achieve four goals:

1. Identification of stress (in an objective, gradable manner);

2. Determination of the relativity of different stressors (how much is
normal sensory processing changed?) and adaptation rates to new stressors;
3. An understanding of central nervous system involvement in stress
mechanisms; and hence

4. Ways of controlling it.

Technology that allows remote monitoring of freely behaving animals in the
field can remove many of the problems imposed by stress associated with
experimenter intervention. However, the acquisition of data from freely
behaving large animals poses a considerable challenge.

Many research groups worldwide have been using telemetric recording
systems on freely behaving animals for many years. These telemetric
systems are often primarily used for tracking of the animal to which they are
attached, although in some cases they allow for the recording of a single
(e.g. temperature), or perhaps two (e.g. heart rate and temperature), physio-
logical parameters.

The free-range physiological monitor

To avoid the problems caused by experimenter interaction and to enable us
to take multiple physiological measurements from freely behaving animals,
we (HortResearch) undertook to design and build a custom ambulatory
monitor for our own use. We required a system that allowed the measure-
ment of many parameters on a freely behaving animal over long periods of
time with the ability to integrate new and novel measurement technologies.
This monitor needed to be able to record and analyse both the high data
volumes encountered with electrocardiogram (ECG) and electroencephalo-
gram (EEG) recordings as well as slow periodic measurements such as body
temperature. We also had the requirements to allow multiple animals to be
monitored simultaneously and the data downloaded or new experimental
parameters uploaded to the animal from a base station without any physical
intervention.
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Together, these requirements led to the free-range physiological
monitor (FRPM) shown in Fig. 6.7. This ambulatory physiological monitor
incorporates powerful data acquisition and computing hardware, is solar
powered, and includes a high-speed radio link for control and acquisition of
data from multiple units by a base computer. If there is insufficient sunlight
to run the FRPM, backup batteries supply power to the unit for up to 7 days.
The FRPM is of robust and waterproof construction and was designed to
withstand both the weather extremes and physical abuse often encountered
during long-term field trials. High-density surface mount components were
used throughout the design to minimize the size and weight of the unit. The
unit measures 20 x 120 x 250 mm and weighs 700 g (most of the weight
being the aluminium case).

A fundamental justification for the development of the FRPM lies in the
high data volumes inherent in the signals we wish to use in assessing stress
in unconstrained animals. Raw EEG, ECG and electromyogram (EMG)
signals must be sampled at hundreds or thousands of Hz, creating data rates
of many kbits s7, from each of a number of subject animals simultaneously.
These data rates pose a number of technical difficulties: the capacity of a
digital radio data channel is soon exceeded, constant transmitter operation
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Fig. 6.7. The FRPM ambulatory monitor.
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soon drains battery power, and the volume and subsequent processing of
raw data at a base station rapidly become formidable. The FRPM solves
these problems by processing the raw data on the animals and reducing the
high volume data stream to a few summary statistics.

Initial development of the FRPM was carried out to perform the
computation-intensive processes needed to obtain auditory-evoked
response (AER) recordings along with heart rate and temperature measure-
ments. It is a natural extension of the FRPM’s capabilities to add measure-
ment of other physiological parameters related to welfare and stress, some of
which require data compression (such as sleep state from EEG). Other
parameters to be added include body and environmental temperatures
(related to environmental stressors), ruminal activity as indicated by
microphonics, biosensors for cortisol and nitric oxide, EMG, and global
positioning system (GPS) location measurement (to follow feeding/
sleep patterns and animal interactions). Currently the FRPM is being used
in animal welfare trials to determine if the AER can be used as an indicator
of anxiety in sheep. Figure 6.8 shows the FRPM on a sheep for this
purpose.

The FRPM has also been used to assess a potential welfare problem in
the use of washing at stockyards prior to slaughter. This washing procedure,
particularly if it involves sheep swimming as is common practice, may be
stressful to animals. An alternative is to use a race with a high-pressure
water jet. Obviously during this procedure it would be both awkward and
confounding to obtain hands-on measures. To circumvent this problem, we
used the FRPM to record ECG signals from sheep undergoing washing by

=N

Fig. 6.8. A sheep during an AER isolation experiment.
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either high-pressure water jet or standard sheep swim methods to monitor
animal welfare aspects of the procedure (data being processed).

The auditory-evoked response as a measure of anxiety

The monitoring of central nervous system function by relatively non-
invasive means in freely behaving large animals poses a considerable
challenge. One approach to this is to measure neural-evoked responses in
animals. Evoked responses (Cooper et al., 1980; Chiappa, 1990) are an
electrical manifestation of the central nervous system’s reception of and
response to an external stimulus such as a noise, a light or a touch. These
responses can be recorded from small electrodes positioned on the head of
an animal. They are extremely low in amplitude and, because of their
admixture with normal background brain electrical activity and various
artefacts, need to be separated out by signal processing techniques.

The evoked response consists of a series of electrical peaks that occur at
consistent time intervals after stimulation. These peaks are usually grouped
into three divisions according to their latency range (time at which they
occur following the stimulus). These divisions are short latency (occurring
up to 30 ms after the stimulus), mid-latency (30-75 ms after the stimulus)
and late latency (> 75 ms) wave peaks. The short and mid-latency compo-
nents generally represent the conduction of neural information from the
stimulus to the cortex of the brain. The late latency components appear
indicative of stimulus processing at higher cortical levels of the brain and are
very much influenced by psychological state (Knott and Irwin, 1973; Wilson
et al., 1994).

The three most common measured evoked responses are the visual-
evoked response (VER), somatosensory-evoked response (SER) and the AER.
While the overall series of peaks gives information concerning the pathway
of sensory processing and time of conduction, each peak also contains
information concerning the function of the nervous system. As the peaks
result from electrical activity generated by groups of neurons in response to
stimuli, the peak interval gives information as to how long processing of a
stimulus takes place at any sensory way station. The area under the peak
gives an indication of how many neurons are involved. At the higher cortical
levels, late latency peaks can give us important information as to how much
time is spent ‘working’ on a particular stimulus and how much of the brain is
devoted to it. This can be an indicator of how important information derived
from that stimulus is to the animal. With stresses of various kinds, the relative
importance of stimuli can change dramatically as will their processing
within the central nervous system.

There have been many studies that indicate that the evoked response
may be used as a measure of stress. The earliest indication of this was a study
(Hernandez-Peon et al., 1956) that showed auditory responses from the
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cochlear nucleus of a cat were greatly reduced when a cat was presented
with live mice but returned to normal when the mice were removed. In
human subjects (Bond et al., 1971; Drake et al., 1991), peak latencies in the
recorded brainstem AER of subjects suffering from chronic anxiety are signif-
icantly shorter than those of normal subjects. The evoked response has also
been used successfully as a measure of cognitive processing, or workload,
during such activities as display monitoring (Isreal et al., 1980) and
air-to-ground attack mission training (Wilson et al., 1994). These studies
show that the evoked response also varies with short-term stress, in this case
workload.

Based on these studies, it was decided to investigate the potential of
using the AER in free-ranging animals as a potential indicator of stress. To
test the hypothesis that the AER could be used as an indicator of stress
in free-ranging animals, we simultaneously recorded both AER and ECG
signals from freely behaving sheep (Pierson et al., 1995; Griffiths et al.,
1996) using the FRPM physiological monitor. We used the AER because
the stimulus (clicks) was easy both to generate and to present to a freely
behaving animal via a small speaker in one of the animal’s ears. The sheep
were exposed to four 1 h experiments, each comprising three 20 min
periods: a control, a stressor and a recovery period. The four stressors used
comprised a control stressor (no stressor), distraction (a moving water
sculpture), isolation of an individual, and the nearby presence of a dog. AER
was recorded every 5 min while ECG was recorded every 5 min for 30 s.
Behaviour observations were also made. Figure 6.7 shows a subject sheep
during the isolation part of the experiment.

Under control conditions, the AER was repeatable. However, when a
stressor such as isolation was applied to a single animal, or the flock was
exposed to a predator (dog), the response could change significantly. Figure
6.9 shows a typical set of results obtained using the dog as the stressor. The
control period shows a repeatable baseline waveform. During the stressor
period, a considerable change in the waveform shape can be seen while the
dog is present. The recovery period shows the waveform slowly reverting to
its original control shape. Figure 6.10 shows heart rate measurements made
during the experiment. These data show that while brain activity signifi-
cantly changed while the dog was present, the dog had little effect on the
heart rate of the sheep.

The results show that different subjects can exhibit quite different
responses to the same stressor, making the creation of a general model for
changes in the AER as a quantifier of anxiety unlikely. However, it may be a
useful individual measure. The results also suggest that although increased
heart rate, a conventional indicator of stress, may detect the onset of a
stressor, it does not persist during a sustained level of stress in the subject. In
contrast, the changes that occur in the AER waveform remain as long as the
stressor is present.
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Fig. 6.10. Typical heart rate results from sheep using a dog as a stressor as in
Fig. 6.9.

Biosensors and monitoring central nervous system
neurohumoral states

Recent research has highlighted the extent and importance of central
nervous system contributions to stress perception and response outside
of the classic HPA axis (Gardner et al., 1998; Kaufer et al., 1998; Koepp
et al., 1998; Morris et al., 1998). However, even at the level of the hypo-
thalamus, stress often seems to have a differential effect that merits
sophisticated tracking.

Monitoring the central nervous system requires approaches that are
minimally invasive and can be adapted to conscious animal and field use. In
humans, recent studies (Koepp et al., 1998) using neuroimaging combined
with specific radiochemistry have proved revealing in understanding the
link between chemical activity and mental processing. Recent work using
radiolabelled raclopride displacement to measure extracellular levels of
endogenous dopamine in the nucleus accumbens during a learning situation
has added a dimension of understanding to the role of reward in learning.

Unfortunately, however, not only does neuroimaging require a rela-
tively intensive hands-on approach, it is also prohibitively expensive for
most of us in the animal biology world! For some time, microdialysis
techniques have allowed measurement of extracellular levels of neurotrans-
mitters in different brain areas of conscious behaving animals (Beneviste,
1989). The advantage of using a dialysis membrane and osmotic equilibra-
tion sampling of an analyte is that samples need not be drawn off, unlike the
case of standard catheterization, thus not limiting sample time and intensity.
Microdialysis techniques have been somewhat limited by the time needed
to sample and the need to analyse the sample offline, often necessitating
hands-on and restraint of the animal, and thus considerable time delay in
retrieving the sample. Within these limitations, however, microdialysis
probes as small as 50 um in diameter can be made and have been used
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successfully over several weeks to monitor hypothalamic function in
conscious animals during stress states (Cook, 1997a, 1998b).

Recent advances in the design of these types of probes (Obrenovitch
etal., 1994; Cook, 1997b, c; Cook and Devine, 1998) have allowed for both
real time and intensive sampling combined with electrophysiology and
pharmacological manipulation capabilities. The measurement can be made
in situ within the probe, allowing both rapid and sensitive discrimination of
the analyte. These techniques are of course equally applicable to other
body tissues and to blood sampling, where they can allow continuous and
long-term sample measurements without the problems associated with
standard catheterization. The technique also allows samples to be drawn off
for offline measurement, useful to validate the real time results. The advent
of polymer technologies for recognition of different analytes of interest
(Ramstrom et al., 1996) will advance this technology in both application
and price. When combined with sophisticated behavioural models, new
information on stress processing and individual differences will no doubt
arise. The microprobe technology is already being developed to allow
interface with the FRPM, which will enable free-ranging collections to be
made. A recent example of microprobe use is presented in Fig. 6.11.

Increasing complexity in behavioural assessment of
stress

It can be revealing to use behavioural measures in conjunction with physio-
logical data to determine the degree of challenge to which animals are
exposed. For example, in a recent study by Munksgaard et al. (1999), bulls
were given a limited period daily during which they could lie down. This
procedure continued for 49 days. The stressfulness of the procedure was
determined by measuring ACTH and cortisol responses to a CRH challenge
on days =32, 3, 22 and 49 relative to treatment and by determining the
frequency of transition between behavioural states. The ACTH and cortisol
concentrations to CRH challenge were greatly reduced 3 days after the
initiation of lying deprivation, but these responses to challenge reduced over
time such that at day 49 they were not different from control (non-deprived)
animals or pretreatment values. On the other hand, lying deprivation
resulted in an increased frequency of transitions between activities that
persisted for the duration of the study. Thus, the physiological measures
indicated that the bulls had adapted to the procedure whereas the
behavioural data indicated that they had not.

Behavioural measures obtained from simple observation can be used as
an index of disturbance for various manipulations/challenges (reviewed in
Fraser and Broom, 1990; Broom and Johnson, 1993). Such measures include
the intensity, duration and frequency of startle responses and defensive or
flight reactions; the time required to resume normal behavioural activity
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Fig. 6.11. The use of two microprobes located adjacently, 80 pm apart within the
amygdala (a limbic brain region) in conscious sheep. The sheep were exposed to a
mild stressor (restraint for 12 min). Measurements of both cortisol (one probe) and
CRH (other probe) were taken every 2 min. CRH showed a rapid increase immedi-
ately following the start of the stressor then returned to normal quickly following
the cessation of the stressor. Cortisol showed both a slower rise time and return,
and mirrored (Cook, unpublished data) the pattern seen in systemic circulation
(not shown).

after stress; and increases in the frequencies of aggression, stereotypies and
apathetic or unresponsive behaviours. Features of animal group dynamics
such as spatial relationships (inter-individual distances, Diverio et al., 1993)
or temporal synchronization of behaviour may also exhibit stress-induced
changes. Complexity of behavioural patterns is also reduced under situa-
tions of stress (Alados et al.,, 1996). Complex behavioural patterns are
considered more energetically demanding and, as a result of the increased
metabolic response to stress, a trade-off is observed in a reduction in
complexity of behaviour.

However, caution must be used in interpreting behavioural changes to
stress as they, like physiological measures, may simply reflect a successful
adaptive response to a particular challenge. A more direct way to access
information about the way an animal is responding to challenges is to ask it
in preference tests (e.g. Grandin et al., 1986; Fraser and Matthews, 1997).
Similar information on an animal’s perception of stressors can be gauged by
recording time taken by an animal to approach a situation or location where
an aversive treatment has taken place (Rushen, 1990).



Hands-on and Hands-off Measurement of Stress 141

Such simple tests of preference or aversion, however, do not readily
provide a quantitative measure of the degree of aversiveness or pleasantness
of environmental events or challenges: more sophisticated operant
techniques based on behavioural demand functions (Dawkins, 1990) are
required in order to achieve this. With this procedure, animals pay a price
to gain access to or avoid environmental stimuli, and the demand (con-
sumption) is measured as the slope of the function relating changes in
consumption to changes in price. For events that the animal has a strong
need to avoid, or gain access to, the slope of the function (demand elasticity)
approaches zero.

We have shown (Matthews et al., 1995) using this technique that hens
kept in wire cages display a strong demand for a litter substrate like sand,
but a less strong demand for wood shavings (Fig. 6.12). Sand is also more
efficient than wood shavings at removing feather lipids (Van Liere et al.,
1990), one of the primary functions of dust bathing and crucial in
maintaining feather condition. Thus, the psychological value of the substrate
as measured by demand functions corresponds to the effectiveness of
the substrate in maintaining feather condition. Thus, we can see that this
behavioural technique is useful in quantifying an animal’s perceptions of
external events.

A logical progression of this work would be to combine this type
of behavioural approach with sophisticated physiological measurements.
Dopamine in the nucleus accumbens has been linked to sensations of
reward and pleasure and to a drive to obtain physical elements that will
increase its release (Wise, 1980). As an example of combining approaches,
it would be interesting to see if choice is related to levels of dopamine in
the nucleus accumbens measured using microdialysis techniques or to
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Fig. 6.12. Demand for different substrates (sand, peat and wood shavings) for use
in dust bathing behaviour in hens. Superscripts (a,b) indicate significantly different
slopes (P < 0.05). Figure adapted from Matthews et al. (1995).
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subsequent cardiac reactivity to an imposed stressor. Thus, by using a
combination of sophisticated behavioural and physiological techniques,
we should be able to develop a better understanding of the adaptive
capability of animals and the impact of adverse events on their health and
welfare.

Summary

Stress not only refers to an animal’s state when extended beyond its physio-
logical and behavioural ability to adapt but also to the lesser responses
involved in ‘normal” day-to-day environmental adaptation. The disparate-
ness of the stress response can make it difficult to quantify between this
normal day-to-day adaptation and ability or inability to adapt at the more
extreme levels. In particular one measure does not of necessity make a dis-
tress response (a high cortisol level in the absence of other measures may not
indicate a distress), and so there is an onus on us to take multiple measures
from an animal. Such multiple measures are likely to include sophisticated
reference to the central nervous system, as many of the subtleties of stress
responsiveness and effect are set at this level. This obviously necessitates a
sophisticated approach — one of the key methodological topics discussed
above. Tempered with this sophistication is the need to reduce the invasive
load on an animal, the complications of interpretation that come with this
load, and the need to take measurements while the animal is in its ‘natural’
environment with the parallel requirement of minimal experimenter inter-
vention.

In isolation, the techniques that we have presented may seem
powerful but somewhat disparate. The aims of our combined groups are
to utilize this range of techniques and models simultaneously to enable
assessment of the animal from the central nervous system through to the
systemic response using sophisticated and relevant behavioural models.
We are of the opinion that such an approach may revolutionize our
understanding of both animal stress and its welfare consequences. In
terms of welfare implications, the use and development of this equipment
provides a less invasive way to obtain sophisticated data during potentially
stressful situations, and the opportunity to develop hands-off procedures.
It also offers the ability to monitor animals in the long term during normal
field situations and therefore collect much-needed baseline data on the
physiological function of animals. There are increased opportunities to
collect data during procedures where direct hands-on intervention is
both difficult and confounding (such as transport, washing or slaughter of
animals). Lastly, but not exclusively, there is the opportunity to collect from
an individual animal, without intensive invasive procedures, a wide variety
of measures (both physiological and behavioural) to correlate with potential
stress.
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Introduction

Vertebrates respond to stressful situations through a neuroendocrine
cascade that leads to physiological and often behavioural alarm responses.
Unless the duration of the stressor is very brief, a physiological resistance
phase follows that leads to either compensation or exhaustion (death) (Selye,
1950, 1973). This chapter draws on research conducted on stress in fish to
discuss basic principles of accumulation and long-term exposure. We have
little understanding of how severity and duration of stress relate to produce
response patterns. We are also unable to differentiate the boundaries
between stressors to which the animal can compensate and those that lead
to exhaustion. The environment can regulate and set boundaries on physio-
logical performance in a variety of ways. Fry (1947) proposed that some
environmental variables govern metabolic rate. These 'controlling factors',
such as temperature, operate on the internal medium (i.e. affect internal
processes) and influence the state of activation of metabolites. Other factors
that govern metabolic rate, 'limiting factors', operate within the metabolic
chain and set the bounds within which normal physiological operation and
function can take place. Gradients of environmental conditions can be
'directive factors', allowing or necessitating a response by the organism
along the gradient. Environmental factors, 'accessory factors', can also place
a metabolic load on an organism beyond that governed by overall metabolic
rate. | believe that these concepts are important for understanding how fish
respond to and cope with stressors of differing types, severities, exposure
rates and durations that push physiological systems beyond the rather
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narrow bounds dictated by homeostasis (see Johnson et al., 1992, for an
overview of stress and homeostasis).

Situations that extend the organism beyond its homeostatic capacities
result in allostasis, which is the ability of the body to achieve an alternative
form of stasis through change rather than maintenance of prior operation
(Sterling and Eyer, 1988). The long-term consequences of exposure to a
stressor result in an allostatic load, which is the price of accommodation to
stress (McEwen and Stellar, 1993). From an ecological perspective, the
currency of this price may be thought of in terms of energy (Schreck, 1982;
Barton and Schreck, 1987a; Davis and Schreck, 1997). In his wonderful
review of long-term effects of the physiological response to stress, McEwen
(1998) points out that 'the core of the body's response to a challenge . . . is
twofold, turning on an allostatic response that initiates a complex adaptive
pathway, and then shutting off this response when the threat is past.' He
describes the temporal dynamics associated with the stress response and the
allostatic load that could be imposed by sequential stressors to which
mammals can or cannot adapt.

Unfortunately, there is little information on the physiological response
of vertebrates, and particularly cold-blooded taxa such as fish, to a persistent
stressor. We also know little about how fish respond when exposed simulta-
neously to two or more different stressors, or to sequential stressors. Ques-
tions related to the importance of the duration of time between discrete
stressors and the number of stressful events need to be addressed. How fish
respond to single and multiple stressors is obviously important for consider-
ing fish health and for environmental risk assessment. Nevertheless, if and
how these sorts of stressful situations affect the ability of fish to cope with
necessary, routine life functions is also poorly understood. In this chapter, |
attempt to address these issues by developing models of the physiological
response of teleosts to stressors that are: (i) persistent (continuous stressor);
(ii) experienced during the presence of other stressors (multiple stressors); or
(iii) experienced sequentially (sequential stressors). | also present models
describing the effects of such stressors on performance phenotypes at the
organism level; that is, what the response means in terms of fitness. For this
purpose | draw on data from many published and/or recent experiments
conducted primarily in my laboratory, synthesizing this diverse information
into a conceptual framework. Assessment of stress was based on responses
of the hypothalamic—hypophyseal-interrenal (HPI) axis and secondary and
tertiary stress response factors (see Barton and lwama, 1991).

Continuous stressor

The physiological response to a stressor is almost immediate once the
stressor is perceived (Mazeaud et al., 1977). If the stressor is persistent, fish
either die or adapt. Using concentrations of plasma cortisol to judge
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adaptation, the plasma levels of cortisol or the activation of the HPI axis
appears to return to pre-stress conditions within a week or so in salmonids
(Schreck, 1981). However, Pacific salmon (Oncorhynchus spp.) stressed by
low hierarchical standing (Ejike and Schreck, 1980), sublethal concentra-
tions of heavy metals (Schreck and Lorz, 1978), elevated rearing density or
reduced water flow (Schreck et al., 1985; Patino et al., 1986) have slightly
elevated cortisol secretion rates above prior 'resting' levels for weeks or
months. Stress from long-term (months) infection with causative agents of
diseases like bacterial kidney disease (Renibacterium salmoninarum) lead
to extended increased plasma cortisol and lactate concentrations and
depressed glucose levels in salmon (Mesa et al., 1999). Surgical implanta-
tion of a radiotransmitter into Pacific lamprey (Lampetra tridentata) resulted
in a rapid surge in plasma glucose levels followed by a decrease, but differ-
ences from unperturbed control fish were still noticeable over 3 months
later (D. Close, Oregon, 1998, personal communication). It thus appears
that the onset of the physiological stress response to continuous stressors is
similar to that caused by a discrete stressful event, but if the fish does not die,
the stress response indicators eventually return to near pre-stress conditions
(Fig. 7.1).

Even though fish may appear to compensate physiologically or recover
from the presence of a perturbing situation, their ability to perform necessary
functions at the whole organism level can be diminished for extended
periods of time. This is evident from several lines of research. Heavy metals
that result in a physiological stress response (Schreck and Lorz, 1978) also
diminish the ability of salmon to migrate or adapt to sea water (Lorz and
McPherson, 1976). Development of salmon (smoltification) is impaired or
retarded by high rearing density and low water flow conditions which
affect the HPI axis (Schreck et al., 1985; Patino et al., 1986). Acidification of
rainbow trout, Oncorhynchus mykiss, which caused a transient rise in
plasma cortisol levels and depression in sodium concentrations resulted in
a glucose stress response that lasted at least 5 days (Barton et al., 1985), as
well as impaired reproduction (Weiner et al., 1986). Subordinate salmon
that appear mildly stressed do not convert food as efficiently and exhibit
reduced growth rates (Ejike and Schreck, 1980). In addition to causing a
physiological stress response, bacterial kidney disease also increases the
vulnerability of salmon to predation (Mesa et al., 1998) but, interestingly,
has no measurable effect on development at the smoltification stage (Mesa
et al., 1999).

It thus appears that once continuously exposed to a stressor, fish either
eventually become exhausted and die or achieve a level of whole organism
performance that is similar to or moderately diminished from that shown
before the onset of stress (Fig. 7.2). In other words, the allostatic load can be
such that even if fish can adapt to their changed environmental conditions,
their ability to do such routine things as develop, grow, reproduce and avoid
predators may be impaired to some extent.
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Fig. 7.1. Conceptual physiological response pattern (primary and secondary stress
response factors) when fish are exposed continuously to one or concurrent stressors
for which they can compensate. The new, final 'steady state' reached is similar to
or slightly different from that shown before the stressor. Depending on the physio-
logical parameter measured, the pattern may be reversed, i.e. a factor may initially
decrease then increase.

Multiple stressors

It is not uncommon for fish to be exposed to more than one stressor at the
same time, although even less is known about such events than is known
for continuous exposure to a single stressor. In the face of multiple stressors,
it appears that there can be a cumulative effect on the physiological
response. For example, rainbow trout exposed to sublethal concentrations of
acidification experience an acid dose-dependent increase in their cortisol
and glucose and a decrease in their sodium concentrations in response
to a secondary handling stressor (Barton et al., 1985). Salmon reared for
extended periods of time in sublethal copper concentrations that result in
elevated cortisol titres show further elevated cortisol levels in response to a
crowding stressor (Schreck and Lorz, 1978). Salmon acclimatized to temper-
atures ranging from cold to near the upper incipient lethal level and then
exposed to handling or crowding stressors in general exhibited response
rates and recovery dynamics directly correlated with temperature, as judged
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Fig. 7.2. Conceptual organismic response (measures of performance of physio-
logical functions) to a continuous stressor. If the stressor is severe enough,
performance drops to a level from which the animal cannot recover (exhaustion).
If compensation is achieved, then performance returns to levels similar to or
relatively close to that seen prior to the stressor.

from plasma cortisol and glucose concentrations (Barton and Schreck,
1987b). In addition, the magnitude of the cortisol stress response is greater in
warm water.

Temperature also modifies how sablefish, Anoplopoma fimbria,
respond to additional stressors. Sablefish captured in a simulated trawl in
cold water but raised to the surface through a warm water surface layer
initiate a cortisol, glucose and lactate stress response that is accentuated by
the warm water. The capture stress response in above-ambient temperatures
is temperature dependent (Olla et al.,, 1998). Several weeks of fasting
influence how salmon respond to handling or confinement stressors.
Hyperglycaemia in response to handling is not as great in the fasted fish,
but cortisol dynamics are unaffected (Barton et al., 1988). It thus appears
that the physiological response to multiple, concurrent stressors follows
a general pattern similar to that of fish stressed by a single continuous
challenging situation (Fig. 7.1). However, the magnitude of the response
may be greater than if only one stressor were present. Recovery may be
complete or partial.
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The simultaneous occurrence of two or more stressors may jeopardize
the ability of fish to perform routine life activities to a greater extent than
would exposure to either stressful agent alone. For example, confine-
ment-induced mortality was highest in fish acclimatized near their upper
incipient level (Barton and Schreck, 1987b). Similarly, sablefish that are
stressed by capture have lower survivorship following release if they also
experience elevated water temperature during the capture process (Olla
et al., 1998).

Based on this information and on other general literature such as Fry
(1947) and Precht (1958), | propose that organismic-level responses to one
stressor are magnified for fish living near their tolerance limits of another
environmental variable (Fig. 7.3). Overall survival and probably most other
performance traits would be compromised by exposure to the presence of
one stressor when other environmental conditions are suboptimal for that
individual.

Sequential stressors

Fish are frequently exposed to a series of stressful events in succession. We
know little about the effects of temporal scaling of sequential stressors. How

Concurrent

Organismic performance

Stressor A
(Proximity to tolerance limits)

Fig. 7.3. Conceptual organismic response (measures of performance of physiolog-
ical functions) to a stressor concurrent with another continuous stressor. The ability
of a fish to perform necessary functions decreases directly, probably exponentially,
the closer the individual is to its tolerance limit of another concurrent stressor.
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close together in time do stressors need to be experienced before they are
perceived as one single, perhaps more severe, stressor? Or how far apart do
stressors need to be before the experience with the first stressor does not
influence the effect of a subsequent stressor? If fish have some sort of physio-
logical memory of prior exposures to stressors, does the number of such
exposures affect subsequent responses?

Time between stressors is clearly important. Barton et al. (1985)
demonstrated that salmon have a cumulative stress response, as measured
by elevated plasma cortisol and glucose, to very brief handling stressors
spaced 3 h apart; the effects of each subsequent stressor were cumulative
to those caused by the previous stressor or stressors. Similarly, discrete
stressful events encountered by juvenile salmon as they pass through a
dam that probably takes minutes to hours for complete passage result in
cumulative stress effects (Maule et al., 1988). When chinook salmon are
exposed to brief handling, crowding or disturbance stressors twice a
day sequentially over a period of several weeks, those fish experiencing the
stressors in a positive conditioning situation (i.e. food reward associated
with each stressor) or experiencing the stressor independently of positive
conditioning have lower cortisol, glucose and lactate responses and
more rapid recovery than fish with no prior experience with stress when
exposed to subsequent severe handling/crowding for several hours (Schreck
et al., 1995). Fish that were positively conditioned perform best and are
followed by those having had stressful experiences without reward.
Similarly, when salmon are moderately to severely stressed for several
minutes on eight separate occasions, with a few days between each
stressor, fish with prior experience also appear to recover more rapidly
than naive fish with no history of stress (Schreck et al., unpublished data).
The length of time between stressors can thus affect the physiological
response to a subsequent stressor (Fig. 7.4). For salmon, if the inter-stressor
interval is only a few hours then the stress response appears to be
cumulative. If the stressor interval is a day or days, however, then
compensation or habituation can occur such that a subsequent stressor
produces a similar or even diminished response relative to exposure to a
single stressor.

The time between discrete stressors is important in affecting an
organism-level response. Healthy juvenile chinook salmon are able to
cumulate responses to exposure to at least three sequential stressors
separated by 3-h intervals, while unhealthy individuals are not (Barton et al.,
1985). Survival, sea water adaptation and disease resistance were much
enhanced in salmon stressed daily as compared with naive controls when
they were challenged with a more severe stressor; positive conditioning
provides fish with greater fitness than experience with stressors not associ-
ated with reward (Schreck et al., 1995). In mature female rainbow trout,
handling and disturbance stressors administered briefly on a daily basis for
45 days or longer immediately prior to ovulation resulted in earlier ovulation
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Fig. 7.4. Conceptual physiological response pattern (primary and secondary stress
response factors) when fish are exposed to sequential stressors that are not directly
lethal. If the stressors occur relatively close together temporally, then there can

be cumulative effects. If the temporal spacing is greater, then compensation or
habituation may occur.

and smaller embryos than in unstressed individuals (Contreras-Sanchez
et al., 1998). Campbell et al. (1992, 1994) also found negative effects of
repeated acute or chronic stressors on reproductive fitness of adult rainbow
and brown trout (Salmo trutta) in terms of gamete quality and survival of
progeny, but in this case ovulation in the rainbow trout was delayed by
the stressors (Cambell et al., 1992). Thus, the nature of stressors appears to
affect the timing of reproduction in different ways, albeit always negatively.
Separation of eight discrete stressors by several days each, while likely to
result in physiological compensation, apparently retards or reverses juvenile
development since unstressed control fish voluntarily enter sea water when
given a choice (as appropriate for this life history stage) while stressed fish do
not (Seals et al., unpublished data).

Thus, it appears that sequential stressors separated by hours can be
maladaptive with regard to organism performance, while greater temporal
spacing can lead to enhanced performance if compensation or habituation
occurs (Fig. 7.5). | speculate that there may be a cost associated with such
compensation, however, perhaps resulting in deleterious developmental or
reproductive consequences.
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Fig. 7.5. Conceptual organismic response (measures of performance of physio-
logical functions) to sequentially applied stressors. Performance traits that provide
immediate or short-term adaptive value (e.g. immune function, behaviour,
osmoregulation) may be enhanced but traits that provide long term fitness

(e.g. growth, development and reproduction) may be diminished as the number
of stressful experiences increases.

Conclusions

Physiological performance and hence fitness are regulated by environmen-
tal conditions (see Fry, 1947), including those that are directly or indirectly
anthropogenic. Rapid shifts to new environmental conditions or to extremes
in environmental conditions can lead to a physiological stress response.
Understanding how the duration, severity and frequency of change of
such experiences affect physiological processes is critical for animal health
considerations. Knowing how fish cope with different stressful situations is
also essential for environmental risk assessment.

It appears that there may be trade-offs between the immediate benefits
of the stress response and the long-term consequences. Prolonged or
repeated exposure to stressors can shift the performance capacities of
fish (Schreck, 1981; Schreck and Li, 1991); prolonged or repeated stress
responses impose an allostatic load (McEwen, 1998) that tends in the long
run to be maladaptive to general organism performance. While fish may
compensate and adapt to the perturbing situation(s) and even become con-
ditioned or habituated such that they can perform necessary physiological
and behavioural functions, there may be an energetic cost associated with
this compensation leading to deleterious effects on growth, development
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and reproduction. Ultimate effects of stressors on the physiological stress
response and organism fitness are dependent on the duration and severity
of the stressor, the frequency of stressful situations and the number and
temporal duration between exposures, and the number of contemporaneous
stressors experienced.
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Chronic Intermittent Stress: 8
A Model for the Study of
Long-term Stressors

J. Ladewig
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University, Denmark

Stress is a dangerous and useless word. It may seem useful because it is a
unifying concept, but it unifies our ignorance rather than our knowledge
(Zanchetti, 1972)

Introduction

Despite decades of intense research, our understanding of long-term stress is
poor. We still know too little about what aspects of, for instance, long-term
confinement act as stressors and how they affect the various stress responses
of the organism. Consequently, we have great difficulty in identifying
animals that are experiencing chronic stress. We do not have specific tests
or other methods that can be used to diagnose chronic stress. Neither
behavioural tests (such as the open-field test; Rushen, Chapter 2, this
volume), nor physiological tests (such as determination of baseline cortisol
secretion; Ladewig and Smidt, 1989; Rushen, 1991), nor the adrenal
challenge test (Von Borell and Ladewig, 1992) have helped us so far.

One reason for these difficulties is that we tend to treat chronic stress as
a constant, unvarying state. Instead, we need to consider long-term stress as
a succession of repeated acute stressors, a state that has been termed chronic
intermittent stress (Burchfield, 1979; Ladewig, 1994). Another reason is that
an organism that is subjected to long-term intermittent stress changes
its responses to the stressors over time. Some responses diminish because
of adaptation at the cognitive level (e.g. behavioural responses). Other
responses may be suppressed or return to normal (e.g. basal cortisol
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secretion). Yet other responses may increase by a process called sensitiza-
tion (e.g. cortisol response to a new stressor or to adrenocorticotropic
hormone (ACTH) challenge). Furthermore, the type of change depends on
how a specific stressor affects an animal. It is thus logical to assume that
repeated exposure to a mild stressor of short duration (e.g. restraint, Fig. 8.1)
is more likely to result in a gradually diminished stress response than
repeated exposure to a severe (e.g. painful) stressor. In addition, since the
stressor effect depends on the animal’s subjective experience of the situa-
tion, we need to realize that the same stress situation can affect individual
animals or species of animals differently. For instance, early experience with
a slatted floor reduces heifers’ response to later housing on this floor type
(Pougin, 1981), and tether housing is likely to affect pigs completely
differently from the way in which it affects cattle.

To advance our understanding of long-term stress, | suggest that we use
a model of repeated exposure to acute stressors. The model may enable us to
analyse the behavioural and physiological mechanisms in much greater
detail and, possibly, point out ways in which specific procedures can
be developed to diagnose chronic stress. Improvement in the welfare of

fee

Fig. 8.1. Example of chronic intermittent stress: daily 30 min restraint of pigs in a
hammock over a 14 day period. Blood samples are collected continuously
(Ladewig and Stribrny, 1988) on day 0, 1, 3, 7 and 14, and behaviour observed
daily from video recordings (C. Eberbach, unpublished Masters thesis, Freie
Universitat Berlin, 1990).
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animals kept under intensive conditions will only be possible if proper
diagnostic methods are available.

Unifying concepts

All too often, aversive treatments are lumped together into one category
under the term stress. By doing so, the term becomes a unifying concept.
However, as indicated in the quotation at the beginning of this chapter,
unifying concepts can be dangerous. They can lull us into the belief that,
once we have put a label on a phenomenon, we understand what is
going on and can clarify and explain matters by using the term. Moreover,
when we lump different phenomena together into one category we tend to
overemphasize the similarities and ignore the differences. Because of these
dangers, it has been suggested that the term stress should be abandoned.
This, however, is hardly possible. Instead, we should use the term appropri-
ately. It is all right to use the term at some level (such as giving a scientific
meeting the title ‘Animal Stress’), as long as we realize that the information
given by the term is limited.

To illustrate how a unifying concept can be used appropriately,
consider for a moment another unifying concept with which we have much
less of a problem, namely the term health (or its opposite: disease). We have
no problem using this term because we know that the information given is
limited. We know that we can use it safely in some situations but that it is
insufficient in others. If we call our employer one morning to say that we
cannot come to work because we are sick, it may be sufficient explanation
for not showing up for work. However, if we visit our physician because
we feel ill, and he after having done a check-up says: ‘You are sick!’, we will
not be very satisfied. We will want to know more specifically what kind of
disease we are suffering from, i.e. we want an exact diagnosis. Only if we
know more specifically what ails us will it be possible to think about how to
correct the problem, i.e. what kind of therapy can cure us.

The same is true of the unifying concept of stress. In everyday language,
the term conveys some degree of information. However, as soon as we want
to study ‘stress’ in some detail, we must abandon the term and be more
specific. Only if we know more specifically what kind of stress we are
dealing with, i.e. only if we can give an exact diagnosis, will we be able to
investigate the cause and think about what can be done to improve the
situation. Although the specification ‘long-term stress’ is a step in the right
direction away from the unifying concept ‘stress’, the degree of specification
is far from enough. The term ‘long-term stress’ is also a unifying concept that
unifies many different situations. If the information conveyed by the term
‘stress’ is comparable with the information given by the term ‘disease’,
the term ‘long-term confinement’ is no more specific than a term such
as ‘bacterial infection’. We still do not know what kind of bacteria we
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are dealing with, in what state the infected body is, and with what kind of
antibiotic and at what dosage the infection shall be treated.

A comparable example is tether housing of cattle and pigs. Although the
confinement in this housing system is the same for the two species, its effect
on them may be vastly different. Cattle spend a large part of their time
ruminating, an activity that they can also perform when they are tethered.
Pigs spend a large part of their active time moving around rooting, a
behaviour that they cannot perform satisfactorily when tethered. On the
other hand, we know that cattle have problems lying down on a hard
surface, something that does not seem to disturb sows to the same degree
(Ladewig and Smidt, 1989; Miiller et al., 1989). Thus, even though the
housing system is very similar for the two species, it probably affects the
animals in completely different ways. Cattle are disturbed by tethering every
time they want to lie down, not so much because of the confinement
but because of the hard floor. Sows, on the other hand, are disturbed by
tethering when they are active and want to move around to root. Application
of the adrenocorticotropic hormone (ACTH) challenge test, in which the
corticosteroid response of the adrenal gland is measured after a standard
application of synthetic ACTH, has shown that tethered cattle react with a
reduced cortisol response compared with loose housed cattle (Ladewig
and Smidt, 1989), and that tethered pigs react with an increased response
compared with loose housed pigs (Von Borell and Ladewig, 1989). It is
possible that the difference in response pattern (whether reduced or
increased) is not a species difference but is due to the fact that the stressor is
completely different for the two species of animals.

Chronic intermittent stress

As indicated, long-term confinement such as tethering does not exert its
effect on the animal ‘chronically’, i.e. with a constant intensity over a long
time, but rather in bouts depending upon the behaviour of the animal. At
least we must assume a variation in the stressor intensity to which the animal
is exposed. There is no reason to think that a tethered animal that is lying
sleeping or standing eating considers the confinement aversive at that partic-
ular time. Not until the animal wants to move about to root or wants to find a
better place to lie down to ruminate does it find tethering aversive. For this
reason it makes more sense to think of chronic stress in terms of chronic
intermittent stress (Burchfield, 1979; Ladewig, 1994), i.e. a succession of
repeated acute stressors. Applied to the example above, this suggests that
tethered cattle are subjected to a relatively frequent stressor of relatively high
intensity (i.e. discomfort every time they lie down, Fig. 8.2E), whereas
tethered pigs are subjected to a relatively infrequent stressor of longer
duration (i.e. frustration every time they want to root after feeding, Fig.
8.2D). Along this line of thinking, it is possible to study the behavioural
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stressor frequency and interstressor interval, and possible connection to ‘real life’
situations.
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and physiological responses to tether housing by subjecting experimental
animals to acute-type stressors of different intensity and duration. In
addition, it becomes possible to subject animals repeatedly to one type of
stressor and then analyse how they respond to a different type of stressor.
More importantly, it is possible to vary the interval between stressor
exposure, the so-called interstressor interval (De Boer et al., 1990).

| believe (although | have no proof of it) that the time between stress
exposures is a very important factor when considering the damaging effects
of stress. During the intermissions between stress exposures the organism
recuperates. Cholesterol stores build up in the adrenals, enzymes and
receptors are synthesized, and the systems are replenished and prepared for
the next onslaught. If so, we should expect that the repeated stressor expo-
sure becomes less damaging to the organism the longer the interstressor
interval or, stated differently, any stressor may exert a negative effect on the
organism if it is applied often enough.

In the past it has often been discussed whether stressors should be
divided into ‘good’ and ‘bad’ stressors (or, as Selye (1979) called them,
‘eustress’ and ‘distress’). A common argument has been that a male animal
may show a similar corticosteroid response to mating as it shows to restraint.
However, if the interstressor interval is of importance, making such a distinc-
tion between stressors becomes unnecessary in that any stressor (including
frequent mating) can have a detrimental effect on the organism if it occurs
often enough.

Stress response systems

Subjecting experimental animals to repeated acute stressors enables us to
analyse changes in several different stress response systems simultaneously
as well as to analyse the interaction between systems. Such systems may
include the ‘traditional” ones (the hypothalamic—pituitary—adrenal system
and the autonomic nervous system), but also less ‘traditional” ones, such as
the immune system, the opioid system and various neurotransmitters. In
light of the possible importance of the interstressor interval, the interaction
between stress hormones and the immune system is of major interest. In this
connection, it is important to point out a further complication that we need
to consider in this type of research, namely that different stress response
systems may differ in their manner of response alteration. One system may
become sensitized concurrently with another stress system becoming desen-
sitized. This discrepancy might depend on the type of stressor. In a recent
study on the effect of repeated social isolation in pigs, it was found that the
ACTH and cortisol responses gradually diminished with repeated stressor
exposure, whereas the adrenaline, noradrenaline and heart rate responses
remained unchanged (Schrader and Ladewig, 1999). Furthermore, the inter-
action between different response systems may change with repeated
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stressor exposure. For instance, in pigs submitted to 15 min nose snare
restraint daily over 9 days it was found that naloxone enhanced the ACTH,
cortisol and prolactin increase during restraint on the first day but had less
effect during restraint on the 9th day, indicating different opioid modulation
at the beginning and end of the experiment (Rushen et al., 1993).

Sensitization versus desensitization

Repeated exposure to a stressor can result in alteration of the response over
time. The response can increase in intensity, a process often called sensitiza-
tion (Fig. 8.2C), or it can decrease in intensity, a process called desensitiza-
tion (or habituation, see later) (Fig. 8.2A and B). The third possibility is, of
course, that no alteration of the response occurs. Whether an increase or a
decrease in response occurs depends on various factors. A highly intense
stressor is more likely to result in sensitization than a stressor of low intensity
(Konarska et al., 1990). Imagine an animal subjected repeatedly to a painful
stimulus compared with an animal subjected repeatedly to a novel environ-
ment. Behaviourally, the former animal will become increasingly anxious,
whereas the latter will gradually respond less intensely. Furthermore, it
has been shown that desensitization to one type of repeated stressor does
not extend to a different type of stressor (a so-called heterotypic stressor),
i.e. desensitization is stressor specific (Kant et al., 1985). In addition, there
are indications that exposure to a stressor of low intensity will cause desensi-
tization to that particular stressor, but sensitization to another type of
stressor. One indication of this phenomenon is the fact that pigs subjected to
tethering show a different cortisol reaction to exogenous ACTH from that of
loose housed pigs (e.g. Von Borell and Ladewig, 1989).

Interestingly, the process of desensitization is an important aspect of
behaviour modification therapy in both human and veterinary behaviour
therapy. Desensitization of, for instance, a fear response to a certain stimulus
(or stressor) can be achieved either by repeated exposure to the stimulus at
full intensity (the so-called flooding approach) or by repeated exposure to
the stimulus with gradually increasing intensity (also called habituation by
successive approximation, Hart and Hart, 1985) (Fig. 8.2G).

Desensitization versus normalization

A further complication when considering desensitization is that it is possible
for a stress system to stop responding, not because of actual adaptation (i.e.
at the cognitive level) but because of some mechanism that suppresses the
response. We have shown that increased cortisol secretion in bulls due to
tethering disappears within 1 month and that the basal episodic secretory
pattern returns to normal, despite the fact that the bulls do not show
any behavioural adaptation and that they respond differently to an ACTH
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challenge than do control bulls (Ladewig and Smidt, 1989). Considering the
dramatic effects corticosteroids have on many body functions, it is not
surprising that powerful mechanisms have evolved that dampen excess
corticosteroid release.

The changes in stress responses after repeated stressor exposure may
thus involve different mechanisms, such as central biochemical changes
(learning, changes in neurotransmitters or their receptors, e.g. whether the
stressor is predictable or unpredictable; De Boer et al., 1989) or peripheral
biochemical changes (e.g. altered biosynthesis and storage of hormones or
neurotransmitters, receptor modulation in target organs; De Boer et al.,
1988). The diversity of these changes leads to yet another problem that
needs to be approached, namely that of terminology. Should we call a
reduced response to a repeated acute type stressor a desensitization,
a normalization or an adaptation? Obviously, we need further detailed
information about the processes involved before this question can be
answered. Considering the importance of these phenomena in the welfare
debate, however, the answers are urgently needed. It would be a grave fault
to claim that an animal had adapted to a specific housing system if its lack of
a stress response was, in fact, due to receptor down-regulation in the adrenal
gland and not due to changes (adaptation) at the cognitive level.

Sequence of sensitization and desensitization

When an animal is subjected to a repeated stressor, the first few times it
usually shows an increasing response. Not until later does the response
decrease with each stressor exposure. In other words, sensitization is
followed by desensitization. Although chronic intermittent stress has not yet
been studied over a sufficiently long period, we have reason to believe that
these shifts in sensitization and desensitization may continue. If so, it means
that after the first sensitization followed by desensitization, a further period
of sensitization may follow later on, and so forth (Schwarze et al., 1992).

Another aspect of chronic intermittent stress that must be considered
is the possible impact of frequent stress responses on the diurnal cycle
of hormone secretion. Thus, unpredictable, inescapable electroshocks
administered intermittently to fattening pigs over a 31 day period cause a
normalization of baseline ACTH secretion but a shift in the time course of
diurnal ACTH secretion (Jensen et al., 1996).

Towards behavioural and physiological tests as a
diagnostic tool

The effect of repeated exposure to one type of stressor and its effect on the
response pattern to another type of stressor is an area that has been studied
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in some detail. One example of such studies is the stimulation of the adrenal
glands of experimental and control animals with a standard dosage of syn-
thetic ACTH (the ACTH challenge test) and comparison of the corticosteroid
response of the two groups of animals. Another example is studies in which
differently treated animals are subjected to a ‘standard stressor’ and the
resulting response analysed (e.g. Jensen et al., 1995). Applying the model of
repeated acute-type stressor exposure and control of (or controlled variation
of) stressor intensity, stressor duration and interstressor interval will enable a
much more detailed analysis of the biochemical changes involved in the
response alteration. It is not unrealistic that, at some point in the future, these
changes can be used as a diagnostic tool, and that the welfare status of an
animal can be evaluated by, among other things, specific measurements of
such biochemical changes.

Conclusion

In order to advance our understanding of long-term stress, a useful way to
proceed is to use the model of repeated stress. The model enables us to ana-
lyse systematically the effects of the intensity and duration of each stressor
and of the interstressor interval on the sensitization-desensitization pro-
cesses over time. It further enables us to analyse the responses of the various
systems (the hypothalamic—pituitary—adrenal axis, the autonomic nervous
system, the immune system, the opioid system, serotonin and other
neurotransmitters) as well as behaviour, and enables us to compare such
responses in different species. By studying stress in such detail, we may be
able to develop specific procedures by which it will be possible to diagnose
‘stress’. Only if we have a specific diagnosis will we be able to institute a
therapy and thus improve the welfare of animals kept under intensive
conditions.
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Introduction

The International Society for the Study of Pain has provided a systematic
description of pain (Table 9.1). Pain warns animals (including people) that
tissue damage might occur, is occurring or has occurred, thereby eliciting
or allowing immediate escape, withdrawal or other behaviour. Pain also

Table 9.1. Major attributes of pain (modified from Merskey, 1979).

Attribute Description
Purpose Pain is understood to have evolutionary survival value
Detection Pain sensations depend on activation of a discrete set of

receptors (nociceptors) by noxious stimuli

Perception Further processing via nerve pathways enables the noxious
stimuli to be perceived as pain

Character Pain perception varies according to site, duration and intensity of
stimulus and can be modified by previous experience,
emotional state and perhaps innate individual differences

Definition Pain is defined as an unpleasant sensory and emotional
experience associated with actual or potential tissue damage,
or is describable in terms of such damage

Variation The pain detection threshold is apparently uniform across
species, whereas the pain tolerance threshold may be more
species specific and subject to modification
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creates the opportunity for the individual to learn to avoid, if possible,
similar pain-causing circumstances in future. Specific pain receptors detect
harmful or potentially harmful (noxious) stimuli that can cause tissue
damage. Impulse processing via nerve pathways in the spinal cord and the
lower and higher centres of the brain converts or transduces nociceptor
input into perceived pain. The character of perceived pain varies according
to the features of the nociceptor input (site, duration, intensity) and
according to other factors that can affect the way in which the central
nervous system processes that input (experience, emotional state, individual
variation). Pain is an unpleasant, subjective experience usually linked to
tissue damage. Across species the pain detection apparatus is apparently
equally sensitive, but pain tolerance may vary.

Tissue damage causing pain may occur through trauma or disease
which, as undesired states, are avoided if possible. However, husbandry
practices causing tissue damage are used on farms because they are
considered to be an essential part of managing an efficient and humane
livestock enterprise (Stafford and Mellor, 1993). The routine use of these
practices provides two opportunities: first, to assess the pain caused by these
practices and to devise strategies for alleviating it (Stafford and Mellor, 1993;
Molony and Kent, 1997); and second, to improve our knowledge of
pain and its control by using such livestock to model physiological and
behavioural responses without the need deliberately to inflict pain on other
animals (Mellor and Murray, 1989a; Molony and Kent, 1997). While these
practices continue to be used routinely, therefore, they offer the opportunity
to study acute and chronic responses to injuries caused by cautery, cryocau-
tery, cutting, crushing, constriction and corrosion of ears, skin, bone, horn,
scrotum, testes and/or tail (Mellor and Stafford, 1999). Likewise, the clinical
setting offers the opportunity to study pain and its control in companion
animals (e.g. Sawyer and Rech, 1987; Taylor, 1989, 1990; Flecknell, 1994;
Fox et al., 1994, 1998; Lascelles et al., 1994, 1995; Hansen et al., 1997).

The main purpose of this chapter is to outline a range of principles and
caveats to guide the quantitative and qualitative evaluation of physiological
and behavioural responses to painful stimuli. However, before proceeding it
is necessary to distinguish between the terms ‘stress’, ‘distress’ and ‘pain-
induced distress’. We assign distinct meanings to the words ‘stress’ and
‘distress’. ‘Stress’ responses refer to the full range of physiological reactions,
from the small deviations just beyond everyday homeostatic adjustments
seen under benign circumstances to the maximum physiological changes of
which body systems are capable under extreme challenge. The magnitudes
of these physiological stress responses, indicated by changes in measured
variables, can often be described using qualitative terms such as ‘minor’,
‘moderate’, ‘marked’ and ‘very marked’. In contrast, we use the word
‘distress’ to acknowledge the emotional content of noxious experiences that
elicit physiological stress responses in animals, whether that noxiousness is
predominantly emotional (e.g. fear), predominantly physical (e.g. vigorous
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exercise) or a combination of both (e.g. pain). The levels of ‘distress’ are
assessed by reference to the same variables as are used to assess physio-
logical stress, and are therefore also describable as ‘minor’, ‘moderate’,
‘marked” and ‘very marked’. However, it is noteworthy that any conclusions
reached about the subjective content of noxious experiences remain
educated judgements and cannot be regarded as statements of fact. The term
‘pain-induced distress’, whether referring to the consequences of injury
caused by husbandry practices, or in clinical settings, is used to indicate that
the physiological responses reflect the interacting emotional and physical
facets of the noxious experience.

How useful are neurohumoral variables for monitoring
pain-induced distress?

Recent advances in methodology have made it possible to monitor central
nervous system (CNS) neurohumoral function in conscious, freely behaving
animals (Cook 1997a, b). While this has provided a greater understanding of
pain, whether it will also be useful for monitoring pain-induced distress
remains to be seen. As with changes in plasma cortisol concentration (see
below), neurohumoral variables do not measure pain as such but can assist
understanding and interpretation of a continuum of negative states ranging
in intensity from minor to very marked distress.

Neurohumoral approaches have provided the foundation for our
current understanding of pain and of rationales for its pharmacological alle-
viation (Melzack and Wall, 1965; Kuhar et al., 1973; Hughes et al., 1975;
Johnson, 1989). Moreover, the known stereochemical and dose-response
relationships between analgesics and analgesia offer promise for monitoring
purposes. At the level of the spinal cord a range of effects on pain sensation
or perception have been attributed to the amino acid neurotransmitters
glutamate and gamma amino-4-butyric acid (GABA), purines (adenosine,
adenosine triphosphates) and the opioid peptides (Keil and De Lander,
1996; Dickenson et al.,, 1997). Noradrenaline, dopamine, serotonin,
tachykinins (substance P and neurokinin A), prostaglandins, bradykinins and
histamine also show profiles of release associated with pain, as do more
‘exotic’ peptides such as pituitary adenylate cyclase-activating peptide
(Yang et al., 1996; Zhang et al., 1996, 1997; Clauw and Chrousos, 1997;
Henderson and McKnight, 1997; Xu et al., 1997).

These neurohumoral factors clearly have broad roles in discrimination
of sensory input in addition to pain (Keil and De Lander, 1996) and in the
setting of spinal cord responsiveness and wide dynamic range neuronal
behaviour (Filaretov et al., 1996; Urban and Nagy, 1997). By measuring the
changes in a number of the above-mentioned neurohumoral substances we
may be able to discriminate between different types of pain-induced
distress. For example, glutamate acting at N-methyl-D-aspartate (NMDA)
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receptors appears to be strongly implicated in generation and maintenance
of spinal states of hypersensitivity, and this may underlie ‘wind-up’ — a phe-
nomenon in which nociceptor impulse transmission is potentiated such that
physiological and behavioural responses to pain are exaggerated in relation
to the stimulus. In inflammatory states ‘wind-up” appears to be inhibited, but
with neuropathy it is not (Dickenson et al., 1997). Assessment at this level
may offer opportunities to quantify distress, irrespective of the stimulus.

At a higher level of the CNS, to talk of a ‘pure’ pain CNS response may
be meaningless. Both acute and chronic stress or pain can induce affective
states of anxiety or depression, and the contribution of the CNS to these
states may overshadow any discriminatory specificity to pain or stress
(Filaretov et al., 1996; Urban and Nagy, 1997). Again the use of a mixture of
CNS effects may provide discriminatory power under suitable experimental
conditions. This approach could include magnetic resonance or positron
emission imaging techniques to assess activated brain regions (Eldeman,
1990; Gyulai et al., 1997), monitoring of evoked potentials in the CNS
(Crawford et al., 1998) and monitoring changes in corticotropin-releasing
factor (CRF), urocortin, orphanin and nociceptin, oxytocin, glutamate,
GABA, serotonin, catecholamines and opioid-like peptides (Matsumoto
et al., 1996; Betancur et al., 1997; Henderson and McKnight, 1997; Jensen,
1997; Hao et al., 1998; Helmstetter et al., 1998). The assessment of specific
changes within areas of the CNS linked to analgesic control may also be
useful (Helmstetter et al., 1998).

An understanding of longer term changes in areas such as the peri-
aqueductal gray, in receptor function and genome expression (e.g. c-fos and
c-jun), may help to assess chronic pain. However, our technical capacity to
monitor these changes currently outstrips understanding of the phenomena
revealed.

How useful are hormonal variables for monitoring
pain-induced distress?

More familiar variables have been used to assess the levels of distress appar-
ently experienced by animals exposed to noxious situations (Table 9.2).
These variables are usually direct or indirect measures of the activities of
the sympathetic adrenomedullary system, which is primarily concerned
with fast-acting ‘fight—fright—flight’ responses, and of the hypothalamic—
pituitary—adrenocortical (HPA) system, which initiates more protracted
metabolic and anti-inflammatory responses that promote healing. Reports
on catecholamine responses to a range of stressors including isolation,
weaning, cold exposure, herding, handling, transport, branding and slaugh-
ter are available (e.g. Graham et al., 1981; Mitchell et al., 1988; Hattingh
et al., 1989; Lay et al., 1992; Parrott et al., 1994; Lefcourt and Elsasser,
1995), but the most commonly used indices are those representing changes
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Table 9.2. Some physiological and behavioural indices of distress responses to
noxious stimuli in ruminants and other species.

Physiological indices Behavioural indices
Blood hormone concentrations Vocalization
adrenaline whimpers, howls, growls,
noradrenaline screams, grunts, moans, squeaks,
corticotropin-releasing factor squeals, chirps, silent
adrenocorticotropic hormone Posture
glucocorticoids (e.g. cortisol) cowers, crouches, huddled, hiding,
prolactin lying (legs extended, all or some legs
Blood metabolite concentrations tucked in), standing (on all or not all
glucose legs, rigid, head against wall, drooping)
lactic acid Locomotion
free fatty acids reluctant to move, awkward, shuffles,
B-hydroxybutyrate staggers, falls, stands up /lies down
Other variables repeatedly, circles, escape/avoidance
heart rate movements, pacing, restless, writhing
breathing (rate and depth) Temperament
packed cell volume withdrawn, depressed, quiet, docile,
sweat production miserable, agitated, anxious,
muscle tremor frightened, terrified, aggressive

body temperature

plasma a-acid glycoprotein levels
blood leukocyte levels

cellular immune responses
humoral immune responses

Sources: Stephens (1980), Dantzer et al. (1983), Duncan and Dawkins (1983),
Laden et al. (1985), Morton and Griffiths (1985), Sanford et al. (1986), Sawyer
(1988), Griffin (1989), Lay et al. (1992), Flecknell (1994), Parrott et al. (1994),
Carragher et al. (1997a, b), Waas et al. (1997).

in the activity of the HPA system, i.e. concentrations of CRF, adreno-
corticotropic hormone (ACTH), and especially cortisol, the use of which is
emphasized here. The four questions posed below to aid the present
consideration of cortisol as an index of pain-induced distress are equally
applicable to assessments of the value of other physiological indices.

What do changes in plasma cortisol concentration represent?

Changes in plasma cortisol concentration appear to be particularly useful as
an index of acute distress, whether it is pain-induced or not, because the
activity of the HPA system increases, often in a graded way, in response
to both emotionally and physically noxious experiences (Table 9.3). This
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Table 9.3.  Noxious, unpleasant or challenging experiences known to stimulate
the hypothalamic—pituitary—adrenocortical system.

Physical injuries Emotional challenges
Branding Anger/rage
cautery (hot iron) Anxiety/fear
cryocautery (freezing) Anticipating/remembering challenge
Burns Electroimmobilization
Castration Strange environments/isolation
cutting (knife) Unusual handling/restraint
constriction (rings) Shearing
clamp (e.g. Burdizzo) Mustering/yarding/barking dogs
chemical Transport, loading and unloading
Disbudding, cautery (hot iron) Predator—prey interactions
Dehorning, cutting (amputation) Social dominance expression
Mulesing, cutting . )
Tailing Physiological challenges

cutting (knife)
constriction (rings)
cautery (docking iron)
Tooth grinding
Surgical injuries, postanaesthetic
Other physical injuries
Some disease states

Extreme cold or heat
Hypotension
Hypoxaemia
Vigorous exercise
Metabolic disease
pregnancy
toxaemia

Sources: Alvarez and Johnson (1973), Johnston and Buckland (1976), Pearson
and Mellor (1975, 1976), Graham et al. (1981), Fulkerson and Jamieson (1982),
Moberg et al. (1980), Eales and Small (1986), Fell et al. (1986), Jephcott et al.
(1986), Kent and Ewbank (1986), Macaulay and Friend (1987), Shutt et al.
(1987), Engler et al. (1988), Parrott et al. (1988, 1994), Boand| et al. (1989),
Hattingh et al. (1989), Herd (1989), Mellor and Murray (1989a, b), Taylor (1989,
1990), Cohen et al. (1990), Lester et al. (19914, b, 1996), Mellor et al. (1991),
Kent et al. (1993, 1995, 1998), Fox et al. (1994, 1998), Robertson et al. (1994),
Mellor and Molony (1995), Molony et al. (1995, 1997), Morisse et al. (1995),
Taschke and Folsch (1995), Petrie et al., (1996a, b), Carragher et al. (1997a, b),
Dinniss et al. (1997a, b), Hansen et al. (1997), McMeekan et al. (1997, 1998a, b),
Molony and Kent (1997), Waas et al. (1997), Sylvester et al. (1998a, b).

non-specificity of the HPA system — its responsiveness in such a wide range
of noxious or challenging situations — suggests a common foundation, which
adds credibility to the use of cortisol to assess distress.

The pain-induced distress caused by a range of husbandry and clinical
practices has been assessed extensively using cortisol (Table 9.3), but it is
important to note two points. First, changes in plasma cortisol concentra-
tions do not measure pain as such, but they do provide an indication of the
overall noxiousness of the experience which, in the case of pain-induced
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distress, includes both physical and emotional components. Second, the
relatively slow response time of the HPA axis may make it insensitive as a
means of discriminating different levels of distress elicited within the first
few minutes of a noxious stimulus (Mellor and Stafford, 1997). The physio-
logical changes elicited by the sympathetic-adrenomedullary system (heart
rate, plasma concentrations of adrenaline and noradrenaline) may therefore
be more useful in assessing the early stages of distress responses (e.g.
Graham et al., 1981; Hattingh et al., 1989; Parrott et al., 1994; Lefcourt and
Elsasser, 1995).

How can the cortisol distress response best be characterized
guantitatively?

Cortisol concentration—time curves derived by repeated blood sampling as
the response manifests and recedes remain a major tool for quantifying the
response (Fig. 9.1). They allow the magnitude and speed of change, and the
duration and pattern of the whole response or each part of it, to be deter-
mined. Differences between groups in initial or later concentration changes,
peak concentration and time to reach it, and time of return to pretreatment
values are informative. Three examples will illustrate this. First, a faster rise
to peak cortisol values after surgical or clamp castration of lambs than after
ring castration is attributed to a marked nociceptor barrage due to cutting or
crushing of tissues compared with a slower onset of intense nociceptor input
during the progression from hypoxia to anoxia in the tissues distal to the ring
(Lester et al., 1991a; Kent et al., 1993; Cottrell and Molony, 1995; Dinniss
et al., 1997a). Second, the virtual absence of differences between the
cortisol responses of control and ring-castrated lambs that received local
anaesthetic 15-20 min before treatment indicates successful blockade of
noxious sensory input from the scrotum and testes (Dinniss et al., 1997a).
Third, compared with the cortisol response that follows ring only castration,
a lower or earlier cortisol peak and a faster return to pretreatment concentra-
tions seen in 1-week-old lambs when ring castration is followed immedi-
ately by application of a castrating clamp across the full width of the scrotum
indicates that the clamp disables sensory nerves from the scrotum and testes,
thereby minimizing nociceptor input due to tissue hypoxia/anoxia distal to
the ring (Kent et al., 1995, 1998).

Cortisol responses vary in complexity. They may be simple (e.g. rising to
a peak and then returning to pretreatment values, as is usual with castration
and/or tailing of lambs; Fig. 9.1A), or they may be more complex (e.g. first
rising to a peak, then declining to a plateau and finally returning to
pretreament values, as usually occurs with amputation dehorning of calves;
Fig. 9.1B). Further complexity arises when responses include two (or more)
peaks. For example, when local anaesthetic is given before amputation
dehorning there is an initial small cortisol peak due to the onset of handling,
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Fig. 9.1. Changes in plasma cortisol concentrations after treatment: (A) surgical
or rubber ring castration plus tailing, and control handling (derived from Mellor
and Murray, 1989a; Lester et al., 19914, b); and (B) amputation dehorning with or
without local anaesthesia lasting 4 h (double-headed arrow), and control handling
(derived from Petrie et al., 1996b; McMeekan et al., 1998a, b; Sylvester et al.,
1998a, b).

a return to pretreatment values until the anaesthesia wears off and then a
large and protracted rise in cortisol concentration (Fig. 9.1B).

Quantitative tools for characterizing cortisol distress responses include
numerical representation of individual facets of the response (e.g. peak



Quantifying Some Responses to Pain 179

height, response duration) and statistical evaluation of concentration-time
curves to detect within-group deviations from pretreatment values and
between-group differences after treatment (e.g. Kent et al., 1995, 1998;
Dinniss et al., 1997a; McMeekan et al., 1998a). There is no single numerical
factor that adequately defines distress responses, even simple ones, and it is
obvious that the more complex the response, the less likely it is that a single
number could represent it effectively. For simple responses, the peak height
and the time after treatment to reach the peak, and peak height and response
duration are often poorly correlated, so that the use of any one of these
parameters may be uninformative or even misleading. The integrated
cortisol response (i.e. the area under the cortisol curve that lies above the
pretreatment concentration), which includes the response magnitude and
duration, can be useful (e.g. Lester et al., 1991b; Dinniss et al., 1997a;
McMeekan et al., 1997), but if used alone may mislead as a short-lived large
response and a long-duration low response can integrate to a similar number
(e.g. Petrie et al., 1996a). Also, it may be better to represent different phases
of complex responses by deriving integrated areas for particular parts of the
cortisol curve (e.g. Petrie et al., 1996b; McMeekan et al., 1998a). Quantita-
tive definition of cortisol responses may best be achieved, therefore, by
using several of these approaches, with the chosen combination depending
on the characteristics of the particular response.

How well correlated is the cortisol distress response with the
anticipated noxiousness of different procedures?

Cortisol has been used extensively to assess distress because its response
magnitude, as indicated by peak height, response duration and/or integrated
response, usually accords with the predicted noxiousness of different
procedures. For example: (i) tame sheep when handled have lower cortisol
responses than do wilder sheep (Pearson and Mellor, 1976); (ii) control and
local anaesthetic control treatments cause similar cortisol responses in
lambs (Wood et al., 1991; Dinniss et al., 1997a); (iii) control handling, ring
tailing and ring castration plus tailing of young lambs cause progressively
greater cortisol responses (Mellor and Murray, 1989a), as do control hand-
ling, short scrotum creation (ring placed on scrotum distal to testes) and ring
castration of young lambs (Molony and Kent, 1997) and of older lambs
(Dinniss et al., 1997a); and (iv) in calves, control handling, cautery disbud-
ding (causing localized epidermal and dermal burns around each horn bud)
and amputation dehorning (leaving gouge wounds in skull bone and over-
lying skin) also cause progressively greater cortisol responses (Petrie et al.,
1996b).

At each end of the response range, however, interpretation may be less
straightforward. At the lower end, for instance, control handling, tailing with
a ring and tailing with a docking iron (tail transected by cautery) cause



180 D.J. Mellor et al.

similar cortisol responses in older lambs (Lester et al., 1991a, 1996). This
does not mean that tailing by these methods is pain-free. Rather, it suggests
that the distress of handling in lambs unfamiliar with it is similar but of a
different character from that caused by handling plus tailing, and that under
these circumstances the tailing distress dominates the experience, substitut-
ing for, rather than adding to, the handling distress (Lester et al., 1991a). Use
of the hands-off approaches to determining cortisol responses outlined by
Cook et al. (Chapter 6, this volume) could help to clarify this issue.

At the upper end of the range, despite the expectation that cortisol
responses would progressively increase in proportion to the severity of
different treatments, there are several examples where this apparently does
not occur. For instance, in lambs, surgical tailing, castration and castration
plus tailing all cause near maximum cortisol responses (Lester et al., 1991a),
as do ring castration and castration plus tailing (Lester et al., 1991a), and
unilateral ring castration, ring castration (both testes) and ring castration plus
tailing (Molony and Kent, 1997), contrary to expectations. This may arise
because the most painful factor dominates, so that the cortisol responses
validly indicate that the overall noxiousness of these linked experiences is
similar (Mellor et al., 1991). There is some physiological support for this
notion (Sapolsky and Meaney, 1986; Dallman et al., 1987). It may also arise
because there is a ‘ceiling effect’ on cortisol responses (Molony and Kent,
1997) such that maximum cortisol secretion occurs at submaximal levels
of noxiousness, leading to underestimates of the negative effects of the
more invasive treatments. Although a ‘ceiling effect’ is of significance
theoretically, in welfare terms it is less consequential because most cortisol
responses near the maximum give cause for concern, and practices causing
them would be targets for review.

It is noteworthy that total plasma cortisol concentrations have been
measured in most studies to date, there being an implicit assumption that
free and total cortisol levels change in parallel. Although this is likely to be
true over the full range of concentrations, deviations from parallelism within
small segments of the full range, if they occur, could contribute to ‘ceiling
effects’ and also raise the possibility that animals experiencing low-level
distress might exhibit near baseline total cortisol concentrations although
their free cortisol levels remain elevated.

What are the implications of within-group variability in cortisol
distress responses?

Wide variation in cortisol responses to treatment is common (e.g. Kent et al.,
1993; Petrie et al., 1996a; Dinniss et al., 1997a). As this variability rises our
capacity to detect small, between-group differences diminishes and greater
numbers of animals are required in each group. Variation in pretreatment
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plasma cortisol concentrations within the non-stressed range is also usual.
Such individual differences are often allowed for by subtracting the pretreat-
ment value from all subsequent concentrations and presenting results as
changes in concentration. A small proportion of animals have high pretreat-
ment cortisol concentrations, indicating significant prior distress, and are
usually excluded from subsequent data analysis because their responses to
control or noxious treatments are distorted by steeply declining baseline
values as the effects of the prior distress wane. Another small proportion of
animals have pretreatment values in the unstressed range but exhibit
exaggerated cortisol responses. Their responses are sometimes excluded to
avoid distortion of mean results, but this is hard to justify when data from
low responders (i.e. no greater than control responses) are included. All such
exclusions need to be reported. Finally, while it may be acceptable within
groups to distinguish between animals with responses that are no greater
than the greatest control response and those with larger responses (Petrie
et al., 1996a), a division of greater than control responses into low and high
types (Kent et al., 1993), which will almost invariably produce significant
differences, is harder to justify.

Quantitative age-related differences have been found in cortisol
responses of lambs to castration and/or tailing by particular methods (Mellor
and Murray, 1989b; Kent et al., 1993). However, as with between-species
differences in cortisol distress responses (see below), these age effects
are difficult to interpret because of the potential for differences in the
operational dynamics of inputs to and outputs from the HPA axis (Mellor
and Murray, 1989b).

How useful is behaviour for monitoring pain-induced
distress?

A major advantage of behaviour, whether manifesting a rapid or slow
onset, is that it is immediately seen, thereby allowing speedy assessment,
unlike plasma parameters which, even if they reflect rapidly responding
physiological processes, are typically not measured until some time after an
event.

Behavioural responses to pain have been noted as achieving four
purposes that enhance an animal’s chances of survival (Molony and Kent,
1997): (i) those often automatic responses that protect the whole animal or
parts of it (e.g. withdrawal reflexes); (ii) those that minimize pain and assist
healing (e.g. lying and standing still); (iii) those that are designed to elicit
help or stop other animals (including people) from inflicting more pain (e.g.
communicating vocally, by posture or by other means including smell); and
(iv) those that induce learning and, by modifying an animal’s behaviour,
enable it to avoid recurrence of the noxious experience. The linkages
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between physiology and behaviour that underlie these responses allow
behaviour to be used to assess the significance of noxious experiences for
animals. Thus, as in the clinical setting (Morton and Griffiths 1985; Sanford
et al., 1986), in the context of farm animal welfare behaviour has been used
extensively to assess the responses of calves, deer and lambs to painful or
potentially painful husbandry procedures. This experience now allows the
strengths and weaknesses of behavioural indices of distress to be reviewed
by considering six questions.

Is the behaviour linked explicitly to noxious sensory input?

A behaviour is likely to be a useful index of noxious sensory input leading
to pain and distress if it is not seen in control animals but is seen in treated
animals while the pain-induced distress manifests and recedes (Mellor and
Murray, 1989a; Mellor et al., 1991; Molony et al., 1993; Lester et al., 1996).
Further validation is obtained when effective local anaesthesia in treated
animals maintains behaviour similar to that seen in controls (Wood et al.,
1991; Petrie et al., 1995; Dinniss et al., 1999) or when partly effective local
anaesthesia significantly reduces the occurrence of pain-related behaviour
(Graham et al., 1997; Molony et al., 1997; Kent et al., 1998). The effective-
ness of local anaesthesia can be gauged by ‘needle prick’ tests and by
anaesthetic-induced elimination or reduction of physiological responses
(e.g. cortisol) to injury (Wood et al., 1991; Petrie et al., 1996a, b; Dinniss
et al., 1997a; Graham et al., 1997; Kent et al., 1998; McMeeken et al,,
1998a, b; Sylvester et al., 1998a).

How injury-specific is the behaviour?

Different noxious treatments can elicit unique behavioural responses
(Molony et al., 1993, 1995; Lester et al., 1996; Dinniss et al., 1999) because
the sensations experienced by the animals are probably not the same when
different tissues are damaged or when the same tissues are damaged in
different ways (Wood and Molony, 1992; Lester et al., 1996). Thus, with
castration and tailing of lambs the dominant behavioural feature following
the surgical method is reduced activity or immobility, whereas the con-
stricting rubber ring method initially leads to markedly increased physical
activity (Molony et al., 1993; Lester et al., 1996; Dinniss et al., 1999). The
surgical removal of tissues and ischaemic death of those same tissues
probably cause markedly different noxious sensory inputs.

The existence of unique behavioural responses to different treatments
prevents behaviour alone from being used to compare the relative levels of
pain-induced distress in the different groups, and questions conclusions
drawn on that basis (Mellor and Holmes, 1988). For such behavioural
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comparisons of distress intensity to be credible, there needs to be a validat-
ing continuity between the situations being compared, with the behavioural
responses to all of them being part of one continuum (Lester et al., 1996), i.e.
the different noxious treatments need to elicit similar behaviours but not
necessarily with the same frequency of occurrence. Thus, when behavioural
responses to different treatments are injury-specific, it is necessary to
monitor physiological distress responses (e.g. cortisol) in order to assess the
relative effects of such treatments (Lester et al., 1991a, 1996).

Can behaviour be used to identify different features of the
pain-induced distress response?

The features of interest here are the duration and intensity of the response
and its different phases. Clearly, the presence of a pain-related behaviour
throughout a cortisol distress response can, although a shorter-lived
behaviour cannot, be used alone to indicate the response duration. How-
ever, short-lived behaviours may be used to indicate different phases of
a response, and under such circumstances particular sequences of pain-
related behaviours can be used to indicate the response duration. Some
behaviours (like ‘statue standing’ and other forms of abnormal standing/
walking by lambs after surgical castration and tailing) do occur throughout
cortisol distress responses (Lester et al., 1991a, b, 1996). In contrast, other
behaviours (like restlessness, then immobile lateral lying while awake, then
normal lying while asleep, all elicited by ring castration and tailing of young
lambs) are limited to early, middle or later phases of cortisol distress
responses (Mellor and Murray, 1989a; Mellor et al., 1991; Molony et al.,
1993).

Assessment of between-treatment differences in response magnitude
using behaviour, even when all noxiously stimulated groups exhibit com-
mon behaviours, is difficult for two reasons. First, the recording of behaviour
is often intermittent, with each behaviour noted simply as present or absent,
so that quantitative representations of behaviour may be imprecise or even
distorted. Second, individual quantitative features of a cortisol distress
response (peak height, duration of elevated concentration, area under the
cortisol response curve) often do not represent the whole response
accurately (see above). It is not surprising, therefore, that correlations
between the recorded incidences of particular behaviours and different
individual quantitative features of the cortisol distress response have rarely
been significant (e.g. Lester et al., 1996), but a statistical approach that
scores behavioural clusters, as opposed to individual behaviours, shows
promise (Fox, 1995; Molony and Kent, 1997). Such scoring is acceptable
when done statistically, but there is a danger of exaggerating effects if the
incidences of dependent behaviours are summed, for example to give a total
activity score (Molony et al., 1997).
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How sensitive is the behaviour as an index of pain-induced
distress?

A behaviour that occurs only when animals experience pain would presum-
ably be a more sensitive index of pain-induced distress than would a
pain-related behaviour that also occurs at lower frequencies in pain-free
control animals. For instance, abnormal standing/walking in lambs occurs
with a frequency of 40-80% of all behaviours recorded at each time after
castration and tailing but also occurs in 10-20% of all recorded behaviours
in control lambs (Lester et al., 1996). Such control values represent false-
positive results and can arise either because the behaviour is difficult to
discriminate or because observers are inexperienced, or both.

There is also the question of whether behaviour is more or less sensitive
as an index of pain-induced distress than a physiological parameter like
cortisol. This question arises when there are between-group differences in
particular behaviours that are common to all groups, but no difference in
plasma cortisol concentrations (e.g. Lester et al., 1996; Molony and Kent,
1997). This question is not resolvable because the interpretation depends on
an arbitrary choice between emphasizing behaviour or cortisol; when
behaviour is emphasized, cortisol is regarded as less sensitive, and vice
versa.

How clearly defined is the behaviour?

It is necessary to consider whether or not the features of complex behaviour
patterns can be defined or described accurately. Typically, each behaviour
is identified by distinct, easily recognized characteristics which are either
present or absent or occur at different frequencies that can be quantified.
However, care must be taken when the same descriptor is applied to behav-
iours that are broadly similar but that are nevertheless distinctly different.
This can occur when different noxious stimuli elicit the behaviour and when
those stimuli change during the development of a distress response. Three
examples will illustrate this. First, behaviour identified as abnormal stand-
ing/walking follows both surgical and ring castration plus tailing of lambs.
However, after surgery, the lambs stand still for long periods in characteristic
pain-associated postures and lie down rarely, whereas after ring application
lambs initially stand up and lie down repeatedly, and when walking
regularly do so unsteadily, in circles and with hindleg kicks and jumps (e.g.
Molony et al., 1993; Lester et al., 1996). Thus, although standing/walking
can be identified as abnormal in both cases, there are evidently at least two
types. Second, a restlessness score (the number of times a lamb stands up
and lies down during a particular period) has been devised and used
successfully to quantify the characteristically heightened physical activity of
lambs after ring castration plus tailing (e.g. Molony et al., 1993; Lester et al.,
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1996). However, when the same measurement is used to quantify the
characteristic absence of such behaviour after surgical castration plus tailing
(e.g. Molony et al., 1993; Lester et al., 1996) it should perhaps be called an
inactivity score to emphasize that the distinct behavioural responses to these
different stimuli (surgery and ring) do not have a common foundation (Lester
et al., 1996). Third, abnormal lying is commonly observed during the first
1-2 h after ring castration plus tailing of lambs aged less than 1 week (Mellor
and Murray, 1989a). However, during the first 45 min, many short periods
of abnormal lying and standing alternate during the restlessness which
dominates that period, whereas that phase is followed by one of continuous
abnormal lying in what may be characterized as pain-induced immobile
lying. Simply reporting these occurrences as abnormal lying does not
distinguish between these distinct forms of it. It is therefore necessary to
describe as fully as practicable the development and waning of the often
complex behaviour patterns elicited by noxious stimuli and not simply
quantify the incidences of a few broadly defined individual behaviours. In
addition, identifying subclasses of particular behaviours, like lateral lying
with head up or head down or with rolling and kicking, within the class of
abnormal lying (Molony et al., 1993; Robertson et al., 1994) can be more
informative.

Finally, it is worth noting that some behavioural effects may be too
subtle to detect easily or consistently. This may be more likely when the
predominant effect of a noxious stimulus is to decrease an animal’s general
physical activity or cause postures or activities that occur infrequently to
disappear.

Can specific behaviours be assigned to a scale corresponding to
different levels of pain?

Such a scaling has been attempted by Molony et al. (1993) who advanced
six hypotheses regarding possible relationships between the behaviour and
pain that follow castration and tailing of lambs. Four of these hypotheses
appear to be sound, but the first and fifth cannot be accepted without
qualification. Note that these hypotheses are specific to lambs undergoing
castration and/or tailing and therefore are not intended as generalizations,
even to other pain-producing stimuli in lambs. Nevertheless, they are
helpful. Comparable lists would need to be developed for each species and
situation.

. ‘Anincrease in restlessness generally indicates an increase in pain.’ This
is true for individuals when increased restlessness occurs during the
onset of tissue hypoxia/anoxia following rubber ring application to
the scrotum, and/or tail. However, it is less clear that higher levels of
restlessness in one group than in another during similar phases of the
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response to ring application indicate greater pain in that group. Note
also that the subsequent decrease in restlessness does not necessarily
indicate a decrease in distress, because with castration or castration plus
tailing of young lambs the initial restlessness evolves into a phase of
pain-induced immobile lateral lying (Mellor and Murray, 1989a; Mellor
etal.,, 1991).

. ‘Lateral recumbency generally indicates more pain than ventral recum-
bency.’

. ‘Extension, rather than flexion, of the hind limb indicates more pain.’

«  ‘More abnormality of standing and/or walking including ataxia, swaying
and falling indicates more pain.’

. ‘Standing still or lying still may reduce pain and at any particular time a
lamb is considered to be suffering less pain when standing still than
when moving abnormally.” This may be true, especially when lambs are
standing, but it is also possible that the character and intensity of the
pain could immobilize the lambs and that the ‘choice’ implied in
the proposition does not arise. Note also that this proposition will apply
to individual lambs treated in particular ways, but not to comparisons
of lambs exhibiting different injury-specific behaviours.

. ‘Behaviour rarely observed in the control group can be referred to as
abnormal.’

What else can behaviour be used to monitor?

Behavioural responses during aversion tests allow the noxiousness of
various repeatable husbandry practices (e.g. handling, restraint, shearing,
electroimmobilization, electroejaculation) to be compared (Rushen, 1986;
Stafford et al., 1996). Noxious husbandry practices can also be assessed
using behavioural tests to monitor elasticity of demand (Matthews and
Ladewig, 1994) but care needs to be taken in interpreting the results (Mason
et al., 1998). Moreover, as these tests rely upon repeated exposure to
husbandry procedures, they are not suitable for practices such as dehorning
or castration that damage tissues and are carried out once on each animal.
Similar opportunities and constraints attend the use of behavioural methods
to monitor the welfare of laboratory animals (Mench, 1998).

How species-specific are corticosteroid and behavioural
responses to painful procedures?

Emotionally and/or physically noxious experiences stimulate the HPA axis
across a wide range of species leading to acute cortisol responses in those
where cortisol is the dominant corticosteroid (e.g. most mammalian species)
and to acute corticosterone responses in those where corticosterone
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predominates (e.g. birds and rodents). This suggests that corticosteroid
responses could be used to evaluate stress and/or distress within a wide
range of individual species (noting the limits indicated above). However,
potential species-specific differences in the operational dynamics of the
HPA system, including neural and neurohumoral inputs, hormonal outputs
and metabolic clearance rates indicate that interpreting quantitative
differences between species in the features of their corticosteriod responses
is problematical. In addition, in the absence of direct observations,
predicting that qualitative features of responses (e.g. their patterns) to a
particular noxious procedure will be similar in different but related
species could also be misleading. For instance, cortisol responses of lambs,
kids and calves to ring castration are not as quantitatively or qualitatively
uniform as might otherwise be anticipated (Mellor et al., 1991; Robertson
et al., 1994).

Behavioural responses to pain show marked differences between
divergent species, reflecting the unique behavioural repertoire of the group
to which each species belongs (e.g. carnivores, herbivores), whereas
responses within a group may be more uniform (Sanford et al., 1986).
Nevertheless, responses of related species to similar stimuli can also differ.
For instance, lambs, kids and calves castrated with rubber rings exhibit
different behaviours (Mellor et al., 1991). During the first 30 min, lambs
are restless, standing up and lying down frequently; they lie down in
lateral recumbency and sometimes roll on their backs. In contrast, calves
and kids stand for the first 30 min and if they lie down they do not do so
laterally. The differences in behavioural response to ring castration suggest
that it is problematical to extrapolate from one species to another
regarding expected behavioural responses or the significance of these
behaviours. The age of an animal and its experience may also influence
behavioural responses to particular procedures. Lambs or calves castrated
before weaning would be expected to behave differently from weaned
animals, as would hand- versus naturally reared animals. Other factors
may also influence behaviour. For instance, the presence of a predator
(e.g. dog) can reduce the incidence of lateral recumbency in lambs after
ring castration (K.J. Stafford, New Zealand, 1998, personal communica-
tion).

Can sex steroids affect cognition and pain-induced
distress responses?

We turn now from the quantification of distress responses to the impact on
those responses of the hormonal state of the animal, with particular regard to
sex steroids.

Perception of, and relief from, pain differs markedly between individual
animals (Bhargava, 1994). Both gender and hormone-related differences
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have been well documented (Dawson Basoa and Gintzler, 1997; Nakamura
et al., 1997), as have the effects of late pregnancy and parturition (Cook,
1997c). There is evidence of hormonal effects whereby oestradiol and
testosterone act in opposite directions to influence the presence and func-
tion of either kappa or mu opioid receptors, respectively (Cook, 1997c,
1998). The CNS location of these receptors and their relative numbers
apparently can influence the overall pattern of response to a nociceptive
stimulus (Cook, unpublished data).

During oestrus, late pregnancy, and immediately after birth, nociceptive
threshold shows an apparent increase, and in anoestrous-barren females and
in castrated males this can be mimicked by injecting oestradiol. In entire
males, or in anoestrous-barren females and castrates given testosterone
concurrently with oestradiol, this increase is not seen (Cook, 1998). Males
and anoestrous, non-pregnant females and non-parturient pregnant females
have similar nociceptive thresholds (Wood and Shors, 1998), but analgesic
efficacy of different opioids may still differ on the basis of sex (Cook,
1998).

Individual sensitivity to different forms of pain stimuli also varies during
the oestrous cycle (Fillingim et al., 1997), which further highlights the
complexity of individual differences. Neurotransmitter changes apparently
occur during the oestrous cycle and in response to oestradiol administration
(Fink et al., 1996; Sumner and Fink, 1997), and changes in stress and anxiety
perception and response have also been documented (Mora et al., 1996;
Cook, 1997d; Neumann et al., 1998). Moreover, cognitive ability and
perceived mental state vary with hormonal changes in people (Fink and
Sumner, 1996), as does learning ability in rats (Wood and Shors, 1998).
These observations raise the question of whether changes in pain perception
are due to antinociceptive activity or are a reflection of an overall change in
mental state. Studies addressing this question should advance understanding
of the ‘affective’ or cognitive components of animal pain.

There is further evidence that sex steroids can influence CNS activity.
Behavioural arousal and responsiveness to stimuli (benign or noxious) in
fetal or newborn lambs are increased by oestrogen injections (Mellor et al.,
1972) and by lowering plasma progesterone concentrations (Nicol et al.,
1997), and are inhibited by progesterone injections (Crenshaw et al., 1966)
and by increasing progesterone concentrations (Nicol et al., 1997). More-
over, judged behaviourally and physiologically (e.g. Pearson and Mellor,
1976), an adult ewe’s perception of threat, which presumably reflects some
components of her cognitive state, can also apparently be affected by sex
steroids: (i) mid-pregnant ewes that have high circulating progesterone
concentrations and low oestrogen levels (Mellor et al., 1987) become tame
more rapidly than do concurrently handled barren ewes with very low
progesterone and oestrogen levels (Pearson and Mellor, 1976; Mellor et al.,
1993; unpublished observations); and (ii) barren ewes injected with
oestradiol and progesterone nuzzle and lick each other and facilitate
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handling of the udder by postural changes, whereas ewes treated with pro-
gesterone plus cortisol are aggressive to others and vigorously resist attempts
to touch their udders (Mellor et al., 1993). Finally, motivation of parturient
ewes is also apparently influenced by sex steroids as high circulating
oestradiol and progesterone concentrations combined with cervico-vaginal
stimulation are major physiological triggers to the onset of mothering
behaviour and successful ewe—-lamb bonding at birth (Poindron et al., 1988;
Kendrick and Keverne, 1991; Mellor et al., 1993).

Differences in pain (and stress) perception and response not related to
the individual’s sex are also well documented (Sapolsky, 1992; Bellgowan
and Helmstetter, 1996; Cook et al., 1996; King et al., 1997). Position within
a social hierarchy, previous experiences, ability to learn adaptative
behaviours and concurrent stressors all appear to impart variation on to the
response seen to a standard stimulus. Such individual differences may
hinder interpretation of inter-animal variation in distress response as
indicated by markers such as cortisol (Cook, 1996; see above). On the other
hand, clarifying the bases of these individual variations may also enable the
development of better cognitive and welfare-based models of pain-induced
distress.

Summary

Pain as a stressor elicits a range of physiological and behavioural responses.
These responses are commonly used to assess the impact of pain-causing
stimuli on animals to determine whether or not significant pain is caused
and to devise strategies for alleviating pain. We have considered here a
range of principles and caveats to guide the quantitative and qualitative
evaluation of physiological and behavioural responses to painful stimuli.
Although most examples are drawn from studies of farm animals responding
to tissue removal or damage, the guidance provided is more generally
applicable. The potential for neurohumoral variables to be used to improve
understanding and to monitor responses to painful stimuli was addressed
first. Then the use of cortisol to monitor pain-induced distress was consid-
ered with regard to what cortisol responses represent, how those responses
can be characterized quantitatively, correlations of responses with the
presumed noxiousness of stimuli and the implications of variability in
responses. In evaluating behavioural monitoring of pain-induced distress,
issues raised were whether observed behaviour is linked to noxious sensory
input, is injury-specific, can be used to identify different features of distress
responses, is a sensitive index of pain-induced distress, is clearly defined,
and can be scaled according to different levels of pain. Finally, the species
specificity of corticosteroid and behavioural responses to pain was outlined,
as was evidence for the impact of sex steroids on cognition and pain-
induced distress responses.
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Introduction

In general terms, stress might be defined as a chronic disturbance of the
processes that underlie adaptive behaviour, i.e. a long-term failure of regula-
tion by systems that normally exhibit effective negative feedback (Toates,
1995; Jensen and Toates, 1997). A broad consensus suggests that stress can
be associated with a failure of the normally adaptive processes of either
active goal-directed strategies or passive strategies (Toates, 1995). Logically
then, to understand stress we need to build upon insight into the controls
of ‘normal’, non-stressed behaviour. With the help of a recently developed
model of behaviour (Toates, 1998a, b, c), this chapter looks at some
processes underlying behavioural control and suggests ways in which they
act under conditions of stress.

To explain both normal and disturbed animal behaviour, applied
ethology has attached itself to the ‘cognitive revolution’, placing weight
upon cognitive (Wiepkema, 1987; Duncan and Petherick, 1991), purposive
and rational goal-seeking (Dawkins, 1990) processes. In doing so, it coin-
cides with a perspective within human psychology: that behaviour can be
understood in terms of its consequences, even in the case of self-injurious
behaviour (Carr, 1977). A similar purposive logic involving goal-seeking is
involved in physiological explanations of stress, the principle of homeostasis
commonly being used (Jones et al., 1989; Le Moal and Simon, 1991). Thus,
animals are said to find various ways of lowering stress as indexed by,
for example, activity of the pituitary adrenocortical system (Antelman and
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Caggiula, 1980; Jones et al., 1989). Similarly, it is said that animals try to find
an optimal level of arousal (Jones et al., 1989).

Although the existence of a cognitive, goal-seeking aspect of behaviour
seems beyond dispute, the contention of this chapter is that behaviour and
its malfunction arise from interactions between several processes of control,
only one of which is the cognitive process (cf. Glassman, 1976; Wemels-
felder, 1993). The chapter will describe several different processes involved
in behavioural control. A challenge comes in trying to define the rules of
interaction between these processes in the determination of behaviour. The
chapter will first present the basics of a broad theoretical approach that has
been developed to explain behaviour and then its possible implications for
stress and welfare will be explored. The ideas should be seen as a stimulus to
theory building.

Processes controlling behaviour
Background

Behaviour is determined by many interacting factors (e.g. learning, motiva-
tional, developmental, etc.) but the chapter will focus upon just four sets of
factors:

1. Cognitive processes involving representations of the environment
(Gallistel, 1980) and associated things such as goals, expectations and affect
(Epstein, 1982; Panksepp, 1998a). This type of process allows flexibility in
behaviour and is similar to the ‘locale process’ proposed by O’Keefe and
Nadel (1978). By ‘cognitive’, | mean information that relates to the world but
is not linked directly to behaviour. Cognitive processes allow an animal to
extrapolate beyond current sensory input and are, by definition, ‘offline’
(Hirsh, 1974). In hierarchical terms (Glassman, 1976; Ridley, 1994; Toates,
1998a), they are ‘high-level controls’. The ability to form (action) - (out-
come) cognitions (Ursin, 1988), e.g. lever-pressing terminates shock, relates
process 1 to process 3, below.

2. External stimuli that have a strong tendency to trigger particular behav-
iour. One such process is a stimulus—response (S-R) association (Hirsh,
1974; cf. Ridley, 1994), which specifies a relationship between currently
present stimuli and behaviour. In Ridley’s (1994) terms, some processes
of this kind constitute ‘preset packages of behaviour’ that are relatively
inflexible. They are similar to O’Keefe and Nadel’s ‘taxon processes” and in
hierarchical terms constitute relatively low-level controls.

3. The performance of behaviour itself can be important to the animal, in
addition to any end-point achieved. There are intrinsic tendencies to
perform certain types of behaviour when in a particular motivational state
and context (Breland and Breland, 1961; Bolles, 1970). As a result of
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intrinsic organization, the strength of the tendency to perform a particular
behaviour can increase as a function of time since last performed, e.g. dust
bathing in hens (Vestergaard, 1980). More controversially, in some cases
intrinsic processes appear to be able to produce behaviour even in the
absence of external triggers (Lorenz, 1981).

4. Transition-biasing processes whose role, given the occurrence of one
behaviour, is to bias towards sequences of functionally related behaviours,
e.g. grooming sequences (Aldridge et al., 1993).

Cognitive processes enable the animal to extrapolate beyond physically
present stimuli and proceed to goals (Morris, 1983), something for which an
intact cortex (Whishaw and Kolb, 1984) and hippocampus (Eichenbaum,
1994) are required. It is suggested that there is hierarchical control and
that goal-directed behaviour is often implemented by cognitive processes
exerting top-down control over a bank of S-R processes. At a given moment,
the tendency to behave in a particular way, as triggered by S-R processes,
can be compatible (cf. Whishaw et al., 1987) or incompatible with the
tendency suggested by cognitive processes. Sometimes a behavioural
tendency caused by an S-R association needs to be inhibited in the interests
of future goal achievement (Cohen and Servan-Schreiber, 1992).

It is proposed that the dynamics of the interaction between these
four processes are relevant for understanding some of the abnormalities of
behaviour studied by stress researchers (cf. Fentress, 1976). Changes in
weighting between processes 1-4 can profoundly alter behaviour. Although
all four processes can be involved simultaneously in the control of
behaviour, a difference in weighting between them can occur as a function
of development, learning or pathology (Toates, 1998a, b, c).

Initially during development (e.g. fetal stage), behaviour is generated
by intrinsic spinal processes (Corner, 1990). Behaviour then tends to come
under the control of S-R processes (reviewed by Toates, 1998a). With
further maturation, cognitive controls assume a greater weighting. This
provides an increased capacity to inhibit behaviour that would otherwise
tend to be caused by the S-R process. Conditions of impoverished rearing
disrupt the emergence of the top-down controls that would normally be
able to restrain lower-level controls (Ridley and Baker, 1983). With ageing,
cognitive control can diminish in efficacy compared with S-R control
(Gallagher, 1997).

As an animal becomes more accomplished at a task by utilizing a
particular behaviour, the weighting attached to the S-R process involved
tends to increase (O’Keefe and Nadel, 1978). That is, actions become habits
(Adams, 1982; Dickinson, 1985; Serruya and Eilam, 1996) and the capacity
of stimuli to take control increases, something relevant to the study of stress
(e.g. Wiepkema, 1987) and to welfare (Walker, 1990). For example, under
some conditions, even what ‘should’ constitute the punishment of a response
(e.g. shock delivered contingent upon the response) tends not to diminish
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the tendency to exhibit this response (Brown et al., 1964). The weighting of
control can also shift following disruption to the brain. For example, rats
with damage to the hippocampus exhibit behaviour that largely conforms to
principles of S—R control (Hirsh, 1974). In humans, schizophrenia is associ-
ated with a loss of contextual control (Cohen and Servan-Schreiber, 1992).

Although the adaptive significance of different levels of control is to
work in coordination in pursuit of goals, the theme of this chapter is that,
under certain conditions, variation in weighting between processes can
give rise to behavioural anomalies. Thus, behaviour cannot always be
understood simply in rational goal-seeking terms. In defining processes of
behavioural control, the notions of reward and reinforcement are of central
importance and are considered next.

Reward and reinforcement

Within applied ethology one sees expressions of the kind ‘performing
behaviour X might be rewarding’ or ‘stereotypies could be reinforcing’
(Dantzer, 1986; Segal, 1990; Turkkan, 1990; Mason, 1993). Arguments
about welfare sometimes depend upon such considerations. However, as
White (1989) notes, even within psychology there is little or no consensus
on what ‘reward” and ‘reinforcement’ mean. The distinctions between the
four processes described as underlying behavioural control could prove
relevant here (cf. White, 1989).

In the terms developed here, rewards are affectively positive and act
at a high level of control to modify the animal’s cognitions (e.g. tasty food
is at site A). Subsequently, such representations do not tell an animal
exactly what to do (e.g. neither specifically to run nor to swim to a goal-box).
Rather, rewards (as part of process 1) help to determine very broad classes
of different behaviour (e.g. to approach the goal-box), the exact form
depending upon current circumstances (e.g. whether the maze is dry or
flooded). The term reinforcement can be used in a theoretically neutral way,
as in, for example, food placed in the goal-box to the left reinforces the
animal’s left turn (Bindra, 1978). This can be operationally defined in terms
of a subsequently increased frequency of turning left. However, ‘reinforce-
ment’ can also be used at a theoretical level to refer to one particular
process, in White’s (1989) terms, to the strengthening of particular S—R
associations by repeated triggering of R by S (cf. O’Keefe and Nadel, 1978),
i.e. process 2.

In many cases, processes of both reward and reinforcement (as defined
in the theoretical sense) would act in parallel and would be entirely
compatible. For example, an animal repeatedly turning left in a T-maze to
find food might be described as seeking the reward located there (process 1)
and, in making repeated left body-turns, an S—-R connection gets reinforced
(process 2). In some cases, however, these processes act in opposition. For
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example, a rat performing a foraging task in an 8-arm radial maze for small
morsels of food (Olton et al., 1979) needs to abandon an arm (win-shift)
after having been reinforced for entering it and to search elsewhere. One
can imagine a high-level cognitive control that suggests a shift of maze arm
(win=shift) acting in opposition to a lower-level (S-R) reinforcement
mechanism (win-stay). Indeed, different brain lesions favour either win—shift
or win-stay strategies (Packard et al., 1989).

In applied ethology, a formal distinction between reward and reinforce-
ment could prove useful. If we extrapolate to suppose that animals have
subjective feelings, then it would seem that reward and aversion are the
appropriate currency, e.g. the theoretical position of Dawkins (1990). She
compares the attraction of two different goals and considers the price that an
animal will pay to gain or avoid an object. Reinforcement, a strengthening of
particular motor acts, might be relevant to understanding some instances of
bizarre behaviour (Turkkan, 1990) that appear to defy rational analysis in
terms of reward. It would appear to be an explanatory concept that we
require for understanding stereotypies, discussed below.

The intrinsic importance of behaviour

Is behaviour simply an arbitrary means to obtain a desirable outcome or
is the ability to perform behaviour per se important to the animal? The
inclusion of process 3 as a component in behavioural control reflects a
belief in the latter. On some occasions an animal has learned successfully
a goal-directed sequence of behaviour, such as lever-pressing or depositing
a token in a slot in order to obtain reward. Then, after apparently becoming
accomplished at this, species-typical behaviour such as burying (in this case,
the token) intrudes and disrupts the goal-directed sequence (Breland and
Breland, 1961).

The performance of specific patterns of behaviour per se is important
as a factor in the achievement of stress reduction in an aversive context
as indexed by reduced gastric ulceration (Weiss, 1971; Weiss et al., 1976)
and is also relevant to achieving metabolic homeostasis (de Passillé et al.,
1991, 1993). The relevance of behaviour per se in achieving consequences
is also evident in the phenomenon of electrical stimulation of the brain.
Apparently rewarding stimulation, contingent on the animal’s own
behaviour, can become aversive if it is later applied by the experimenter
in a situation where the animal does not have control (Steiner et al,
1969). This suggests that a simple hedonic model of such phenomena is
inadequate and emphasizes the importance of the animal being able to
perform behaviour (process 3) that exerts control over the situation
(process 1). Similarly, although the capacity to show locomotor activity is
not necessary for an animal to learn an association between a location
and an amphetamine injection made there, it is necessary in order for the
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animal to exhibit a preference for the location (Swerdlow and Koob, 1984).
This again underlines the importance of behaviour per se in achieving an
end-point.

Transition-biasing processes and modal action patterns

Transition-biasing processes (process 4) help to orchestrate sequences of
behaviour. Brainstem nuclei play a role in the organization of individual
stereotyped responses, e.g. biting, chewing and swallowing (Klemm and
Vertes, 1990). However, the timing and coordination of such responses are
under the modulation of higher brain regions (Berntson and Micco, 1976;
Berridge, 1989a), i.e. transition-biasing (cf. Fentress, 1976; Rushen et al.,
1993).

In rats, sequences of grooming are disrupted by lesions of the striatum,
even though the component actions remain intact (Berridge and Fentress,
1987a). Dopamine (DA) projections from the substantia nigra to the striatum
are involved in generating such sequences (Berridge, 1989b), which are
intrinsically determined in that they do not depend upon somatosensory
feedback (Berridge and Fentress, 1987b). The cortex plays a role in these
sequences and the importance of its role appears to increase in primates
as compared with rodents (Berridge and Whishaw, 1992). In generating a
species-typical sequence of actions, Ay, Ay, Az . . ., the role of the striatum
appears to consist of the control of A; biasing towards A;, and so on,
even in the face of competitive tendencies (Berridge and Whishaw, 1992).
Aldridge et al. (1993, p. 4) suggest that: ‘hierarchical neostriatal circuits
temporarily switch motor control toward central pattern generators and
away from sensory-guided systems at the beginning of a syntactical
grooming chain’.

Although sequences of grooming are innately organized, it appears that
learning can lead to a very similar solution involving the striatum (Aldridge
et al., 1993). For example, even when any one of a number of flexible and
varied sequences of learned behaviour could serve to achieve the same
end-point, there is a tendency for certain fixed sequences to develop
(Schwartz, 1985). Such a process might, at least in part, be the embodiment
of what underlies the move to more automatic control with repetition,
discussed above.

Classical ethologists placed weight upon fixed action patterns
(Tinbergen, 1969; Lorenz, 1981), while later ethologists loosened the
concept slightly in the designation ‘modal-action pattern’” (MAP) (Hoyle,
1984). Either way, the hallmark is that a sequence of actions once triggered
tends to carry on to completion. This involves intrinsic organization such
that sequences are produced with syntactical structure.

| next consider some more details of the suggested processes in terms of
the nervous, endocrine and immune systems.
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Mechanisms underlying different levels of control
A double-dissociation

What is the neural embodiment of reward and reinforcement mechanisms?
In the 8-arm radial maze, rats were rewarded either for win-shift (change
arm after reward) or win—stay (repeat arm choice after reward) strategies. By
selective lesions, Packard et al. (1989) performed a double-dissociation. For
the win-stay task, rats with lesions to the caudate nucleus were disrupted.
This basal ganglia structure appears to exert an influence near to the motor
output side and to form a basis of S—R learning. Animals with lesions to the
fimbria fornix, which disrupts utilization of the hippocampus, on the other
hand, improved relative to controls. On a win-shift task, caudate nucleus
lesions had no effect but fimbria fornix lesions disrupted behaviour.

The role of dopamine

Introduction

In any discussion of reward, motivation and reinforcement, DA often
features large (Wise, 1982; Berridge and Robinson, 1998), although of
course behaviour is influenced by many interacting neurochemicals. A more
complete account would need to consider the role of noradrenaline, seroto-
nin and opioids.

DA appears to serve a role in homeostasis in that its activation tends to
lead to active behaviour, e.g. escape or avoidance (Le Moal and Simon,
1991), which then lowers DA levels. More consideration might usefully be
given to DA in the context of theories of stress. For example, the role of DA
in stereotypies is established (Schiff, 1982; Kennes et al., 1988). Levels of
DA correlate negatively with the tendency to develop gastric ulcers (Glavin,
1993). DA activation appears to counter tendencies to passivity, e.g. in an
avoidance task (Le Moal and Simon, 1991). Whereas controllable shock is
associated with DA release in the nucleus accumbens, uncontrollable shock
is not (Cabib and Puglisi-Allegra, 1994). There are interactions between DA
and corticosteroids (Jones et al., 1989).

Sites of dopamine action

To reiterate an earlier point, it is assumed that behaviour is under the joint
control of physically present stimuli and cognitive representations. DA
appears to act at a number of sites in the brain, possibly corresponding to
different aspects of such multi-process control. There are tentative hints
(discussed shortly) that one common feature of DA’s postsynaptic role at
different brain regions is to bias in favour of the candidate for behavioural
control that is represented at the region, e.g. prefrontal cortex or basal
ganglia (Cohen and Servan-Schreiber, 1992; cf. Salamone et al., 1997). The
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postsynaptic effect of DA at one brain site might even act in opposition to
that at another. It is suggested that, in the interests of goal-directed behav-
iour, one form of biasing involves strengthening the candidacy of certain
(e.g. effort demanding or intrinsically weak) stimuli and memories (e.g.
mediated via the prefrontal cortex), while inhibiting that of intrinsically
strong stimuli (e.g. acting via subcortical sites).

DA activity in the prefrontal cortex can inhibit DA activity in the
nucleus accumbens (Deutch et al.,, 1990). The expression of cognitive
processes in behaviour in the face of incompatible tendencies for behaviour
triggered by lower-level processes requires DA activation within the cortex
(Cohen and Servan-Schreiber, 1992). DA lesions in the prefrontal cortex
disrupt delayed alternation (Brozoski et al., 1979; Diamond et al., 1994), a
task that involves behavioural choice based on a memory of the past choice.
Cohen and Servan-Schreiber suggest that DA-blocking drugs particularly
target subcortical DA systems, biasing towards cognitive control. However,
the relationship between cortical DA levels and cognitive control seems not
to be a simple one. Thus, noise stress, which elevates prefrontal cortical
(PFC) DA release, can impair cognitive functioning (Arnsten and Goldman-
Rakic, 1998). The authors suggest (p. 366): ‘Selective dysfunction of the
PFC during stress may have survival value, favouring well-rehearsed or
instinctual behaviours regulated by subcortical structures and posterior
cortex rather than slower, more complicated PFC regulation’. Possibly only
a narrow band of DA activation at different brain regions is compatible with
an adaptive balance between cognitive and S-R controls.

The events that cognitive processes represent are either (i) not physically
present in space or time when behaviour is instigated, e.g. foraging; or (ii)
their significance needs to be triggered by cues. It is possible that nucleus
accumbens DA plays a role in converting cognitions into candidate goals.
Thus, loss of DA disrupts foraging, hoarding and active avoidance behaviour
(Blackburn et al., 1992) and the behaviour of going to a food niche
prompted by a predictive cue. Foraging in an Olton maze is disrupted by DA
antagonists injected into the nucleus accumbens (Floresco et al., 1996).

However, acting at other sites (e.g. basal ganglia), DA appears to
strengthen the capacity of lower-level (S-R) controls. Thus, in connection
with the DA agonist amphetamine, Ridley (1994, p. 226) suggests: ‘that
descending frontal projections exert an inhibitory effect on striatal activity
and counteract the stimulant effects of the rising dopaminergic projections’.
Amphetamine appears to act at the nucleus accumbens in promoting
activity and exploration but at the ventrolateral striatum in increasing the
tendency to stereotypy (Kelley et al., 1988).

It appears that dopaminergic neurons in the substantia nigra are
implicated in sequencing, since their stimulation elicits features of modal
action patterns (MAPs) described above (Piazza et al., 1989a, b). This is rele-
vant to the suggestion that stereotypies represent an exaggerated response of
the processes that normally underlie adaptive MAPs, since dopamine has
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been a focus of attention in the study of stereotypies. Behaviour shows some
autonomy from DA processes when either (i) it is based initially upon
the properties of physically present stimuli that have strong established
behavioural associations (Keefe et al., 1989) or (ii) it has become habitual
(Posluns, 1962; Singh, 1964; Ray and Bivens, 1966; Fibiger et al., 1974,
1975; Sahakian and Robbins, 1977; Robinson and Berridge, 1993).

Dopamine and stress

Theories on stress need to heed the observation that, although the
mesotelencephalic DA system is intimately connected with reward (e.g.
drug-based), it is also excited by stressors (Cabib, 1993; Robinson and
Berridge, 1993). Understanding this might be helped by considering that
behaviour has more than one level of determinant. The mesolimbic DA
system is activated both by acute and chronic stressors (Hall, 1998) and by
drugs such as amphetamines, cocaine and opioids (Bardo, 1998).

Stressors are effective in triggering activity in DA projections to the
nucleus accumbens and the medial frontal cortex, two sites of increased DA
activity accompanying drug-seeking. Conditional stimuli paired with
stressors have a similar effect (Young et al., 1993). Robinson and Berridge
(1993) suggest that the mesotelencephalic DA system could mediate
attention to all salient stimuli. The valence of the stimulus, i.e. positive or
negative, might be differentiated elsewhere in the central nervous system
(CNS). Restraint stress triggers a rise in DA release in the nucleus accumbens
followed within about 50 min by a fall to below baseline (Cabib, 1993).
The end of restraint triggers a rise to above baseline. It is as if DA release
corresponds to when active strategies are indicated.

Piazza et al. (1990) refer to: ‘repeated amphetamine injections (amphet-
amine sensitization) employed as a pharmacological model of stress’.
Herein lies the paradox that an animal will learn an operant task for such
injections and, by this definition, learn to stress itself. Similarly, in rats,
corticosteroids are positively reinforcing when administered intravenously
or orally (Deroche et al., 1993) in a concentration comparable with that
seen under conditions described as stressful and that elevates nucleus
accumbens DA activity. This is paradoxical given that elevated cortico-
steroid levels are often used as an index of stress. DA neurons contain
corticosteroid receptors (Le Moal and Simon, 1991).

Stress, the hippocampus and changes in weighting of control

Evidence suggests that: (i) the hippocampus has a role in mediating cognitive
control; and (ii) this mediation can be disrupted by stress. O’Keefe and
Nadel (1978) proposed two distinct processes: a taxon system, similar to an
S-R system, and a cognitive map-based system, termed a locale system. In
these terms, Jacobs and Nadel (1985) suggest that (p. 518): ‘stress disrupts
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the function of the hippocampally based locale system and its context-
specific learning capacities while potentiating taxon systems and their
context-free associations’.

According to Altman et al. (1973, p. 567), hippocampectomized rats,
when aroused: ‘be that due to novelty, change in reinforcement schedule or
reward magnitude, reversal, extinction, or the like, . . . will tend to act out,
or emit overt responses while, in contrast, normal adults will tend to pause
in responding’. Thus, hippocampectomized rats are similar to young rats
with an immature hippocampus, i.e. lacking restraint. The hippocampus
has a rich density of corticosteroid receptors. What is their functional
significance?

The role of corticosteroids

Corticosteroid receptors in the CNS appear to influence sensory and
learning processes (McEwen et al., 1986). Their loss in the hippocampus is
associated with a reduction in what is termed here cognitive control (Oitzl
et al., 1997). In group-living birds, a high level of corticosteroids appears to
increase the probability that an individual will disperse from the group
(Silverin, 1997; Belthoff and Dufty, 1998). This suggests that corticosteroids
bias CNS processes away from the production of behaviour determined by
physically present stimuli and cause distant locations (e.g. remote migration
sites represented cognitively) to be pursued.

Chronically elevated cortisol levels can be damaging to neural tissue,
especially in the hippocampus (Uno et al., 1989; Lupien et al., 1998), and
might contribute to a decline in the capacity to exert high-level control.
Under stress, this could trigger a positive feedback loop with increased
weighting towards lower level controls.

The immune system

By means of communication to the CNS, the immune product interleukin-1
(IL-1) triggers a pattern of behaviour characterized by sleep, reduction in
exploration, fever and loss of motivation to engage with positive incentives
(Hart, 1988; Maier and Watkins, 1998). It also reduces cognitive control in
that mice injected with IL-1 are disrupted in finding a submerged platform in
a Morris water maze, although their response to physically present stimuli is
unimpaired (Gibertini et al., 1995a, b). IL-1 changes the activity of neurons
within the hippocampus, which might mediate a bias away from cognitive
control. This might make the animal more stimulus bound and less likely to
wander prompted by distant goals. Gilbertini and associates suggested that
there could be an integration of cytokine and corticosteroid information at
the hippocampus.



Multiple Factors Controlling Behaviour 209

Having outlined some of the basic ideas of multiple factors in behavioural
control, the next section considers some implications of a shift of weighting
of control away from cognition (process 1).

Loss of top-down control

It is suggested that a number of features of behaviour might be understood
in terms of a reduction in the strength of the cognitive, top-down process
relative to lower levels of organization. This section looks at some examples
of this.

Anomalous behaviour

Some anomalies of behaviour caution against simple rational inter-
pretations and suggest control by more than one process. These processes
can sometimes be in conflict (cf. Turkkan, 1990). For example, animals
sometimes perform an operant task that is reinforced by the presentation
of electric shocks (Kelleher and Morse, 1968). The addition of conting-
ent shocks sometimes appears to strengthen appetitive goal-directed
behaviour (Brown et al., 1964). Such behaviour might reveal an S-R
link that acts in spite of reward/aversion principles. This could be
relevant to the phenomenon of self-injurious behaviour (Harlow and
Harlow, 1962; Berkson, 1967), though exactly what is responsible for
strengthening a lower-level control under these conditions remains to be
explained.

Monkeys can be persuaded to press a lever for intravenous drug infusion
and simultaneously learn to press another lever, which, within the same
session, terminates this schedule (Spealman, 1979), suggesting elements of
automatic ‘compulsive’ control.

Adjunctive behaviour and displacement activities

In rats, mild stress arising from, say, electrical shock or tail-pinch, has the
effect of triggering a variety of different behaviours, e.g. eating, aggression or
sexual behaviour (Robbins, 1978; Antelman and Caggiula, 1980). If no
suitable objects are available, nail-biting is a typical reaction. These stimuli
might have the common focus of triggering DA, which gets channelled into
sensitizing whatever outlet is suggested by the stimuli impinging upon the
animal at the time. Amphetamine-injected marmosets tend to engage in
extensive focused self-grooming with sometimes damaging consequences
(Ridley and Baker, 1983), which might model features of self-mutilation
under non-injected conditions.
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Electrical stimulation of the lateral hypothalamus results in any of a
variety of different coordinated acts, depending upon the environmental
stimuli present (Valenstein, 1969). With experience in the same situation,
the variety gives way to one particular behaviour which becomes increas-
ingly stereotyped (Wayner et al., 1981). Activities that involve orogastric
sensory feedback, e.g. chewing and licking water, are very prone to develop
such electrically induced stereotypy. Gradually the independent component
behaviours become more coordinated.

Displacement activities appear to correspond to behaviour organized
at a low level in the hierarchy which is triggered at times of stress, ambiva-
lence, etc., when there could be a failure of top-down control (Le Moal
and Simon, 1991; Toates, 1995, 1998a). These activities tend to be species-
typical (reflecting process 3) and with a high probability of occurrence in
the normal life of the animal (Cabib, 1993). For example, grooming as a
displacement activity can show a whole sequence of its component acts,
pointing to control in part by transition-biasing. Schedule-induced
polydipsia is sometimes seen as a variety of displacement activity and is
dependent upon DA activity in the nucleus accumbens (Robbins and Koob,
1980).

Stereotypies

Background

In some cases, stereotypies emerge from a situation in which there is an
absence of variation in the environment (Wolff, 1968; Terlouw, 1993). This
could mean that there is an inadequate (cognitive) signal top-down to resist
the drift to S-R control (cf. Le Moal and Simon, 1991). Davenport and
Menzel (1963) noted that chimpanzees raised under impoverished
conditions exhibit stereotypies, but that these are interrupted when novel
objects are introduced into the cage, at which time exploration occurs. They
conclude that stereotypies arise because of ‘the absence or insufficient
amount of stimulation that the mother ordinarily provides her infant’ and is
triggered when the subject ‘is not actively engaged in ‘externally-directed’
behaviour’.

It is suggested that, in terms of process 1 (cognition and goal direction),
stereotypies can emerge out of what is initially cognitive control and goal-
directed behaviour, in some cases involving imitation (Ellinwood and
Kilbey, 1975; Cooper and Nicol, 1994). When such behaviour repeatedly
fails, the normally negative feedback system shifts into ‘open-loop’ and
behaviour becomes perseverative (Hediger, 1964; Meyer-Holzapfel, 1968;
Robbins, 1976; Dantzer, 1986; Kennes et al., 1988). Frustration is a potent
trigger to stereotypies (Dantzer, 1986; Wiedenmayer, 1997), suggesting a
common feature with displacement activities. For example, stereotypies can
emerge from unsuccessful attempts to escape confinement (Dantzer, 1986;
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Wiirbel and Stauffacher, 1997). Amphetamine-induced stereotypies appear
to emerge sometimes from a combination of processes 1 and 3: species-
typical behaviours used in goal-directed behaviour become strengthened
(Ellinwood and Kilbey, 1975). By the repetition of a particular behaviour in a
context, stimuli can become attached to it (process 2).

Stereotypies appear to correspond to a shift of weighting from cognitive
to S—R processes, with strengthening of transition-biasing between compo-
nents of the stereotypy (cf. Levy, 1944; Wemelsfelder, 1993; Toates, 1998a).
Wiirbel et al. (1998) suggested that stereotypies arise from habit formation
and sensitization. According to Ridley (1994, p. 221), they arise as a result of
a failure of ‘higher order representation” and: ‘Pathological repetition may
consist of over-excitation of behavioural programmes or may be the ‘default’
effect of the loss of mechanisms which normally direct more variable
self-initiated behaviours’.

Similarly, Dantzer (1986, p. 1785) argues that stereotypy: ‘reflects a
cut-off of higher nervous functions coupled with a disinhibition of hypotha-
lamic and brain-stem structures where the basic organization of most motor
acts is hard-wired’ and: ‘All the conditions would therefore be met for a
positive feedback mechanism in which sensory factors that normally
guide behaviour trigger a behavioural sequence that becomes self-organized
independently of further environmental guidance’. In these terms, we might
expect the stereotypies that emerge to correspond to behaviours that have a
high probability of appearing in a given situation (see description of process
3), e.g. oral and rooting stereotypies in pigs and pacing in carnivores
(Rubovits. and Klawans, 1972; cf. Mason and Mendl, 1997).

Hediger (1964, p. 75) suggested that: ‘Under the influence of certain
conditions of captivity (space-confinement, hypertrophy of valances, lack
of amusement and occupation), peculiar partial hypertrophies of the space—
time pattern may occasionally occur, fixed stereotyped movements for
instance’. Stereotypies occasionally appear to lock on to the presence of
external stimuli, for example, being performed by zoo animals specifically
in the presence of the public (Hediger, 1964). In a restricted environment,
the same stimuli are repeatedly encountered, which increases their chances
of ‘locking-on to” associated responses (Thelen, 1979, 1996; cf. Ridley and
Baker, 1982; Serruya and Eilam, 1996).

Ridley and Baker (1982) note that many stereotypies shown by isolated
animals represent habit residuals. That is to say, they are normal infant
forms of behaviour that have not been overridden during the course of
development. With experience, stereotypies become difficult to disrupt by
environmental modification (Cooper et al., 1996). Thus, they sometimes
involve responding on the basis of what was present in the environment but
no longer is. For example, an animal that repeatedly jumps over an obstacle
in performing a routine might continue to jump at the point where the
obstacle used to be (Fentress, 1976). This suggests a role of transition-
biasing.
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Biochemical bases

Stevens et al. (1977, p. 809) suggest that psychomotor stimulant (e.g.
amphetamine) injections trigger: ‘stereotyped behaviours that in all verte-
brates appear to represent an exaggeration and perseveration of fragments of
species specific exploratory behaviours’. This is in distinction to, say, simply
exaggerated motor automatism, divorced from sensory input: sensory input
appears to engage species-typical motor patterns. In response to amphet-
amine injections, when cats were blindfolded there was a sharp drop in the
amount of side-to-side movement of the head, which led Stevens et al.
(1977) to suggest that amphetamine-induced stereotypy reveals that DA
activity (p. 811): ‘enhances the perceptions or significance of sensory stim-
uli, a phenomenon strikingly similar to the heightened sensory awareness
and significance of banal stimuli reported by many patients with schizophre-
nia’.

Kennes et al. (1988) found that opioid blocking disrupts the early
development of stereotypies but not their occurrence once established.
Stereotypies did not develop a similar autonomy from DA blocking with
haloperidol. However, injection of haloperidol is a blunt instrument unless
targeted into specific brain nuclei by microinjection, since DA blocking can
have quite different effects according to the nucleus involved (Bakshi and
Kelley, 1991), as discussed in the next section.

Dopamine is implicated in mediating differences between control and
loss of control as a factor in the development of stereotypies. Uncontrolla-
ble, but not controllable, shocks enhance amphetamine-induced stereotypy
(MacLennan and Maier, 1983).

Brain regions

Evidence points to an involvement of the nucleus accumbens in psycho-
motor activation, e.g. flexible searching, and involvement of the caudate
nucleus nearer the motor output side with repetitive behaviour (Rubovits
and Klawans, 1972). Thus, Jones et al. (1989) report that amphetamine-
induced stereotypies are blocked by DA depletion in the caudate nucleus,
whereas DA depletion in the nucleus accumbens blocks the locomotor-
activating role of amphetamine.

In rats, hippocampal lesions both cause a hyperresponsivity to stimuli
(O’Keefe and Nadel, 1978) and an increase in the tendency to stereotypy
(Devenport and Holloway, 1980). Amphetamine-induced stereotypies are
enhanced by cortical lesions (see Le Moal and Simon, 1991). This suggests
the removal of layers of control that could otherwise override the lower
level organization. Devenport and Holloway (1980, p. 701) suggest that:
‘The possession of hippocampi helps to prevent the evidently compelling
tendency to repeat with increasing frequency an accidentally reinforced
response or response sequence’, and that: ‘intact animals adjust their
behaviour according to a rule distinct from, or in addition to, contiguity’.
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They note the greater development of the hippocampus in most mam-
mals as compared with birds and the greater tendency of birds to exhibit
stereotypy. In rats, a combination of (i) presentation of reward; (ii) food
deprivation; and (iii) loss of the hippocampus is a very potent one for
inducing heightened activation and stereotypy, much like that induced by
amphetamine (Devenport et al., 1988). This might capture some of the
conditions of loss of functional top-down control suggested here to underlie
the development of stereotypy in neurally intact animals.

In a somewhat similar vein, Eichenbaum (1994, p. 179) places a focus
upon the:

inflexibility of memory representations supported outside the hippocampal
system. In our view the lack of behavioural variability and the abnormally
rapid acquisition of superstitious behaviours are consequences of
hippocampal-independent conditioning processes, whose influence is
more readily exerted in the absence of the sometimes competing objectives
of the hippocampal-dependent processing.

Reinforcement and reward

To return to the earlier discussion: are stereotypies reinforcing? In an
operational sense they cannot be, since, unlike food or heat, they are not
something presented by the experimenter as a result of performing behav-
iour. If, however, performing them tends to strengthen the future tendency to
show them, then, by this criterion, they might be termed ‘reinforcing’. Thus,
Katz (1982) suggested that ‘certain repetitive acts, by virtue of their
kinesthetic consequences are intrinsically reinforcing’, a similar point
being argued by Azrin et al. (1973).

Is performing stereotypies rewarding, in the sense that an animal will
seek out environmental supports that permit their performance? Some
evidence suggests this (cf. Thelen, 1979, 1996; Cooper and Nicol, 1991),
although it is not predicted in any obvious way from the present perspective.
Ellinwood and Escalante (1970) found that amphetamine-injected cats were
attracted to a specific location at which they performed stereotypies, though
whether the performance of the stereotypies as such constituted part of the
labelling of the site as attractive is unclear. Both human and non-human
subjects can show a preference for a particular location at which they
exhibit stereotypies (Berkson, 1967). This might have similarities with the
conditioned place preference test (Stewart et al., 1984) in which animals
prefer a location associated with a drug injection. After apomorphine
injections rats perform an operant task rewarded with a block which
they then chew (Robinson et al., 1967). This suggests a reward process
associated with the capacity to perform chewing under these conditions
(i.e. process 3).

In terms of prior models, the present one is perhaps closest to the idea
that stereotypies are the outcome of a disinhibition process (McFarland,
1966). It does not suggest a model in terms of a spillover of energy (cf.
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Lorenz, 1981). Consideration of the ideas expressed here would leave open
the question of whether, placed in a certain situation, performing stereo-
typies improves the animal’s welfare. However, stereotypies point to a
failure of cognitive control and their appearance would support the widely
held view that they emerge as a result of environmental inadequacy.

Are there genetic and developmental factors that play a role in differences in
the relative strengths of the contributory processes 1-4? The next section
briefly considers this issue.

Factors affecting weightings between control processes

Comparing different animals, are there differences in the weighting of the
processes involved in behavioural control? Are such differences revealed in
a given context, e.g. an environment that tends to trigger stereotypies?

Individual differences

Both in ‘pure’ behavioural science (Mittleman and Valenstein, 1985; Cools,
1988) and in applied ethology (Wiepkema and Schouten, 1992) there is
interest in individual differences in behaviour. Future research could use-
fully consider how individual differences might map on to differences in the
relative strengths of the four processes introduced earlier.

For a given species and test situation, some individuals tend to show an
active coping strategy and others a passive strategy (Benus, 1988). There are
also individual differences in the tendency to show stereotypy. Feed-
restricted pigs tend to develop polydipsia, particularly so in more dominant
animals (Terlouw et al.,, 1991). In rats, there are also large individual
differences in schedule-induced polydipsia, electrical stimulation-induced
behaviour and avoidance (Mittleman and Valenstein, 1985). Confronted
with a threat, rats and mice tend either to freeze or to show the active
strategy of fighting/fleeing. Animals can be classified according to which of
these tendencies is dominant (Benus et al., 1991). In tree-shrews, different
types of stress are associated with protracted and ineffective exercise of one
or the other strategy (von Holst, 1986).

There are strain differences in DA activity. In mice, whether immobiliza-
tion stress enhances frontal cortex DA activity depends upon the mouse
strain (Cabib et al., 1988). Following stress, whether apomorphine induces
an increase or a decrease in activity also depends upon strain (Cabib et al.,
1985). Differences in the extent to which behaviour is stimulus bound or
flexible are associated with differences in DA activity in the nucleus
accumbens (Cools, 1988). Stressors of various kinds elevate DA activity in
the prefrontal cortex and nucleus accumbens in high avoidance, but not low
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avoidance, rats (Scatton et al., 1988), suggesting that DA activation is associ-
ated with the initiation of an active behavioural strategy.

In rats, a positive correlation exists between the tendency to flee and the
amount of gnawing induced by the DA agonist apomorphine (Cools, 1988).
Benus et al. (1991) observed the relationship between attack latency and the
tendency to stereotypy induced by apomorphine. Animals with a short
attack latency (SAL mice) had a much higher stereotypy response than did
long attack latency mice (LAL mice). Benus et al. (1991) suggest that their
results can be understood in terms of Cools’ theorizing. Thus, a high sensitiv-
ity to apomorphine reveals intrinsically low DA activity in the neostriatum
(with up-regulation of receptors), whereas a low sensitivity to apomorphine
reveals intrinsically high DA activity (with down-regulation). Benus et al.
present evidence that SAL mice are more routinized in their behaviour than
are LAL mice, which exhibit more flexibility. It remains a challenge to
explain this result.

There are important individual differences in the level of central DA
activity which appear to correlate positively with the tendency to active
behavioural strategies and negatively with the development of gastric ulcers
(Cools, 1988; Glavin et al., 1991; Taché, 1991; Glavin, 1993).

Early rearing

Early rearing experience might bias the weighting of cognitive and S-R
controls and the subsequent development of stereotypies (Sahakian et al.,
1975; Ridley and Baker, 1983). Isolation affects the role of catecholamines
in cortical development (Kraemer et al., 1983). Social interactions during
development (e.g. play) appear to influence the function of the prefrontal
cortex and thereby its later potential to exert a top-down inhibitory role
(Panksepp, 1998b). It seems that an intrinsic tendency to programme bouts
of play (process 3) can serve the development of cognitive control (process
1). Although rearing rats in social isolation increases the later tendency to
stereotypy, in guinea pigs it decreases this tendency (Sahakian and Robbins,
1975; Kehoe et al., 1998). Harlow and Harlow (1962) observed that infant
monkeys raised in isolation show exaggerated stereotypies and self-injurious
behaviour, suggesting a weak top-down influence.

In the context of the developmental background of stereotypies,
Ridley (1994, p. 223) suggests that: ‘where behaviour has little effect on the
environment, the environment has only a limited and crude influence on
behaviour’. One might interpret ‘crude’ in terms of increased weighting of
control by lower-level processes (e.g. innate programmes).

Differences in experience are associated with differences in DA
systems, which might create a bias towards or against acquiring particular
behaviour patterns when the animal is an adult. Lewis et al. (1996) sug-
gested that ‘early social deprivation resulted in loss of dopamine innervation
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to striatal areas with a subsequent dopamine receptor supersensitivity’.
Socially deprived monkeys show an elevated stereotypy response to the DA
agonist apomorphine (Lewis et al., 1996). Socially reared monkeys exhibit
the so-called ‘Kamin blocking effect’, i.e. they ignore redundant information
(Lewis et al., 1996), whereas socially deprived monkeys fail to exhibit this.
In the case of the latter, this is suggestive of an increased weighting attached
to stimuli per se and a failure of top-down modulation based upon the
stimulus being placed in context. Rats reared in social isolation show a
reduced tendency to habituate to stimuli (Einon et al., 1975) and (by some
indices) increased exploration (Sahakian et al., 1977).

Welfare implications

The ideas developed here are as yet somewhat speculative. They invite
further research and theorizing. However, they already suggest a number of
implications for animal welfare:

1. One of the processes proposed to underlie behavioural control is
cognitive, active, purposive and goal-orientated, involving affective states.
This reinforces the need for housing conditions to be such that the animal
can maintain affective states within acceptable boundaries. Stress can arise
not just from physically damaging stimuli but from frustration and thwarting,
etc. The suggestion of processes additional to the cognitive goal-directed
process (process 1) does not detract from the central role of process 1 in the
control of behaviour.

2. If lower-level controls can ‘take over’ under some conditions, an animal
might not always ‘know’ or reveal what is in its own best interests. Other
indices might be needed to assess welfare. It might be misleading to see
behaviour as always being goal-directed, e.g. to lower stress levels, although
that is not to deny that goal direction is a feature of behaviour.

3. The use of corticosteroids as a gold-standard for stress needs some qual-
ification. Chronic elevated levels are indicative of disturbed welfare but any
simple equality between corticosteroids and stress needs to accommodate
the observation that animals sometimes work to increase their corticosteroid
levels.

4. The ability to perform species-typical behaviour is of some moment in
achieving end-points (e.g. to perform normal feeding patterns in the gaining
of nutrients) and welfare needs to take this into account by allowing a facility
for their performance.

5. It is suggested that stereotypies appear when there is inadequate
restraint on lower levels of behavioural organization. This could provide a
rationale for environmental enrichment. The ideas developed here appear to
be neutral on the issue of whether, in a given context, the performance of
stereotypies (as opposed to their non-performance) has any implications for
welfare.
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6. Meeting welfare needs means that individual differences in levels of
control need consideration.

Conclusion

A multi-level control model involving both cognitive and S—R aspects might
help to explain a number of features of behaviour and could prove applica-
ble to some of the ‘anomalies’ that are of the greatest concern to students of
stress and welfare. Evidence from both stereotypies (Rubovits and Klawans,
1972) and maze-learning tasks (Packard et al., 1989) suggests that the
caudate nucleus of the basal ganglia is an important site for the organization
of S—R processes, whereas the hippocampus is involved in mediating cogni-
tive control. This chapter provides a tentative organizing framework rather
than a definitive statement and it is hoped that the ideas expressed here can
serve as a stimulus to further research.
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Introduction

In describing the general adaptation syndrome, Hans Selye (1936, 1946)
identified three stages of the stress response: the alarm reaction, the stage of
resistance and the stage of exhaustion. Most experimental studies of stress
have focused on the alarm reaction and the stage of resistance which
together are referred to as the acute stress response or, simply, the stress
response. Central to the alarm reaction is activation of the hypothalamic—
pituitary—adrenal (HPA) system which in turn produces a variety of events
that enable the organism to redirect cognitive, behavioural and physio-
logical processes to respond effectively to emergency situations. The stage of
resistance inevitably follows the alarm reaction and is the portion of the
stress response in which homeostasis is restored and the organism is
protected from the most deleterious consequences of stress. This is also the
stage of the general adaptation syndrome in which glucocorticoids are
elevated and, if resistance is complete, return to basal values. Although
Selye noted that excessive elevation of glucocorticoids was detrimental, he
also considered the primary role of glucocorticoids to be protective. This
sentiment is echoed in the modern literature. Munck and colleagues (1984),
for example, emphasize the important role that glucocorticoids play in
terminating other aspects of the stress response, thereby preventing damage
caused by excess stimulation of neuroendocrine and immunological agents
activated early in the cascade of events comprising the acute stress response.

The focus of this chapter is chronic stress or, in Selye’s terminology, the
stage of exhaustion. Failure to restore homeostasis fully once the acute
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response to stress has been mounted is the defining characteristic of the
stage of exhaustion. In other words, the stage of exhaustion is initiated if the
stage of resistance is not completely successful. In terms of pituitary—adrenal
activity this should be reflected in a failure to restore normal baseline levels
of glucocorticoids. Although some attenuation of pituitary—adrenal activity
may be expected as physiological processes initiated during the stage
of resistance attempt to restore homeostasis, the stage of exhaustion is
characterized by persistent elevations in glucocorticoids.

Embedded within this traditional view of stress are several assumptions
regarding the cause and consequence of chronic stress. First, chronic stress
begins with activation of the acute stress response. Second, failure to restore
homeostasis following the acute response to stress is reflected in sustained
elevations of adrenocortical activity. Third, chronic elevations in pituitary—
adrenal activity are deleterious to health. This last assumption has led to the
common practice of using glucocorticoids as a metric of stress. Moreover,
since excess stimulation by glucocorticoids can be toxic, the notion that
sustained elevations in pituitary—adrenal activity, in and of itself, can pro-
duce pathological outcomes provides a convincing and ready explanation
of the diversity of adverse health outcomes associated with chronic stress
(Sapolsky, 1992).

Repeated activation of the acute response to stress is particularly likely
to lead ultimately to sustained elevations in glucocorticoids. The details
regarding the nature of physiological changes attendant to repeated activa-
tion of the acute stress response have certainly been clarified and refined
since Selye originally posited his model of stress. However, his model
remains the predominant conceptual basis for understanding how stressful
events can affect health and well-being. The important body of research
regarding repeated stress is covered in several of the other chapters in this
volume and will only be briefly touched upon here. The focus of this chapter
is on social stress and is particularly concerned with the mechanisms and
consequences of chronic social stress. Our studies of non-human primates
suggest that social stress can produce either chronic elevations or chronic
reductions in adrenocortical activity; that reductions in cortisol, like eleva-
tions, are associated with deleterious health outcomes; and that social stress
produces chronic changes in pituitary—adrenal activity through mechanisms
that differ from those associated with repeated activation of the acute stress
response.

The traditional view

The HPA system plays a prominent role in orchestrating the diverse elements
of the stress response. The hypothalamus, particularly the paraventricular
nucleus, is activated during an emergency reaction probably through inputs
from the amygdala and other parts of the central nervous system (CNS)
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involved in processing fearful or threatening stimuli. Corticotropin-releasing
hormone (CRH) is released within seconds of recognition of the emergency
and stimulates other elements of the stress response centrally (e.g. by acti-
vation of the sympathetic nervous system). It also acts peripherally by
stimulating the anterior pituitary to produce and release adrenocorticotropic
hormone (ACTH). ACTH acts peripherally to influence many aspects of
immune activity and, most importantly, causes release of high levels of
corticosteroids from the adrenal cortex. Corticosteroids are elevated in the
circulation several minutes after the onset of the stress, too late to participate
in the emergency reaction per se. However, corticosteroids do inhibit other
aspects of the stress response, including further release of CRH and ACTH,
and thus restore homeostasis (Munck et al., 1984; Johnson et al., 1992).

Pharmacological studies have amply demonstrated that excess gluco-
corticoids can have a variety of deleterious physiological consequences
(Sapolsky, 1992). An immediate consequence of elevated glucocorticoids is
a reduction in the number of glucocorticoid receptors (Young et al., 1990;
Song, 1991). Unless there are periods during which corticosteroids are low,
these receptors are not replenished. This eventually leads to ‘lowered
responsiveness or frank resistance of target cells to glucocorticoid
hormones’ (Song, 1991, p. C172). Glucocorticoid resistance prevents the
suppressive role that glucocorticoids ordinarily play during the stress
response, allowing those systems activated by acute stressors to continue
unchecked for prolonged periods. This includes, of course, continued
secretion of the glucocorticoids themselves.

Multiple feedback mechanisms buffer the organism from experiencing
many of the potentially harmful effects of glucorticoids (Keller-Wood
and Dallman, 1984). For example, fast feedback operates via membrane
receptors to reduce CRH and ACTH release immediately in response to CRH
stimulation of the anterior pituitary (Widmaier and Dallman, 1984) and
terminate the stress-induced activation of the system. Thus, the acute
response to a stressor is typically short-lived, and homeostasis is restored
relatively quickly, even when the eliciting conditions prevail.

Stimulation of the two main types of receptors for glucocorticoids
accounts for both the complexity of feedback mechanisms and some of the
deleterious effects of sustained elevations in glucocorticoids. In the CNS,
occupation of high-affinity mineralocorticoid receptors (Type I, MRs) by
glucocorticoids regulates basal pituitary—adrenal activity at the trough of the
circadian cycle. There is increasing evidence that occupation of low-affinity
glucocorticoid receptors (Type I, GRs) stimulates GR-responsive genes
throughout the CNS and periphery (Bradbury et al., 1991). Stimulation of
GRs for a few hours once a day is sufficient to maintain steady-state levels
of the gene product, whereas continuous stimulation results in excessive
GR-mediated gene expression. In the normal course of events, GRs in the
CNS are saturated at the circadian peak and immediately following the
acute stress response (Bradbury et al., 1994; Dallman et al., 1994).
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One function of GRs is to initiate a slow feedback mechanism that alters
subsequent basal levels of ACTH and cortisol and maintains the mean daily
output of glucocorticoids even on days when an acute stress response has
been activated (Akana et al., 1992). The impact of this type of feedback
is, therefore, not evident immediately, but instead acts by modulating
subsequent circadian rhythms. This means that under most circumstances
the acute stress response may alter the timing of glucocorticoid stimulation
of GRs (i.e. post-stress instead of circadian peak) but would not result in
excessive stimulation by glucocorticoids. However, if the full panoply of
physiological changes that occur with the activation of the stress response
has not fully dissipated before the individual encounters another stressor,
then mean daily output of glucocorticoids is exceeded, excessive GR
stimulation occurs, and deleterious consequences follow.

The timing of repeated stressors is crucial (De Boer et al., 1990).
Multiple stressors encountered over prolonged periods of time may not have
an impact on health and well-being. Encountering the same number and
type of stressors within a more constricted time frame could result in sus-
tained periods of vulnerability due to the catabolic and immunosuppressive
actions of cortisol and could even result in irreversible neural damage due to
cortisol’s cytotoxic actions. Circadian variations in the slow feedback
mechanisms suggest that 24 h is a critical time, and we may expect stressors
encountered within 24 h of one another to have a greater impact on
organismic integrity than stressors separated by more than 24 h. The para-
digm employed by Dallman and colleagues of exposing rodents to daily
physical restraint (Akana et al., 1992) has proven to be a powerful model for
the study of chronic stress and associated pathologies, including immuno-
logical suppression, metabolic dysfunction and cell death in the CNS
(Sapolsky, 1992).

Studies of social stress in non-human primates

Social stress is particularly effective in producing chronic changes in HPA
function (Sapolsky, 1987; 1993; Mendoza et al., 1991; Levine, 1993;
Brooke et al., 1994). Our research has capitalized on a broad-based under-
standing of the social interactions of two species of New World monkeys,
the monogamous titi monkeys (Callicebus moloch) and the polygynous
squirrel monkeys (Saimiri sciureus), to investigate the sources of social
stress. Alterations of critical aspects of the social situations of these monkeys
provide naturalistic models of chronic stress.

Titi monkeys live in family groups consisting of an adult male and
female and 1-3 offspring (Mason, 1968). The adults are monogamous and
a strong bond develops between the adult male and female that closely
resembles the filial attachment bond (Mason and Mendoza, 1998; Mendoza
and Mason, 1999). Interactions between adults of the same sex are largely
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limited to ritualized encounters at territorial boundaries (Mason, 1968;
Menzel, 1993). Infants are carried predominantly by the father and transfer
to the mother for brief nursing bouts (Fragaszy et al., 1982; Mendoza and
Mason, 1986). Infants form an intense attachment bond with their father and
a weaker bond with their mother, neither of which is reciprocated by the
parents (Mendoza and Mason, 1986; Hoffman et al., 1995).

In contrast, squirrel monkeys live in large groups and primarily associate
with animals of the same sex and age categories. Relationships among adults
can best be characterized as friendships. Intense bonds analogous to the
filial attachment bond do not appear to exist among adults (Mendoza et al.,
1991). Within-sex dominance relationships are apparent among both males
and females (Mendoza et al., 1978a). Interactions between males and
females are infrequent unless animals’ same-sex partners are not available
(Lyons et al., 1992). Infants are cared for exclusively by females, predomi-
nantly the mother. Infants form an intense attachment bond with their
mother, which is reciprocated (Mendoza et al., 1980).

Given the different types of social organization displayed by these
species it is not surprising that conditions that give rise to social stress are
also different. For titi monkeys, studies of social stress have focused on
disruption of the attachment bond by involuntary separation. For squirrel
monkeys, the social environment is more complex in that it involves main-
taining diverse relationships with multiple animals, suggesting that social
instability produced by formation of new social groups would constitute a
potent stressor. In both species, social stress produces prolonged alteration
of pituitary—adrenal activity. In each species, however, the details of the
response to social stress are not what we predicted based on prevalent
models of chronic stress.

Adrenocortical response to social separation

In both squirrel monkeys and titi monkeys, involuntary disruption of an
attachment bond by separation evokes an immediate and substantial
increase in plasma cortisol levels. This was first demonstrated in a study of
the response of 18 squirrel monkey mothers and infants to involuntary
separation (Mendoza et al., 1978b). We subsequently showed the same
response in titi monkey mates separated from one another (Mendoza and
Mason, 1986) and in titi infants separated from their fathers (Hoffman et al.,
1995). The adrenocortical response to social separation is only apparent for
relationships that are characterized by an attachment bond, a finding that is
general among all mammalian species studied thus far (Hennessy, 1997).
In titi monkeys, the adrenocortical response to separation from attach-
ment figures persists through long periods of separation, with little or no
attenuation. We examined the long-term response to separation in several
contexts. The first was one in which six adult male titi monkeys were
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separated from their mates and placed in hospital-like surroundings
(Mendoza, 1991). Blood samples were collected before animals were
moved into the hospital and at weekly intervals for the 3 weeks after they
were moved. Cortisol levels remained elevated (at approximately 40 pg dl~!
above basal values) for the entire 3-week period the monkeys were housed
in the hospital setting, and there was no difference between day 7 and day 21
levels. We cannot attribute the response solely to separation, however, inas-
much as these monkeys are also strongly reactive to novel environments.

To determine the extent to which separation and the degree of novelty
influenced the response to the hospital situation, we monitored the adreno-
cortical response to separation in titi monkeys placed in three environments:
the home cage, a new cage in the same room as the home cage, and a
new cage in a new room (Hennessy et al., 1995). All cages were identical in
internal dimensions and perch arrangements. Blood samples were collected
at 1, 25 and 49 h after moving the monkeys (n = 10, five pairs) to the test
cage (or following capture and return to the home cage) when the monkeys
were with or without their mate. Titi monkeys responded to both novelty
and mate separation. The presence of the mate attenuated but did not
eliminate the response to the novel environments. Separation effects were
apparent in all environments for the 2-day test period. The independent
response to a new cage in a familiar room dissipated within 24 h.

We have extended separation time in studies in which adult and
juvenile offspring were separated from their parents. Results from one study
established that even older offspring respond to removal of their parents for
extended periods of time (Valeggia, 1996). Subjects were in three age
groups: 6-12 months of age (infants, n=8), 1-2 years of age (juveniles,
n=7), and 2-3 years of age (adults, n = 6). Each family group consisted of
one to three offspring. Blood samples were collected 1 day and 5 days
following removal of the parents. The results from the separation condition
were compared with a separation-reunion condition in which the parents
were separated from their offspring for 1-2 h the day before the first blood
sample was obtained. All offspring responded to separation from their
parents with an increase in plasma cortisol levels, even though all were
tested in a familiar environment and 20 of the 21 subjects were housed with
siblings throughout the separation period. As in the previous studies, the
separation response did not attenuate during the 5-day period.

In another study, adult daughters (n = 8) were separated from their natal
groups for 30 days and placed alone in a new cage in the same colony room
and then returned to their family groups and monitored for the ensuing 30
days (Valeggia, 1996; Hoffman, 1998). Blood samples were collected before
the relocation, at 1, 8, 15, 22 and 29 days following separation, and at 4 h
(day 1), 2, 9, 16 and 23 days following reunion. Plasma cortisol levels
were elevated on day 1 of separation relative to pre-separation levels and
remained elevated throughout the separation period. Although cortisol
elevations were evident 4 h after reunion, adrenocortical activity returned to
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pre-separation levels by the next sample collection time, 2 days after the
females had been reunited with their family groups (see Fig. 11.1).

In a related study, we monitored the response of adult titi monkeys to
formation of new heterosexual pairs (Hoffman, 1998). Ten new pairs were
formed. Most of the subjects (six males and seven females) were living with
their parents and siblings prior to pair formation, and thus were separated
from their natal groups as in the previous study in order to form new pairs.
Blood samples were collected twice a week for 3 weeks before and for 4
weeks following pair formation. Cortisol levels were elevated 24 h following
pair formation but, in contrast to the previous study, the presence of a new
mate apparently truncated the response to separation from the parents as
indicated by the return to pre-separation cortisol levels by day 3 of separa-
tion. The response to formation of new pairs was the same for monkeys who
were removed from their natal groups and for monkeys who were not cur-
rently living with either a mate or their parents at the time of pair formation.

In combination, the results of these studies indicate that disruption of
attachment bonds by involuntary separation leads to elevation of plasma
cortisol levels within a short time following the onset of separation. The
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Fig. 11.1.  Mean plasma cortisol levels for: female titi monkeys that were removed
from their families (isolated) and placed in identical cages in the same colony
room; males and female titi monkeys that were formed into new pairs (paired); and
female titi monkeys that were returned to their family groups following a prolonged
period of isolation from their natal groups (reintroduction).
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heightened adrenocortical activity does not attenuate even if the separa-
tion period persists for several weeks. Heightened adrenocortical activity
appears specific to lack of an appropriate social partner. Restoration of basal
values occurs following return of the original attachment figure or provision
of a potential attachment figure, as when new pairs are formed. The
adrenocortical response is evident whether animals remain in the home
cage during separation or are placed in a novel cage. Availability of social
partners who are not appropriate attachment figures, such as siblings or off-
spring, does not alter cortisol levels during separation. Similarly, reduction
in cortisol upon return or replacement of an attachment figure occurs in the
familiar home cage or in a novel environment at approximately the same
rate.

With respect to understanding mechanisms involved in chronic stress,
the separation studies in titi monkeys present a particularly interesting out-
come. There is no evidence that negative feedback mechanisms operate in
any way during the entire separation period. Although the mechanisms
accounting for heightened cortisol levels are not known, it is unlikely that
loss of glucocorticoid receptors can account for the response. If the high
levels of glucocorticoids evident during separation led to down-regulation
of glucocorticoid receptors we might expect to see a gradual increase in
glucocorticoid levels throughout the separation period as more receptors are
lost. Moreover, it may be expected that the negative feedback mechanisms
would be disabled for long periods post-separation as the receptor
population is replenished. Neither effect is apparent in our data. Cortisol
levels are stable throughout the separation period and return promptly to
pre-separation levels upon return of attachment figures.

The ineffectiveness of negative feedback mechanisms during separation
in titi monkeys is in sharp contrast to the efficacy of negative feedback
mechanisms in this species in other situations. A sensitive measure of
negative feedback sensitivity is provided by studies of dexamethasone
suppression of pituitary—adrenal activity. This synthetic glucocorticoid stim-
ulates glucocorticoid receptors (but not MRs) to suppress pituitary—adrenal
activity for several hours following administration. Titi monkeys are more
sensitive to lower doses of dexamethasone than are squirrel monkeys and
show a much greater diminution of cortisol levels in response to its adminis-
tration (Mendoza and Moberg, 1985). We have suggested that titi monkeys
have very sensitive negative feedback mechanisms that effectively limit
the duration of the acute stress response (Cubicciotti et al., 1986; Mendoza
and Mason, 1997). Apparently separation somehow inhibits, but does not
permanently disable, the negative feedback mechanisms from operating
during the period of separation.

There are no studies that compare the consequences of sustained
elevation in pituitary—adrenal activity produced by repeated stress with
those produced by separation. To the extent that the consequences of stress
are due solely to elevated glucocorticoids, the route of activation should
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not matter in evaluating the consequences of chronic stress. We should
not assume, however, that all effects of stress are due to corticosteroids. For
example, there is increasing evidence that the amygdala is involved in
activation of the pituitary—adrenal system in response to psychosocial stress-
ors but not physical stressors. Amygdalectomized animals do not show the
expected elevations in cortisol in response to fear-inducing stimuli, whereas
the response to physical restraint is only slightly dampened (Prewitt and
Herman, 1994). Since the amygdala has also been implicated in immune
processes (Brooks et al., 1982, Grijalva et al., 1990, Nistico et al., 1994), it is
possible that psychosocial stressors pose different risks for the individual
from physical stressors even though both can lead to excess circulating
glucocorticoids.

These results also have implications for welfare issues in the manage-
ment of these monkeys. It is common practice, for example, to remove sick
or injured animals from the colony and place them in small hospital cages
for treatment. Our studies suggest that separation from attachment figures in
adult and juvenile monkeys induces a physiological state that is believed to
induce further pathologies.

Group formation studies in squirrel monkeys

Social instability has long been supposed to induce chronic stress in
group-living monkeys and is associated with high mortality (Zuckerman,
1932). In established groups, periods of social instability occur but are
infrequent. We attempted to produce social instability in the laboratory by
formation of new social groups consisting of individuals who were
all unfamiliar with one another. Our initial study of group formation in
squirrel monkeys was undertaken to examine the extent and duration of
hypothesized increases in pituitary—adrenal activity during the initial stages
of new relationship formation. To our surprise, formation of female triads
produced a sustained reduction in cortisol levels in all subjects (n=15;
Mendoza and Mason, 1991, see Fig. 11.2). This reduction in cortisol levels
took several days to become apparent, but persisted for the entire 4-week
period during which females lived in isosexual triads. A single male was
then introduced to the females. The immediate effect of introduction of
the male was to stimulate gonadal hormone activity in females. Cortisol
levels in the females remained low for an additional 3 weeks and then
began to rise, reaching pre-formation levels by the end of 4 weeks following
formation of heterosexual groups. During the month they lived with males,
several females became pregnant. It is possible that the increase in cortisol
following formation of heterosexual groups occurred as a result of the
pregnancy in several of the females. However, even females who did not
conceive showed the increase in cortisol when mating activities began in
the groups.
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Fig. 11.2.  Mean plasma cortisol level for female squirrel monkeys while living
alone and for the first 4 weeks following formation of unisexual triads.

The initial reduction in cortisol upon formation of like-sex relationships
has since been replicated in several studies of both male and female squirrel
monkeys (Saltzman et al., 1991; Mendoza et al., 1992; Lyons et al., 1994).
Comparison of circadian rhythms in adrenocortical activity of monkeys
living in newly formed social groups (15 males, 14 females) with monkeys
housed individually (ten males, eight females) showed that hypocorti-
solaemia can persist for several months and is apparent in the socially
housed animals at all points during the circadian cycle. The social groups for
this study were formed in two stages. Isosexual triads were formed first (five
male and ten female triads) and 6 months later heterosexual groups were
formed by combining a male and a female triad or by adding a single male
to a female triad. Circadian rhythms were evaluated at three points following
formation of the heterosexual social groups: 5 months, 7 months and 10
months. Blood samples were collected at six time points representing 4-h
intervals within the 24 h cycle. Cortisol levels increased in group-housed
animals the longer they were together and as the breeding season
approached. However, even by the final round of data collection, when
the like-sex companions had been together for 16 months (see Fig. 11.3),
cortisol levels were lower at each point in the circadian cycle for animals in
social groups than for individually housed animals. With the onset of breed-
ing some 18 months following formation of isosexual groups, cortisol levels
increased in both group-housed and individually housed animals and the
differences between group-housed and individually housed animals were
no longer apparent (Schiml et al., 1996, 1999). It is important to note that
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Fig. 11.3. Mean plasma cortisol levels for individually and group-housed
squirrel monkeys at six time points in the circadian cycle. Data were collected
approximately 2 months prior to breeding, 16 months following formation of
isosexual triads and 10 months following formation of heterosexual groups.

cortisol levels for the group-housed animals increased to those exhibited by
the individually housed animals during the previous breeding season, and
differences between individually housed and group-housed animals did not
re-emerge in the next 2 years. Nor did the group-housed animals ever again
exhibit the extremely low levels that were evident in the first 18 months
following group formation. It thus appears that hypocortisolaemia in group-
housed animals is evident only during the period following formation of new
social relationships and defines the period of social instability. Moreover,
the induction of breeding and the social reorientation that accompanies it
reverses the hypocortisolaemia induced by social instability.

Immunodeficiency disease progression in rhesus
macaques

Our studies with squirrel monkeys led naturally to the question of whether
or not reduced cortisol levels have implications for disease progression. To
answer this question we turned to another species more commonly used
as subjects in biomedical research, rhesus macaques (Macaca mulatta). Like
squirrel monkeys, rhesus monkeys are polygynous and live in large social
groups comprising several individuals in each age and sex category. We
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hypothesized that the rhesus monkeys would perceive formation of new
social units as a stressful event. Since rhesus monkeys are the principal
animal model for studies of immunodeficency virus disease, we tested the
hypothesis that social stress would result in faster simian immunodeficiency
virus (SIV) disease progression (Capitanio et al., 1998). Monkeys (n = 36)
were assigned equally to Stable or Unstable experimental conditions and
half of the monkeys in each condition were then assigned to either Inocu-
lated (10°TCIDsg SIVmac251) or Control groups. All social exposures were
conducted within an inoculation condition; that is, inoculated animals
never interacted with control animals. Stable monkeys were placed with the
same social partners in triads for 110 min day~', 3-5 days week™'. Unstable
subjects had the same amount of social experience, but the identity and
number of interactants varied daily; groups ranged in size from two to four
monkeys.

Comparison of the survival curves for SIV-inoculated monkeys in the
Stable and Unstable conditions revealed that Unstable monkeys had a

18 -
( —O— Unstable
—@— Stable
16
5
(o))
=2
2
£ 14
S
o
©
£
(7}
<
o
12 4
10 T T T T T T

PRE 1 2 3 4 5 6
Months post-injection

Fig. 11.4. Mean plasma cortisol levels for male rhesus monkeys before (pre) and
following inoculation (SIV,,.251 or saline control). Monkeys in the Stable social
condition were placed with the same social partners three to five times per week;
monkeys in the Unstable social condition were placed in groups of two to four
monkeys of varying identity three to five times per week.
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significantly shorter survival (log-rank test, P < 0.05). Median survival for
Stable monkeys was 588.5 days, with a range of 238 to 1191 days. For
Unstable monkeys, median survival was 421 days, with a range of 141 to
576 days. Four Stable monkeys (44.4%) survived beyond the longest surviv-
ing Unstable animal. No mortality was observed among Stable or Unstable
monkeys who were not inoculated with SIV. Although the differential ability
to mount an antibody response to the virus was significantly related to sur-
vival, Stable and Unstable monkeys did not differ significantly in formation
of SIV-specific antibody and therefore antibody formation to the virus could
not account for social condition effects on survival.

A principal hypothesis of the research project, that social condition
would result in differences in basal plasma cortisol concentrations, was
confirmed. We assayed plasma cortisol from blood samples drawn on the
monkeys at 4-week intervals (Fig. 11.4). All such samples were drawn while
the monkeys were in their living cages on days when they did not experi-
ence their social conditions. Consequently hormonal concentrations do not
reflect acute effects of social experience, but rather long-term socially
induced alterations of pituitary—adrenal regulation. All blood samples were
collected in the afternoon, reflecting values near the trough of the circadian
cycle. Basal cortisol concentrations declined for monkeys in both the Stable
and Unstable conditions for the first 8 weeks. Cortisol levels in the Stable
monkeys subsequently rose, while levels continued to decline for 24 weeks
among Unstable monkeys. After this time, cortisol levels increased for
Unstable monkeys, and Stable and Unstable monkeys no longer differed
consistently. Thus, monkeys in the Unstable social condition showed a
more pronounced and longer lasting suppression of cortisol and disease
progressed more rapidly.

Altered regulation of the pituitary—adrenal system in these monkeys
is also revealed in the acute stress response. The adrenocortical response
to physical restraint was evaluated with and without pretreatment with
dexamethasone (50 pg kg™' i.m.) 6 h prior to restraint. These tests were
performed at weeks 12 and 18 post-innoculation when differences in basal
levels between Stable and Unstable animals first emerged in our data.
Unstable monkeys showed a blunted cortisol response over 2 h of restraint
and a greater response to dexamethasone. Pretreatment with dexametha-
sone attenuated, but did not eliminate the differences between Stable
and Unstable monkeys in adrenocortical responsiveness to restraint
stress. Whether or not the animals had been inoculated with SIV did not
have an impact on the pituitary—adrenal response to restraint or dexa-
methasone.

The pattern of cortisol release found among Unstable monkeys — lower
basal concentrations, blunted responsiveness to an acute stressor and
greater suppression following dexamethasone challenge — suggests that
social instability enhances negative feedback sensitivity. These data are
reminiscent of those reported by Yehuda and colleagues (Yehuda et al.,
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1993, 1995) for patients suffering from post-traumatic stress disorder (PTSD).
Because the PTSD research suggested an inverse relationship between
cortisol levels and glucocorticoid receptor number on lymphocytes, and
because glucocorticoids appear to regulate cytokine production (Munck and
Guyre, 1991), we examined whether Stable and Unstable monkeys differed
on non-SlV-related measures of immune function at a time when group
differences in cortisol were maximal. Monkeys received an intramuscular
boost of tetanus toxoid during week 21 post-inoculation. Blood samples
were drawn at the time of immunization, and 10 and 24 days later, and were
analysed for anti-tetanus antibody using ELISA. Unstable monkeys, which
had lower cortisol at the time of immunization, had a significantly higher
antibody response than did Stable monkeys. Thus, the ability to form
antibodies follows the patterns predicted by the traditional view of cortisol
as an immunosuppressive agent and cannot account for adrenocortical
influences on survival.

At this point we do not know how reduced cortisol or other aspects
of social instability function to promote disease progression. It is clear,
however, that hypocortisolaemia is a health risk and can also be used as a
marker of social stress. This does not negate the large literature suggesting
that cortisol is immunosuppressive, particularly with respect to antibody
formation. Our data confirm this association. Clearly, the actions of cortisol
on disease progression need to be examined in a broader context in order to
elucidate the consequences of both elevations and reductions in cortisol on
organismic integrity.

Summary and implications

A variety of conditions considered to be models of chronic stress have been
shown to lead to prolonged changes in pituitary—adrenal function (e.g.
alcoholism, Eskay et al., 1995; severe environmental conditions, Janssens
et al., 1995; repeated encounters with acute stressors, Akana et al., 1992;
bereavement, Hofer, 1984; social subordination, De Goeij et al., 1992;
Saltzman et al., 1994; Sapolsky, 1995; Spencer et al., 1996; social instabil-
ity, Sapolsky, 1983; 1993; Capitanio et al., 1998; severe trauma with
attendant changes in psychological and social functioning, Bauer et al.,
1994; Fleshner et al., 1995). Our research and that of several other laborato-
ries suggest that social stress is particularly effective in producing chronic
changes in pituitary—adrenal function (Sapolsky, 1987, 1993; Mendoza
et al.,, 1991; Levine, 1993; Brooke et al., 1994). Clearly, the presumption
that chronic stress, like the response to acute stress, involves regulation (or
dysregulation) of the HPA system is established.

One consequence of chronic stress is likely to be a change in negative
feedback regulation of the pituitary—adrenal system. The way in which
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negative feedback regulation is altered and how such alteration is reflected
in corticosteroids depends on how chronic stress is induced. Repeated
activation of the acute stress response leads to reduction in the number of
GR and/or neurons responsible for initiating negative feedback mechanisms
(Sapolsky, 1992; Dallman et al., 1994; Spencer et al., 1996). Mean daily
output of cortisol gradually increases with repeated stress, an effect that
takes several days to manifest. In titi monkeys, disruption of attachment
relationships also leads to long-term increases in cortisol, but the
mechanism appears to be different in that the effect does not develop slowly
and is apparently immediately reversible. This implies that with this type of
chronic stress (disruption of attachment relationships) negative feedback
mechanisms are inhibited but that neither receptor populations nor neurons
mediating negative feedback are destroyed.

It is not known, but is important to discover, whether or not different
means of producing hypercortisolaemia, by presumably different neuro-
physiological mechanisms, hold the same risks to health and well-being.
The assumption that stress-induced elevations in glucocorticoids account for
the health risks associated with chronic stress has rarely been tested directly.
There is reason to believe that the means of producing hypercortisolaemia
is an important determinant of the consequences of this condition. For
example, alterations in pituitary—adrenal responsiveness are different when
corticosteroids are elevated by stressors than when corticosteroids are
manipulated pharmacologically (Wilkenson et al., 1979; Akana et al., 1992;
Strack et al., 1995).

In two species of non-human primates, social instability has been
found to produce hypocortisolaemia. The studies of patients with post-
traumatic stress disorder (PTSD) suggest that humans are a third species for
which chronic stress may lead to reduced cortisol. The variety of conditions
that have been implicated in producing PTSD all include disruption of
the social environment, suggesting that there is a possibility that the causes
of hypocortisolaemia may be similar. More research is necessary, however,
before a firm connection between the causes of hypocortisolaemia in
human and non-human primates can be established. Reductions in cortisol
associated with social instability and PTSD are accompanied by enhanced
negative feedback (Yehuda et al, 1993, 1995; Capitanio et al., 1998)
and the time course for the reduction in cortisol (days to weeks) suggests
that changes in receptor populations may contribute to hypocortiso-
laemia.

Most of what is known about the potential consequences of a reduction
in glucocorticoids comes from studies in which corticoids are completely or
nearly eliminated from the circulation, as with adrenalectomy or Addison’s
disease. Relatively little is known about the potentially deleterious effects of
reduced glucocorticoid activity. Studies of PTSD offer the most promising
avenue for investigation of stress-induced hypocortisolaemia in human
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populations. However, to date the research has concentrated on mechanims
of reduced cortisol rather than consequences. The need for animal models
of hypocortisolaemia is highlighted by criticisms of PTSD as a model of
chronic stress since only a portion of the population exposed to a particular
traumatic event displays the disorder, leaving the possibility that lowered
cortisol creates susceptibility to the disorder rather than resulting from it
(Sapolsky, 1996). Nonetheless, studies of various disease processes make it
clear that glucocorticoid insufficiency produced by either adrenalectomy or
disease can have serious implications for organismic integrity (Tsigos and
Chrousos, 1994).

The only study to our knowledge of disease progression in monkeys
with hypocortisolaemia comes from our study of rhesus monkeys infected
with the simian AIDS virus (Capitanio et al., 1998). We found that social
instability was associated with reduced cortisol for several weeks and that
disease progression was more rapid in monkeys with greater and more
sustained hypocortisolaemia. The mechanism by which lowered cortisol
affects progression to simian AIDS is unclear. Low cortisol does not impair
antibody production; in fact, antibody production is greater in monkeys with
low cortisol. A possible mechanism is via glucocorticoid influences on cyto-
kine production. IL-1 activity, for example, is suppressed by glucocorticoids,
but production of the receptor for IL-1 is stimulated by glucocorticoids,
creating the need for an optimal level of glucocorticoids for efficient IL-1
activity (Munck and Néaray-Fejes-Téth, 1992).

The most general implication of the research reviewed here is that social
stress produces long-term changes in HPA function through mechanisms
that are not predicted by traditional models of stress. The concept of stress
subsumes multiple distinct syndromes each associated with its own
symptoms and risks. A basic distinction is between acute and chronic stress.
The most commonly evoked metaphor for understanding the physiological
response to stress is a prey’s encounter with a predator. Nothing is more
important than escape from the certain death that awaits. All physiological
systems involved with mobilizing energetic resources are activated while
those concerned with immediately inessential processes are shut down. The
studies of chronic stress presented here suggest that the acute response to
stress may or may not have a direct relationship with the conditions that
produce chronic stress. Moreover, the use of cortisol as a metric of stress
may have some validity in studies of acute stress but not in evaluating
conditions of chronic stress.

Given the complexity of the pituitary—adrenal response to chronic
stress, can glucocorticoids continue to be used to monitor stress and
well-being? We believe the answer is yes. The methods employed require
attention, however, to the potential range of possible responses to chronic
stress and recognition that either excess or insufficient glucocorticoids may
be indicative of stress.
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Introduction

The deleterious effects of stress on animals are well known. Impaired
immune function, gastric ulcers, impaired growth and reproduction,
abnormal behaviour and disease are all known to occur when animals are
exposed to potent stressors (such as disease, pain, aggression, restraint) and
to chronic stressors (such as isolation, social instability, loss of predictability,
loss of control). Animals can often cope with stressors if the exposure is of
limited duration. However, if the animal cannot escape from the stressor,
the classic symptoms of stress appear. Although stress and its effects are
commonly discussed, many of the mechanisms by which stress affects the
individual are still poorly understood. Psychological stressors are accepted
as much more potent challenges than physiological stressors, and chronic
stressors are thought to be much more detrimental than acute ones. In
addition, not all stress can be considered detrimental. The term ‘eustress’
is often used to indicate a stressor that may be perceived as pleasurable,
such as animals running during play and the act of copulation. In both of
these instances, classic responses to stress are invoked: increased heart rate,
glucocorticoids, catecholamines, etc. We would not consider these acts
necessarily detrimental or harmful to the animal. The term “distress’ is often
used to indicate specifically that the stressor may cause harm or decrease the
welfare and (or) fitness of the organism. The ideas of eustress and distress
and the different mechanisms by which they act to alter the physiology of
the animal remain important areas of research today.
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Even less understood is the effect that stress may have on the developing
individual. The timing of events during fetal and neonatal development is
critical to the integrity and normal function of all animals. Slight changes
in the typical developmental scheme can have profound effects on the
developing fetus, such as the effect found in sheep where accidental
ingestion of skunk cabbage (Veratum californicum) by the pregnant ewe
results in cyclopean offspring that are lacking, among other things, a portion
of their pituitary gland. Similarly, in some human males in the Dominican
Republic there is a lack of exposure to dihydrotestosterone, due to a
deficiency or instability of 5a-reductase during neonatal development and
this causes characteristic female phenotypic expression (Griffin and Ojeda,
1992). It is not until plasma testosterone concentrations reach elevated
concentrations at puberty, thereby becoming converted to significantly
more dihydrotestosterone, that the person becomes phenotypically male.
Because stress removes animals from homeostasis, many endocrine and
neuroendocrine systems are disturbed. Thus exposure to a stressor during
fetal and neonatal life may also have significant effects on the physiology
and anatomy of the offspring in question.

The concern as to whether exposing animals to stress during pregnancy
will affect their developing offspring is important because many livestock
are exposed to stress during gestation, even under conditions of the highest
quality management. Common management procedures such as handling
(Mitchell et al., 1988; Lay et al., 1992), transportation (Fell and Shutt, 1986;
Mitchell et al., 1988; Clark et al., 1993) and changes in housing (Friend
et al., 1985, 1988) cause activation of the hypothalamic—pituitary—adrenal
(HPA) axis indicative of a stress reaction. A model proposed by Gluckman
(1985) suggests that endocrine control between the central and peripheral
nervous system is affected by pulsatile release of hypothalamic hormones
during fetal development. These hormones act on the pituitary gland to pro-
duce an associated peripheral hormone effect, which then negatively feeds
back on the hypothalamus to create a ‘set point’ in organ development.
Theoretically, the mechanism controlling this set point is created by increas-
ing or decreasing the number of responsive cells in the organ, the number of
receptors on the cells, and (or) the ability of the cell to produce the specified
hormone. If the developing fetus is exposed to ‘stress’ hormones, then its
HPA axis could be permanently altered by such a mechanism. In addition,
many species, like rodents and humans, are physiologically immature at
birth and their HPA axis continues to mature during the neonatal period.
Thus, exposure to ‘stress’ hormones during neonatal development could
also permanently alter animals physiologically.

The welfare implications of altering livestock’s ability to cope with stress
are of extreme importance to livestock producers and the public as a whole.
Most current livestock production systems require livestock to adjust to:
(i) elevated social pressures due to high stocking densities; (ii) physical and
mental stress due to a lack of ability to carry out a range of behaviours; and
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(iii) the close proximity of humans. If livestock have an impaired ability to
cope with stress then these everyday challenges will negatively affect their
welfare. For instance, Broom et al. (1995) found that sows housed in stalls,
which effectively prevent social interactions and can cause stress due to
the inability to perform highly motivated behaviours, exhibit more welfare
problems than group-housed sows. The welfare problem is characterized
by a greater performance of stereotypies and aggression by stall-housed
sows. In addition, an extensive review (Hemsworth and Coleman, 1998) of
research investigating the fear induced by close proximity to humans that
is experienced by cattle, swine and poultry indicates that the animals
experiencing fear due to human-animal interactions can have both reduced
production (i.e. growth and reproduction) and reduced welfare (i.e. injuries
due to escape responses, increased stereotypies and immunosuppression).

Much of the research on stress during development indicates that
animals (mainly rats) neonatally exposed to stressors have an increased
ability to cope with stress when they mature. Increased coping and adapta-
tion to stress are evidenced by less time immobile in Porsolt’s swim test
(Hilakivi-Clarke et al., 1991), less emotionality in an open-field test (Levine
et al., 1967), reduced reactions to electric shock (Haltmeyer et al., 1967),
lower incidences of ulceration in stressful situations (Lambert et al., 1995)
and an increased antibody response to the mitogen keyhole limpet
haemocyanin (Klein and Rager, 1995). However, there is also a great deal
of research to indicate that stress during development is detrimental to the
animal. Prenatal stress causes increased emotionality and HPA response
in rhesus monkeys (Clarke and Schneider, 1993; Clarke et al., 1994) and
rats (e.g. Henry et al., 1994; McCormick et al., 1995; Vallée et al., 1997;
Weinstock, 1997). A great deal more research is required for us to under-
stand this phenomenon. However, if exposing livestock to stress during
development can increase their ability to cope with stressful situations, then
manipulation of this phenomenon in a controlled manner will allow
producers to ‘programme’ stock for specific management systems. By
matching the animal’s stress response to its environment, animal welfare
could be improved.

This chapter will briefly review work that examines the effects of pre-
and postnatal stress on rodents, followed by a more in-depth review of
the research using livestock, and conclude with a discussion of possible
physiological mechanisms that may be responsible for altering the animal’s
behavioural and physiological response to stress. The use of the phrase
‘prenatal stress’ in this chapter refers to the imposition of stress on the dam,
not the fetus. This term may be erroneous in that the fetus is not actually
stressed, but it will be used by convention.

During this review there are several points to keep in mind. The
research protocols used to study either neonatal or prenatal stress have not
used the same stressors and the developmental pattern of species is not
identical. The ‘stressor’ could mean that the subjects were subjected to
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‘manipulation in infancy’, electric shock or restraint. Also, ‘manipulation in
infancy’ could mean that the subject was simply picked up and replaced
or that it was picked up, isolated for several minutes, stroked and then
replaced. Because the stressor varies in each of the experiments, | will
usually refer to pre- or neonatal stress, but will also inform the reader of the
source of the stress. Another significant difference to consider is the degree
of maturity at birth of the species in question. Many studies have used
rodents, which are extremely altricial at birth. In contrast, work with guinea
pigs and livestock use an animal that is much more precocial.

Although not a great deal is known about the level of development
of the HPA axis between species, it is apparent that the fetal adrenal is
functional at some level prior to birth as it is critical for parturition in most
species. This does not preclude the possibility, however, of maturation of the
HPA axis postnatally. Indeed, there is evidence in many animals that adrenal
maturation does occur during neonatal life. For example, human infants
have a fetal zone at birth that regresses by their first year of life (Milgrom,
1990). Swine have a progressive decrease in adrenal glucocorticoid produc-
tion from birth to approximately 30 days (Dvorak, 1972; Kattesh et al.,
1990), indicating that the function of the adrenal gland is undergoing devel-
opmental changes. Development of the hypothalamic—pituitary—gonadal
axis also differs between species. In rats it is the surge of testosterone that
occurs on days 18-19 of gestation that masculinizes the male pup (Ward
and Weisz, 1980). In contrast, masculinization of the swine fetus occurs for
months after parturition, and is therefore less apt to be impaired by a bout
of an acute stress as compared with the rodent. Although there are many
challenges in reviewing this literature there is also a great deal to learn.

Effects of neo- and prenatal stress in laboratory animals

Research on stress during development started in the mid-1950s with work
by researchers like Seymour Levine, Gary Haltmeyer, George Karas and
Victor Denenberg. The majority of the work at that time was designed to
examine the effect of handling on neonatal rats. Research on the effects of
prenatal stress came later, in the early 1970s. Therefore, | will first review
neonatal stress and then end with prenatal stress.

Neonatal stress

In the mid-1950s Seymour Levine began to study rats that had been
‘manipulated in infancy’. This manipulation consisted simply of placing the
newborn rat into a box away from its dam for 3 min, after which time it was
returned to her care (Levine et al., 1958). This procedure occurred daily for
varying numbers of days after birth. Rats handled as newborns were later
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subjected to cold stress (5°C) for 90 min. They were then sacrificed at 10,
12, 14 and 16 days of age to collect their adrenal glands, which were
assayed for ascorbic acid depletion. It has been known since 1944 that
adrenocorticotrophic hormone (ACTH) depletes the adrenal gland of
ascorbic acid (Sayers et al., 1944); therefore, its measurement was used as
one of the first assays for ACTH, often referred to as the Sayers assay. These
authors found that 10-day-old rats were unable to respond to the stressor.
However, by day 12 the ‘handled’ infants did respond to the cold stress, and
they were more responsive than the control rats on the following 2 days of
sacrifice. These data indicate that the handling procedure caused an early
maturation of the rats’ HPA axis.

Researchers were fascinated by these findings and continued to explore
this area. Levine (1959) noted that many researchers were using diverse
‘early stimulation’ such as stroking, partial starvation and electric shock, but
that their results were similar: improved learning, reduced emotionality and
resistance to stress. However, all of these stressors had handling in common.
In addition, one component that could not be separated from the effects of
handling was the role of the dam. Many researchers noted that when the rat
pup was returned to its dam, she groomed the pup at a much higher rate
than normal. One possibility was that it was not the handling that caused the
effects associated with neonatal stress, but the increased attention of the rat
dam to its offspring.

To determine if direct handling by humans was causing the effects
associated with neonatal stress, Levine (1959) stimulated rats without
handling. To do this he used a shaker on which the entire cage with the rat
pup and dam were placed and shaken each day. Offspring that were treated
this way defaecated less in an open-field test, indicating that they were less
emotional than rats that were not shaken. Therefore, Levine concluded that
it was not the removal of the pup that created less emotionality, increased
learning and resistance to stress in individuals, but that it was a direct effect
of stimulation (in this case shaking the cage) of the infant. Later, after several
other studies (Barnett and Burn, 1967; Levine, 1975), these researchers
noted that the responses of the dams appeared to be more important in
causing the enhanced ability of their pups to cope with stress. Conducting
several studies using different manipulations, including handling, ear
punching and chilling, these authors showed that the dam responded with
increased grooming behaviour toward the offspring and that this appeared to
be responsible for their altered behavioural and physiological responses.

Denenberg and Karas (1960) attempted to discover if there was a critical
time during which the effects of early stimulation were more pronounced.
They found that early stimulation (3 min of isolation) worked best if the rat
pup was exposed before 10 days of age. When these rats were tested at 62
days of age they proved to be less emotional and more capable of learning in
a shock avoidance learning paradigm. Additionally, when challenged in an
open field, neonatally handled rats had lower corticosterone concentrations,
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which these authors suggested conferred an increased resistance to disease
(Levine et al., 1967). Both experiments showed that neonatal stress was
advantageous to the rat, and that stimulation had to occur during a critical
period shortly after birth in order effectively to change neonatal rats’ HPA axis.

Thus this early work (reviewed by Levine and Mullins, 1968) generally
showed that individuals stimulated early in life were able to respond to
stressful environments more appropriately when tested at an older age
(varying from 10 to 60 days of age). Furthermore, it appeared that intense
stimuli, such as electric shock, which immediately challenged the animals’
homeostasis caused a greater behavioural and physiological reaction (40 pg
100 ml=" of plasma corticosteroid), whereas relatively harmless situations
(like the open-field test) caused less of a reaction (20 pg 100 ml=! of plasma
corticosteroid). Interestingly, in these studies the neonatally stressed rats
actually had lower concentrations than the non-neonatally stressed rats
(27 pg 100 ml=" of plasma corticosteroid) when exposed to the open-field
test. This phenomenon was believed to be a form of ‘emotional immuniza-
tion’ in that stress early in life protected against stress later in life. The mech-
anism was believed to be the creation of differing thresholds at which
rodents would respond to a stressor, such that neonatally stressed rodents
had a higher threshold which the stressor had to surpass before the animals’
protective stress response was activated. It was suggested that the impor-
tance of the stressor occurring during neonatal life was that these thresholds
could only be altered during a critical period.

Research on neonatal handling continues today, and recent work
suggests that it is the actual grooming that the rat dam does to the pup that
causes the effects observed, not the handling procedure itself. To tease these
effects apart, Liu et al. (1997) conducted a study in which they selected
dams that naturally showed a high level of grooming of their offspring
and ones that did not. No neonatal manipulations of the offspring were
conducted, but they were subjected to restraint stress as adults. Infants from
dams that performed a lot of maternal care (licking, grooming, etc.) had an
increase in hippocampal glucocorticoid receptor concentrations and lower
concentrations of plasma corticosterone, ACTH and corticotropin-releasing
hormone (CRH).

Prenatal stress

Approximately 10 years after the field of neonatal stress research gained
international importance, researchers found that prenatal stress could also
change many aspects of the developing fetus. | will not give an exhaustive
review of the literature here, but will discuss key references that led to a
general understanding of these phenomena. For a more complete review,
there is an excellent article by Weinstock (1997) about the effects of prenatal
stress on the HPA axis.
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Ward (1972) subjected pregnant mice to restraint during days 14-21 of
gestation and found that their male offspring exhibited a low level of copula-
tory behaviour and a high rate of lordosis. Much later, Kerchner et al. (1995)
found that prenatal stress attenuated the surge of testosterone in rats and that
this brief suppression caused feminization due to sensitivity of the sexually
dimorphic nucleus of the preoptic area. Sinha et al. (1997) identified the
maternal adrenal as being important in this effect, since the testosterone
surge on gestational days 18 and 19 was greatly attenuated in male offspring
of adrenalectomized rat dams.

Prenatal stress also affects sexual characteristics in guinea pigs. Sachser
and Kaiser (1996) subjected pregnant guinea pigs to an unstable social
environment in order to induce stress and found that the female offspring of
these dams displayed male-typical courtship when they reached puberty.
Based on previous research showing that administration of androgens to
gestating guinea pigs caused masculinization of their female fetuses, these
authors hypothesized that maternal adrenal androgens were responsible for
this effect of prenatal stress.

Like neonatal stress, prenatal stress is also known to affect the HPA axis
of rodents. However, the changes observed thus far appear to be in the
opposite direction. Henry et al. (1994) found that the offspring of rat dams
restrained during the third week of gestation had greater corticosterone
concentrations at 3, 21 and 90 days of age when exposed to a novel
environment than did non-prenatally stressed offspring. In addition, there
were fewer hippocampal type | and Il corticosteroid receptors in prenatally
stressed individuals at 21 and 90 days of age, but not at 3 days of age. The
observation of differential HPA regulation over time demonstrates a
maturation of the axis, and this was one of the first studies to show that the
effects of prenatal stress were maintained into maturity.

McCormick et al. (1995) also restrained pregnant rats at the end of
gestation and found that their offspring exhibited a sex-dependent alteration
in their response to subsequent stressors. These authors challenged the pre-
natally stressed offspring at 5 months of age with restraint stress and found
that, while the males did not respond differently from the control pups, the
females had greater plasma ACTH, corticosterone and corticosteroid bind-
ing globulin concentrations than did control pups. These authors also noted
an increase in glucocorticoid receptor numbers in the septum, frontal cortex
and amygdala of prenatally stressed pups compared with control pups.

Clarke and Schneider (1997) evaluated the long-term effects of prenatal
stress in rhesus monkeys. They subjected pregnant monkeys to unpredict-
able noise stress for 5 days a week from mid- to late gestation. They then
allowed the offspring to mature to 4 years of age and challenged them
with new group formations and the stress of novelty (unfamiliar playroom).
The prenatally stressed monkeys showed greater locomotion, stereotypic
behaviour, self-clasping and generalized disturbance behaviour. In sharp
contrast, the control monkeys, whose dams were not exposed to noise stress,
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exhibited play behaviour at six times the rate of the prenatally stressed
monkeys.

It is important at this point to ask which physiological and behavioural
responses are considered ‘normal’. Because we impose the stress during
development, it is often taken for granted that this change in the animal’s
physiology is the ‘treatment’ as opposed to the ‘control’. However, it is quite
possible that we instead have recreated the ‘normal’ behaviour and physiol-
ogy of a rodent in the wild. A rat in the wild is constantly being challenged
by its environment: predators, thermal challenges and food challenges. It
lives in a complex environment which requires it to meet its own demands.
In sharp contrast, a rat in a laboratory is provided with a safe cage to live in,
abundant food and water, and a thermoneutral temperature. Research on
environmental enrichment has illustrated the many deleterious effects that
a sterile, non-complex environment can have on laboratory animals (for a
comprehensive list of articles on environmental enrichment refer to AWIC,
1995). Stress during development might actually produce an animal that has
physiological and behavioural responses much more similar to its wild
counterparts. It may also prove that this early stimulation is necessary for
normal development.

Effects of neo- and prenatal stress in livestock
Neonatal stress in livestock

Compared with the vast amount of research on prenatal and neonatal stress
in rodents, there is very little work investigating this phenomenon in live-
stock. However, neonatal stress in livestock is fairly common due to our
methods of production. Dairy calves are taken from their dams the day they
are born; veal calves are raised in stalls in which they cannot turn or graze,
causing many to exhibit stereotypic behaviour and develop gastric ulcers
(Wiepkema, 1987); calves, lambs and foals can become orphaned for
various reasons; young animals may be transported, restrained and
subjected to other manipulations like castration or dehorning.

To examine if such stressors alter the behaviour of these individuals,
Moberg and Wood (1982) challenged lambs with open-field and novelty
tests after they had been raised in isolation, peer raised, or left with their
dam. They found that isolation-reared lambs were more withdrawn and
performed more stereotypic behaviour at 42 days of age than either peer- or
dam-raised controls. However, although the behaviour of the isolation-
reared lambs indicated that they were more stressed by the open-field test
procedure, the authors did not find treatment differences for plasma cortisol
concentrations during this challenge. In a similar vein, Creel and Albright
(1988) found that isolation-reared calves showed more distress, but their
calves also exhibited greater serum cortisol concentrations in response to a
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short-term stress at 10 weeks of age compared with peer-raised calves. Like-
wise, Lay et al. (1998) group raised calves without their dams and only
allowed them to suckle once a day from approximately 20 to 40 days of
age. After this time the calves were returned to live with their dams until
weaning. When these calves were challenged with restraint stress at 6.5
months of age they had greater plasma cortisol and heart rates than control
calves that had never been separated from their dams. Apparently this brief
20-day maternal deprivation altered the calves’ HPA axis or psyche such
that the calves had a more robust response to restraint stress.

In contrast to these findings for calves and sheep, Houpt and Hintz
(1982/83) found that orphan foals were less emotional in a novel environ-
ment. However, one methodological difference to be mindful of is that foals
were peer raised without their dam, not raised in isolation; but then so
were the calves in the Lay et al. (1998) study. This raises a valid question of
interpretation. Does the increase in glucocorticoids found in many studies
of prenatal stress indicate that the animal is not coping well with the stress,
orthat it is coping well with the stress? When there are challenges to homeo-
stasis, activation of the HPA axis is the appropriate response to aid in the
animal’s survival. Only when the animal is subjected to stress of long
duration do the negative aspects of stress occur. Therefore, | suggest that the
behavioural responses to a stressor must be evaluated in tandem with the
animal’s endocrine responses to that stressor in order to make an informative
decision as to whether stress during development may be deleterious to the
individual. If an animal challenged with a stressor exhibits elevated plasma
glucocorticoids but its behaviour is indicative of an animal that is coping
well, it is possible that the endocrine response to the stress is allowing that
animal to cope well.

In general, it appears that rodents and livestock do not respond similarly
to neonatal stress. Neonatal stress in livestock, in the form of maternal
deprivation and social isolation, causes an increase in emotionality (except
for foals) and an increase in HPA activity in response to novelty and
stress. However, in rodents, neonatal stress causes a decrease in emotional
responses to novelty and a decrease in the HPA axis response to stress driven
by decreases in hippocampal glucocorticoid receptors. These are general-
izations, and the reader should keep in mind that along with the wide
variation in stressors (handling, social isolation, electric shock, etc.) comes
variation in experimental results. A point to consider when comparing
rodent and livestock data is that the developmental programmes of the
two are quite different. A newborn calf is much more developed, psycho-
logically and physically, than a newborn rat. Unlike the calf, newborn rats
are unable to see, thermoregulate or ambulate. Endocrine differences are
also apparent during the neonatal stage as the rat goes through a ‘stress-
hyporesponsive period’ from days 4 to 14 of age, during which it cannot
respond to stress and exhibits low concentrations of glucocorticoids (Levine,
1994). Calves, on the other hand, maintain elevated glucocorticoids until at
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least 14 days of age and are responsive to stress during this period (Lay et al.,
1997a). Therefore, the critical period during development in which stress
may affect animals is likely to occur at different times for each species.

Prenatal stress in livestock

One of the first studies to examine prenatal stress in livestock was that of
Kattesh et al. (1979) in which sows were subjected to elevated temperature
and crowding. These authors chose to examine the effects of prenatal stress
on reproductive behaviour and physiology of the male offspring of these
sows because of the previously described work of Ward (1972), who found
that prenatal stress feminized and demasculinized the behaviour of male
rats. However, Kattesh et al. (1979) did not find differences in either plasma
testosterone or libido in boars from these stressed sows. Since that time, it
has been shown that prenatal stress in rodents attenuates the fetal surge of
testosterone on days 18 and 19 of gestation thereby preventing masculiniz-
ation of the offspring (Kerchner et al., 1995). In contrast, in male swine the
neural pathways that affect reproductive behaviour are still being modified
as late as 3 months of age (Ford and Christenson, 1987). Therefore, some
aspects of reproduction in swine are more resistant to prenatal stress.

Although Kattesh et al. (1979) found that prenatal stress did not affect
reproductive characteristics of swine, Lay et al. (1997a, b) did find that pre-
natal stress altered the HPA axis of cattle. In their study, pregnant Brahman
cows were challenged with transportation stress (transported 24 km,
unloaded into a holding pen for 1 h, then returned to the original ranch) at
60, 80, 100, 120 and 140 days of gestation. A second treatment involved
injection of 1 IU kg™' BW of ACTH into the cows at these same times, and a
third treatment acted as a control in which cows were merely herded
through the working chute with the rest of the cows. The offspring of the
cows from both the ACTH-injected group and the transported group were
affected in several ways. Calves of transported dams were heavier at birth
and had enlarged pituitary glands (Lay et al., 1997a, b). When calves were
10 and 150 days of age, they were challenged with a 180-min restraint test.
At 10 days of age calves had a minimal plasma cortisol response (maximum
twofold increase) that did not differ between calves from control dams or
either ACTH or transported dams. However, at 150 days of age calves from
both groups of treated dams exhibited significant increases in plasma
cortisol, to four times above baseline values, whereas plasma cortisol in the
control calves only doubled.

Additionally, calves from both the transported and the ACTH-injected
cows maintained plasma cortisol concentrations above the levels of control
calves throughout the 180-min restraint period. Another finding in this
study was that the cortisol clearance rate of 150-day-old calves from
transportation-stressed dams was much slower than that of calves from
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control dams (261 versus 473 ml min~!, respectively). Also, while the calves
were restrained to determine clearance rate, calves from the transported
dams had higher heart rates than did the calves from either ACTH-treated
or control dams (91, 79 and 77 £3 b.p.m.7!, respectively). Because these
authors found a faster clearance rate of cortisol and higher plasma cortisol
concentrations in 150-day-old calves compared with 10-day-old calves,
they hypothesized that the difference in HPA activity between 10- and
150-day-old calves may be due to an increased number of ACTH receptors
on the adrenal gland cells, effectively decreasing the circulating plasma
concentrations of ACTH. Indeed, this is exactly what Lay and Haussmann
(unpublished data) found in prenatally stressed swine.

In order to examine if prenatal stress affected the HPA axis in swine,
sows were either injected (n = 9) with ACTH (1 IU kg™' BW, considered the
‘prenatal stress’ treatment) at 5, 6, 7, 8, 9, 10 and 11 weeks of gestation or
(n=9) were allowed to remain in gestation stalls undisturbed (Lay and
Haussmann, unpublished data). Within 12 h of birth one pig from each litter
was sacrificed to collect the hypothalamus, pituitary gland and adrenal
gland. An additional two littermates were then sacrificed at 1 month and
2 months of age. The prenatally stressed pigs had smaller birth weights,
smaller anogenital distances (for females only), more CRH and less [3-
endorphin in the hypothalamus at T month of age, more mRNA for the
adrenal ACTH receptor at T month of age, and larger pituitary glands at 2
months of age. The physiology of these prenatally stressed pigs indicates that
they would have a vigorous response to a stressor when challenged because
a greater number of CRH and ACTH receptors would cause a profound
increase in plasma glucocorticoids. In addition, the lower B-endorphin may
indicate that they were more sensitive to painful stimuli and thus they may
have poorer welfare. However, these are preliminary data that need further
investigation to understand fully their implications for swine welfare.

Possible mechanisms
Neonatal stress

There is a vast literature on both neonatal and prenatal stress (a handful
of which has been mentioned here) that clearly shows that stress during
development can have profound effects on the physiology and behaviour
of adult animals. This begs the question, however, as to how stress can
permanently alter an animal’s biology. Several hypotheses exist for both
neonatal and prenatal stress. One hypothesis implicates thyroid hormones in
these effects. Although Kuhn et al. (1978) found that rats deprived of their
dam for several hours had a selective depression of serum growth hormone
without affecting either prolactin, corticosterone or thyroid-stimulating
hormone, Meaney et al. (1987) suggest that it is thyroid hormones that
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mediate the increase in hippocampal glucocorticoid receptors. One of the
recurring effects of stress during development is that central nervous system
glucocorticoid receptors are either increased or decreased, and the mecha-
nism(s) for these changes has thus been of interest. Meaney and co-workers’
hypothesis is based on findings that rats that were handled postnatally but
had their endogenous thyroid hormone synthesis blocked (by propylthiour-
acil) did not exhibit the increased number of hippocampal glucocorticoid
receptors shown by the postnatally handled control rats. In addition, admin-
istration of corticosterone during the first days of a rat’s life did not cause an
increase in hippocampal glucocorticoid receptors as is typically seen in
postnatally handled (neonatal stress) rats. Therefore, they concluded that
thyroid hormones, not glucocorticoids, were involved in the associated
changes in the HPA axis of postnatally handled rats.

Other authors have suggested that glucocorticoids are the mediators
that alter the neonatal rat’s response to stress. De Kloet et al. (1996) discuss
work that shows a stress-hyporesponsive period in the rat that occurs during
postnatal days 4-14. During this period the neonatal rat does not respond to
maternal separation with activation of the HPA axis and indeed exhibits low
concentrations of circulating corticosterone and ACTH. A glucocorticoid
response can be demonstrated in these animals if maternal separation is
prolonged for up to 8-24 h. When the dam does give attention and tactile
stimulation to the infant, neural paths that suppress the release of ACTH
during this hyporesponsive period are suppressed, causing increased ACTH
and glucocorticoid secretion. Thus the development of the neonatal HPA
axis is dependent on the dam leaving the offspring for short periods during
the day and returning later to groom and provide them with maternal care. It
is easy to understand that this may be the ‘natural’ way in which HPA axis
development occurs in wild rodents.

Prenatal stress

Effects similar to those found after prenatal stress can be induced by treating
the animal with exogenous hormones associated with the HPA axis (e.g.
Williams et al., 1995; Lay et al., 1997a, b). Research of this type provides
some information as to how the HPA axis of the developing fetus is altered.
Williams et al. (1995) administered subcutaneous injections of 20 ug CRH
to pregnant rats on days 14-21 of gestation. Their resultant offspring
vocalized more during an open-field test and showed reduced weight gain
during the 2 weeks after birth. In addition, male offspring had a reduced
anogenital distance. These findings are consistent with much of the literature
on prenatal stress in rats, but do not provide information as to whether these
effects are a direct cause of CRH administration or the resultant increase in
ACTH, glucocorticoids and B-endorphin.
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Similarly, the previously described research by Lay et al. (1997a, b) in
which ACTH was injected into pregnant cattle to produce offspring with an
altered HPA axis provides further information but still does not fully answer
the question as to the mechanism by which prenatal stress exerts its effects.
However, Barbazanges et al. (1996) conducted a series of experiments that
provide good evidence for glucocorticoids as the mediator of prenatal stress.
In these experiments they subjected both adrenalectomized and non-
adrenalectomized rats to restraint stress during gestation. In addition, they
supplemented a second group of pregnant adrenalectomized rats with
glucocorticoids to simulate a stress. Those individuals whose glucocorticoid
response to restraint stress was blocked by adrenalectomy did not produce
offspring that demonstrated prenatal stress effects. However, those rats
that were either supplemented with glucocorticoids or that were non-
adrenalectomized produced offspring that had fewer hippocampal type |
corticosteroid receptors and a greater corticosterone response to restraint
stress as adults. This was one of the first projects to suggest that maternally
derived glucocorticoids are at least one of the mechanisms by which
prenatal stress affects the developing fetus. This finding is supported by the
fact that radioactive corticosterone injected into pregnant rats can cross
the placenta and bind in the fetal hypothalamus (Zarrow et al., 1970). This
mechanism may also play a role in the prenatal stress effects observed in
swine, as Klemcke (1995) found that approximately 20% of fetal cortisol is
derived from the sow at 50 days of gestation although this amount decreases
as gestation continues.

However, placentation in rodents, cattle and swine is quite different (for
a review, see Perry, 1981). The placenta of the rodent is haemoendothelial,
comprising one layer of fetal endothelial cells bathed directly in the blood of
the dam. In contrast, the placenta of cattle and swine is epithelialchorial,
formed by three layers of maternal tissue (endothelium, stroma and uterine
lumenal epithelium) as well as three layers of fetal tissue (placental epithe-
lium, stroma and endothelium). The implications of these different placental
types are important when discussing possible mechanisms by which
prenatal stress may affect the developing fetus. The rodent fetus, which is
separated from the maternal blood by only one layer of cells, is obviously
much more susceptible to the possibility of influence of steroids that may
pass across from the maternal blood. The bovine and swine placentae pres-
ent a more formidable challenge with their six layers of cells for protection.
In this light the work by Klemcke (1995) is interesting. Although he did find
that maternal cortisol enters the fetal circulation, when the relatively low
level of cortisol in fetal circulation (approximately 10 ng ml=') is compared
with the relatively high level in the dam (70 ng ml~'), her contribution is
minimal.

Not all research on prenatal stress implicates metabolic hormones.
Keshet and Weinstock (1995) subjected pregnant rats to noise and
light stress three times a week throughout gestation. They used naltrexone
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(10 mg kg™" day™") to block the opioid receptors and found that offspring
from naltrexone-treated dams were normal compared with prenatally
stressed offspring, which exhibited a reduced anogenital distance (males),
reduced growth rate, and increased anxiety in a novel environment. Thus,
this research clearly indicates that opioids may be a strong player in causing
the effects of prenatal stress.

The observation that prenatal stress in rodents increases anxiety and
corticosterone response to novelty stress whereas neonatal stress (increased
maternal grooming and handling) causes offspring to have low anxiety is
intriguing. Even more interesting is the finding that adoption on the day
of birth can reverse the effects of prenatal stress. Maccari et al. (1995)
subjected dams to restraint stress during gestation and then either placed
the offspring with a foster dam upon birth or left them with their own dam.
Consistent with the literature, the authors found that prenatally stressed
offspring had an elevated and prolonged corticosterone response to stress
and that this was associated with a decrease in hippocampal glucocorticoid
receptors. However, those offspring that had been fostered had the same
stress response as the control rats. This reversal was attributed to the increase
in maternal care that foster mothers gave to their infants as compared with
biological mothers. Unquestionably, the phenomenon of stress during
development demands more research.

Implications for welfare

Clearly we, as all animals, are challenged with stress in our daily lives. The
stressors to which we are exposed are usually innocuous; however, they can
at times be detrimental to our well-being. If possible, our predominant
response to these stressors is to change our behaviour such that we are no
longer affected by such stress. Unfortunately, our livestock do not have this
luxury. Confinement agriculture cares for livestock by providing them with
water, food and shelter. At the same time, however, it challenges them with
stress due to social interactions, restriction of movement, thwarted drives
and pain due to some standard agricultural practices. One major factor
that would allow livestock to cope better with some of these stressors is
forbidden: control. Because they cannot change their behaviour to solve the
problem it is imperative that they be biologically prepared to cope with
these stressors.

Exposure to a stressor, either during the neonatal or prenatal period, has
the potential to alter many facets of an animal’s physiology and behaviour.
However, these alterations cannot be ascribed solely to ‘stress’ because a
high level of grooming activity of the infant rat has also been shown to cause
the alterations in physiology and behaviour as seen in neonatally handled
and (or) shocked rats. Although the periods of pliability probably vary
between species, what is clear is that the function of the HPA axis is open to
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alterations during development. This is most evident in the work of Maccari
et al. (1995) which showed that the effects of prenatal stress could be
reversed with neonatal stress in the rat. Unfortunately, the implications of
these alterations are not yet fully understood.

A great deal of the literature on rodents indicates that neonatal stress
promotes a minimal behavioural and physiological response to some stress-
ors, while prenatal stress causes a heightened behavioural and physiological
response to stress. The relatively minor amount of work on livestock does
not allow us to draw such conclusions because both neonatal and prenatal
stress result in increased plasma glucocorticoids in response to subsequent
stressors. It is as yet unclear if exposure to prenatal and (or) neonatal stress
allows animals ultimately to cope better with the situation or if it hinders
their ability to cope. Increases in glucocorticoids either can be advanta-
geous, meeting the challenge of such stressors, or they can be deleterious,
causing wasting and disease.

Therefore, it is important that we determine the implications of both
neonatal and prenatal stress in livestock. Research thus far indicates that
both cause an increase in circulating glucocorticoids, heart rate and a
decrease in hypothalamic B-endorphin. Livestock are often chronically
challenged by potential stressors, which necessitates that they be able to
cope well with these challenges. Chronically elevated glucocorticoids will
impair the animal’s ability to mount immune responses, utilize nutrients for
growth and successfully synchronize events critical for reproduction. Pre-
disposing livestock to become unthrifty and diseased is unacceptable for
their welfare. The added observation that these animals may be deficient in
B-endorphin suggests that they may be more prone to feeling pain, which is
of great concern for their welfare as they are often housed on hard flooring
and subjected to painful procedures (branding, castration, docking).

Coordinated efforts on the part of researchers will greatly accelerate our
understanding of the implications of stress during development. Much of
the current confusion is due to the application of very different stressors
(restraint, electric shock, ear punching, handling, shaking, etc.) during either
neonatal or prenatal development and then subsequent challenges with
again very different stressors (restraint, electric shock, open-field test, etc.).
Standardization would allow researchers to compare their data more
effectively with those of other laboratories. The challenge of between-
species differences will probably remain. The developmental stages among
species are not synchronous, as previously explained, nor are the species’
behavioural or physiological responses to stress similar. For instance, in
an open-field test a frightened rodent will freeze and stay immobile until
comfortable enough to ambulate. In contrast, a horse will immediately run
from danger when frightened. As research progresses on the consequences
of stress during development, specifically studying livestock, we will gain a
better understanding of these phenomena to enable us to address the welfare
concerns that it creates.
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Introduction

In this chapter | examine the effects of experience early in development on
emotional behaviour, temperament and responses to stress in mammals,
chiefly rats and primates, from an organismic perspective. A basic tenet of
this perspective is that normal development is a process of becoming that
begins at conception and continues throughout life. The individual is
viewed as an open, highly organized system in active commerce with its
environment, whose development is influenced by a host of factors originat-
ing internally as well as in the surrounding environment. Complex inter-
actions among these factors constrain and stabilize the system such that in
the sequence, rate and form of change, development usually proceeds
according to norms characteristic of the species.

Effects of early experience on emotional behaviour and
temperament

From an organismic perspective, it is a foregone conclusion that experience
will influence behavioural development and that the consequences will
depend on the nature of the experience, on when and for how long it is
effective, and on the species involved. More than 40 years of animal
research has established that the effects of early experience are pervasive
and diverse. For example, it affects food selection, mating behaviour,
parental behaviour, filial behaviour, aggression, learning and memory,
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problem solving, sensorimotor development, perceptual processes, explor-
atory behaviour and emotionality. A comprehensive early review of the
extensive literature resulting from this work can be found in Denenberg
(1969b), and more recent overviews are presented by Gandelman (1992)
and Michel and Moore (1995).

One important aspect of early experience is its effects on emotional
behaviour and temperament. Animal research on this topic has a fairly long
history, stimulated initially by the Freudian emphasis on the consequences
of events during infancy and childhood for the development of psycho-
logical disorders. An early review of research on temperament was restricted
to rats and mice, chiefly because they were virtually the only animals for
which systematic data were available, and dealt mainly with behaviours
relating to the trait of timidity or fearfulness (Hall, 1941). This trait remains a
common focus of animal research on early experience and temperament
and it will figure prominently in this chapter.

Fearfulness as an abiding trait of temperament is usually distinguished
from fear as a transient state. Fearfulness refers to an animal’s characteristic
mode of responding to novelty, uncertainty, challenge and change (Higley
and Suomi, 1989; Clarke and Boinski, 1995). The most widely used method
for assessing rearing effects on fearfulness is based on the common
observation that many mammals — especially the young and naive — become
agitated and distressed if they are left alone in completely novel surround-
ings. The predictability and strength of this reaction has given rise to novel
environment tests, like the open field, as favoured tests for assessing behav-
ioural differences in timidity and fearfulness. These tests are a major source
of the data reviewed in this section. Measures of emotional responsiveness
depend on species, of course, but frequently include latency to enter the test
area, locomotor activity, freezing, defaecation, urination, interactions with
test objects and vocalizations. These may be supplemented with data on
ethologically derived behaviours indicative of fear, agitation, withdrawal or
distress, and (as we will consider in due course) by physiological measures
of arousal, particularly heart rate and adrenocortical activity.

The kinds of experiences examined cover a broad spectrum, ranging
from discrete forms of stimulation, such as handling, shock, changes in
temperature and physical rotation (used chiefly with rats), to continuous
variables, such as stable variations in the social and non-social rearing
environment (used with many different species). A variety of mammals has
been studied, including mice, rats, guinea pigs, monkeys, apes, dogs, cats,
rabbits, sheep, goats and humans.

The bulk of research on the effects of early experience on emotionality
(i.e. fearfulness) has been carried out with rats. The number of studies
showing that emotionality of rats is affected by early experience is huge and
the situation in which this has been most often demonstrated is the open
field, typically an unfamiliar well-lighted arena devoid of objects and
several times more spacious than the animal’s familiar living cage. The
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range of behaviours possible in this situation is restricted and those most
often used are locomotion and defaecation. Defaecation appears to have
greater validity as a measure of emotional reactivity and, unless otherwise
noted, it is the primary measure in the research referred to in this section
(Hall, 1941; Denenberg, 1969a; Archer, 1973; Daly, 1973).

The type of early experience investigated most frequently and
thoroughly is ‘handling’, a seemingly innocuous manipulation in which the
experimenter removes a rat pup from its mother once a day, placing it alone
in a small container for several minutes and then returning it to its home
cage. Handling is generally found to reduce emotionality in the open field.
The effects of handling are also evident in avoidance conditioning and
adrenocortical activity, and they seem to endure indefinitely (Denenberg
and Smith, 1963; Levine et al., 1967; Denenberg, 1969b; Daly, 1973;
Gandelman, 1992). The persistence and generality of these results provide
prima-facie evidence that handling alters the trait of fearfulness or timidity
(Boissy, 1995).

The effectiveness of handling varies with age: handling before weaning
generally reduces emotionality, whereas handling after weaning has little or
no effect (Levine and Otis, 1958; Denenberg, 1966, 1969b; Ader, 1968;
Daly, 1973; but see Gertz, 1957; Doty and Doty, 1967). In view of the
extensive changes in the behaviour and physiology of the developing rat
between the pre- and post-weaning periods, it might be anticipated that
age should be influential. It is not apparent, however, how handling causes
emotionality to change or why the experience is more effective when it
occurs before rather than after the age of weaning.

Several hypotheses have been suggested that might account for the
greater effectiveness of early handling. One possibility is that handling is a
physical event that acts directly on the pup during a sensitive period in its
development, thereby modifying the organization of its emotional reactions.
An alternate hypothesis, not necessarily incompatible with the first, is that
handling affects the pup indirectly by producing changes in the behaviour of
the mother (Richards, 1966; Meier and Schutzman, 1968; Russell, 1971).

Various lines of evidence are consistent with a maternal mediation
hypothesis. Maternal behaviour parallels and complements the behaviour
and needs of the developing infant, and the parent—offspring relationship is
most intimate during the period before weaning, a time when the mother’s
role in the regulation of vital neonatal functions is pervasive and funda-
mental (Rosenblatt, 1969; Hofer, 1987). The evidence indicates that unless
extreme care is exercised, infant rats are distressed by separation from the
mother during this period and respond with increased ultrasonic vocaliza-
tions. This activity is likely to continue after the pups are returned to the
home cage, especially if they are placed outside the nest. The mother
responds with increased pup-directed behaviour (Bell et al., 1974; Brown
etal., 1977; Mendoza et al., 1980; Smotherman and Bell, 1980). It is readily
conceivable that her actions could bring about abiding changes in the
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infant’s emotional reactivity, perhaps similar to and confounded with the
direct effects produced by handling (Smotherman and Bell, 1980). Indeed,
offspring that receive high levels of licking, grooming and ‘arched-back
nursing’ from their mothers show substantially lower levels of fearfulness in
response to novelty, compared with offspring that receive low frequencies of
these behaviours (Caldji et al., 1998).

Maternal influences on the emotional behaviour of her offspring can
arise from a variety of sources, of course, including some that are unrelated
to maternal behaviour. In a classic study, Thompson demonstrated that pre-
natal experience had significant effects on emotionality of rats (Thompson,
1957). Non-pregnant females were first trained to expect shock following a
buzzer, then made anxious during pregnancy by exposure to the buzzer
alone. The offspring of these females, who were raised by foster mothers
to control for postpartum maternal influences, were significantly more
emotional than the controls when tested at 30-40 days, as indicated by
latency to become active and amount of activity in the open field, and
latency to leave the home cage and to reach food in a novel area. Prenatal
effects have been confirmed in many subsequent rodent studies (Archer and
Blackman, 1971).

The effect of handling future mothers during their infancy on
responsiveness of their offspring in the open field has also been examined.
Contrary to the expectation that early handling of mothers would reduce
emotionality of their offspring, defaecation was more frequent among off-
spring of handled mothers than those of non-handled mothers (Denenberg
and Whimbey, 1963). Another study investigating the separate and joint
contributions of mothers and littermates to emotional development com-
pared the effects of four rearing conditions during the pre-weaning period
(Koch and Arnold, 1972). Pups were raised as single individuals with their
mothers, as single individuals alone in an incubator, as members of peer
groups in an incubator, or as members of peer groups together with their
mothers. Emotionality testing in the open field starting when the subjects
were 65 days of age demonstrated that presence of the mother was the
critical rearing variable. Rats raised by their mothers, whether singly or with
peers, were less emotional, as indicated by latencies to enter the open field,
number of squares entered and frequency of urination, than those raised
individually or with peers in incubators. In other tests, mother-reared rats
gave smaller heart rate responses to auditory stimuli and shock than mater-
nally deprived animals (Koch and Arnold, 1972). The authors of this study
point out that the large amount of handling received by the animals raised
individually in incubators did not compensate for the lack of social stimula-
tion and conclude that mother—infant interactions are necessary for normal
emotional functioning in later life (Koch and Arnold, 1972).

Maternal contributions to emotional development were also investi-
gated in an experiment in which mothers were switched on alternate days
between their own and a foster litter during the first 20 days postpartum.
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When tested in the open field at 51 days of age, a significantly smaller
percentage of offspring from litters raised by alternating mothers defaecated
on their first trial, compared with the percentage from control litters. In
the same study, some mothers were shocked each day during the first
20 days postpartum; more of their offspring defaecated than the control
offspring or offspring whose mothers were rotated between litters.
Surprisingly, however, the smallest percentage of animals defaecating was
the offspring of mothers who were both shocked and rotated (Denenberg
etal., 1962).

As these studies illustrate, many variables are likely to influence behav-
iour in the open field, although their precise effects are often impossible to
anticipate. This is a general feature of novel environment tests. By design,
they are ambiguous, unstructured and far beyond the subject’s normal
experience — qualities that are virtually guaranteed to evoke emotional
reactions. Novel environments are good for demonstrating that rearing
conditions cause differences in responsiveness and for raising questions
about the specific source and significance of these effects. They are poor
analytical tools for answering these questions, however.

This caveat also applies to primate research, as became clear to me in
the first investigation, conducted with Phillip Green, of the effects of rearing
conditions on the emotional reactions of rhesus monkeys to a novel room
(Mason and Green, 1962). We compared two groups of adolescent animals,
one born in captivity and raised in individual cages for most of their lives
and the other captured in the wild. Even though both groups appeared to be
distressed by the test situation, their reactions were markedly different. The
wild-born monkeys showed much more gross motor activity (e.g. jumping,
backward somersaults), urination—defaecation and vocalization than the
captive-born monkeys, whereas the latter responded by crouching, clasping
themselves, sucking their fingers or toes, engaging in body-rocking and
other repetitive stereotyped movements, and remaining immobile for long
periods — behaviours that were seldom or never displayed by the wild-born
monkeys (Mason and Green, 1962).

The precise source of these differences in reactions to the novel room is
not evident, but both maternal variables and levels of general environmental
stimulation could have been involved. The wild-born monkeys were raised
by their mothers and exposed to levels of environmental complexity and
variability that presumably were normal for their species, whereas both
factors were drastically reduced in the experience of the captive-born
animals inasmuch as they were removed from their mothers within hours
after birth and spent the next few months in individual cages in a relatively
monotonous laboratory environment. Based on the form and probable
function of the responses of the captive-born monkeys, we suggested that
their self-directed and stereotyped behaviour patterns in the novel room
were manifestations of filial behaviour patterns — actions normally organized
around the mother and directed towards her when emotional arousal is high
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— which developed in an environment in which the mother had never been
available (Mason and Green, 1962; Mason et al., 1968).

In other research, we focused more directly on the developmental
consequences of maternal attributes. The effects of maternal mobility on
stereotyped rocking were investigated in a study carried out with Gershon
Berkson comparing monkeys raised with either mechanically driven mobile
mother surrogates or physically identical stationary surrogates. Maternal
mobility prevented the development of stereotyped rocking. We also found,
however, that mobility affected emotional responsiveness to an unfamiliar
environment. Monkeys raised with mobile surrogates entered a novel room
more readily, showed more moderate levels of activity and defaecated more
frequently than the monkeys raised with stationary surrogates. In other tests
they made more frequent and varied contacts with an unfamiliar person, and
showed substantially higher levels of visual curiosity when they were tested
10 months after they had been permanently separated from their surrogates
(Eastman and Mason, 1975; Mason and Berkson, 1975). As in the original
comparison between wild-born monkeys and monkeys raised in captivity,
the findings indicated that early experience can produce both quantitative
and qualitative differences in reactions to novelty.

The effects of maternal attributes on responsiveness to novel environ-
ments were also examined in a study comparing rhesus infants raised with a
living mother substitute (a mongrel dog) and an inanimate mother substitute
(a plastic animal covered with acrylic fur). Both groups of monkeys were
housed outdoors in kennels with their mother substitutes and had frequent
opportunities for visual contact with people, dogs, other monkeys and a
variety of other ongoing and occasional events. Moreover, from the 3rd
through the 15th month of life, every monkey was allowed to roam freely in
several different complex outdoor enclosures containing a variety of play-
things, puzzles, barriers and climbing devices. The monkeys were observed
while they were alone in a novel room at intervals of several months during
their first year. Those raised with dogs gave more distress vocalizations and
had higher heart rates than monkeys raised with inanimate surrogates. Not
surprisingly, responsiveness in both groups diminished with repeated
exposures to the room. However, when they were tested much later, as
young adults/subadults (mean age = 39 months) in a totally unfamiliar room,
the dog-raised monkeys were again more responsive initially as indicated by
higher heart rate, locomotion, amount of vocalization and magnitude of
their heart rate response to noise (Mason and Capitanio, 1988). Heightened
responsiveness was also evident in tests of visual curiosity, carried out
during the monkeys’ 2nd and 3rd years of life. The monkeys raised with dogs
consistently spent more time looking at projected slides, and were more
responsive to the novelty, complexity and mode of presentation of the
pictures. In keeping with the results of earlier tests, heart rate was also
substantially higher in monkeys raised with dogs than in those raised with
inanimate surrogates (Wood et al., 1979).
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An intriguing pattern emerging from these studies is that the reaction to
novelty is more vigorous in monkeys raised with the more responsive mater-
nal figure, whether this is the real mother, a moving inanimate surrogate or
a canine mother substitute. Gross motor activity, vocalization, defaecation/
urination, and visual and physical contact with novel objects conformed to
this pattern in all three studies; heart rate, when recorded, was also higher.
Other research has produced similar findings (Green and Gordon, 1964;
Green, 1965; Kraemer et al.,, 1989, 1991; Schneider et al., 1991). The
contrasting modes of reactivity may be described in the context of Bowlby’s
attachment theory as ‘protest’” and ‘despair’ (Kraemer et al., 1991) or with
reference to the distinct coping patterns of ‘flight/fight’ and ‘conserva-
tion/withdrawal’ (Engel, 1967; Henry, 1976). Regardless of how they are
described, the consistency, generality and persistence of the differences in
reactivity between monkeys raised with relatively responsive and unrespon-
sive attachment figures demonstrate that maternal stimulation profoundly
influences traits of temperament, as manifested in an individual’s character-
istic stance towards novelty and change.

The more active mode of responding to change displayed by the
monkeys raised with responsive attachment figures may have been influ-
enced by their being repeatedly exposed to response-contingent feedback
(Lewis and Goldberg, 1969; Mason, 1978). Despite many differences
between natural mothers, dogs and mobile surrogates, all present an oppor-
tunity for the developing monkey to learn that its behaviour can affect — and
in some circumstances, control — the actions of a responsive attachment
figure. The cumulative effects of this experience could have led the individ-
ual to adopt a distinct mode of perceiving and coping with environmental
events (Mason, 1978).

The relevance of response-contingent feedback and control to emo-
tional development and temperament is convincingly demonstrated in
another rearing study with young rhesus monkeys. The animals were raised
in small peer groups in cages in which one group had control over the
delivery of food treats and switching on flashing lights, and another group
(yoked controls) experienced precisely the same events but could not
control them (Mineka et al., 1986). Like monkeys raised with responsive
attachment figures, monkeys that experienced response-contingent feed-
back and environmental control are less timid than those that had not, as
indicated by greater readiness to enter an unfamiliar room and the frequency
of contacts with novel objects. It is of interest that these effects are not con-
fined to primates. Rats raised from birth in cages that allow them to control
the delivery of food, water and illumination are less emotional in the open
field than yoked controls as indicated by activity and defaecation (Joffe
etal., 1973).

The scope and diversity of maternal influences on primate emotional
development are no doubt greater than these experimental studies might
suggest. Nevertheless, in contrast to the mother’s immediate effects on her
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offspring’s emotional behaviour, which are well documented, her long-term
influences on temperament have been demonstrated in relatively few
studies (Clarke and Boinski, 1995). One effect that is firmly established is
that offspring are influenced by a female’s emotional state during her
pregnancy. Rhesus monkeys were repeatedly exposed to novel surroundings
and loud noise during post-conception days 90-145 (term is 165 days). To
eliminate postnatal maternal effects, infants were separated from their
mothers at birth and nursery-reared in a regime that provided ample contact
with peers. Prenatally stimulated monkeys, observed in unfamiliar environ-
ments at approximately 6 months of age and at 4 years of age, were more
distressed than infants of control mothers, as evidenced by higher levels of
‘disturbance behaviours’ (clinging, self-directed behaviour), and spent more
time being inactive and less time locomoting, exploring the environment
and engaging in social play (Schneider, 1992; Clarke et al., 1996b). Several
studies indicate that the quality of parental behaviour may also influence
fearfulness. Adolescent rhesus monkeys raised by punitive mothers display
more aggression and less social exploration than offspring of normal moth-
ers (Mitchell et al., 1967; Sackett, 1967), and infant bonnet macaques whose
mothers had to search for food under variable-demand conditions showed
less ‘secure’ filial attachments compared with infants whose mothers
foraged on a low-demand regimen (Andrews and Rosenblum, 1991). In a
study of group-living vervet monkeys, infants and juveniles whose mothers
were protective and restrictive were relatively fearful and cautious in novel
situations (Fairbanks, 1996).

Based on their experience during development, animals build up a
generalized view or ‘representation’ of their ‘normal’ or expected environ-
ment (Salzen, 1978). Novelty is by definition a departure from the norm, and
a source of behavioural and physiological arousal (Berlyne, 1960, 1967).
Regardless of species, the most extreme emotional reactions to novelty in
mammals occur in individuals whose familiar environment has been
radically restricted as the result of early, severe and prolonged limitations
on the general level of environmental stimulation. Although these animals
usually appear normal if they are observed unobtrusively in their familiar
rearing environment, they are likely to respond to novelty with signs of
extreme arousal, disorganization and panic. Motor discharge may be
exaggerated, as in seizures, tics, whirling fits and frantic running, or it may
be minimal, as in persistent crouching, freezing and avoidance of any form
of contact with novel objects, surroundings or events. Such effects have
been documented for rhesus monkeys, chimpanzees, dogs and cats, and
may reflect a general tendency for isolation-reared mammals to overreact to
novelty (for reviews, see Mason, 1970; Konrad and Melzack, 1975; Riesen
and Zilbert, 1975). With repeated, graduated exposures to novelty some
mitigation of the reaction can occur, although residual effects are likely to
persist long after the animal has been transferred to a normal environment,
perhaps throughout its life.
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In summary, this section has reviewed a few of the many studies with
rats, primates and other mammals demonstrating that diverse forms of early
experience can have profound effects on how individuals respond to novel
surroundings, objects and events. Some animals characteristically behave as
if they were afraid of anything even slightly beyond their usual experience,
whereas in the same circumstances others are more bold or curious than
fearful. These tendencies persist over time and across situations and have
been demonstrated in a range of different species, suggesting that the effects
of early experience on fearfulness are modifying a fundamental mammalian
‘system’ that ‘remembers’ the experience.

Early experience and stress

The most obvious candidate for the role of a basic system intimately associ-
ated with fear which might be changed by early experience is the stress
system, a dauntingly complex array of interdependent neuroendocrine
structures and functions that collectively maintain an organism’s physiology
within a normal range (Johnson et al., 1992; Sapolsky, 1992). Stress is
usually defined in homeostatic terms as a departure from the organism’s
usual state of equilibrium. Stressor refers to any condition or event that
causes the departure. The stress response refers to a more or less predictable
suite of physiological changes that comprise the actual departure from
equilibrium and generally act so as to restore the original state. The primary
aim of this section is to examine the effects of early experience on the
organization of this response.

Contemporary conceptions of the stress response reflect the influence of
two major contributors. One is Walter B. Cannon (1939), famous for his
research on the sympathetic adrenomedullary system, the source of adrena-
line (also known as epinephrine), and for developing the concepts of
homeostasis and the flight—fight reaction to emergency situations. The other
is Hans Selye (1956, 1973), the most influential promulgator of the stress
concept. Selye characterized the reaction to stress as passing through stages
which he described as the general adaptation syndrome. The first stage in the
body’s reaction to a stressor is alarm, reflected, for example, in activation of
the hypothalamic—pituitary—adrenocortical (HPA) system and production of
glucocorticoids, such as cortisol and corticosterone. If the stress continues,
the organism enters the second stage, resistance or adaptation. If homeo-
stasis is not restored, it enters the third and final phase, exhaustion, charac-
terized by damage to organs and tissues, suppression of the immune system,
emergence of stress-related diseases, and possibly eventuating in death.

Both Cannon and Selye viewed the stress response as relatively non-
specific. For Selye this meant that the magnitude of the response varied with
the intensity of the stressor, but was independent of its other qualities. For
example, cold, heat, drugs, hormones, sorrow and joy were believed to
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provoke the same biochemical reaction in the organism, despite great differ-
ences in the essential nature of these phenomena (Selye, 1973).

This ‘non-specificity’ hypothesis, particularly the version propounded
by Selye, was challenged by J.W. Mason. Based on his own research and
other information that had become available since the classic contributions
of Cannon and Selye, Mason suggested that not all stressors were alike. In
particular, he emphasized the special potency of psychological variables as
activators of the pituitary—adrenocortical system (J.W. Mason, 1968, 1971).

One effect of the more explicit psychological orientation advocated by
Mason was to strengthen the conceptual bridge between stress theory and
developmental research. The assumption that fear is accompanied by
physiological changes has been commonplace for many years, of course. It
is also common knowledge that perceptions, expectancies, uncertainty,
novelty, lack of control over the environment, and similar psychological
processes are capable of eliciting fear and are readily influenced by
experience. Only in comparatively recent times, however, has evidence
been sought to establish whether specific and enduring changes resulting
from such experience might occur in the organization of the stress response.

The first indications that the organization of the stress response was
chronically modified by experience were based on the ‘early handling’
paradigm. These studies established that the pituitary—adrenocortical
response to stress was lower in adult rats who were handled during their first
20 days of life than in non-handled controls (Levine, 1967; Levine et al.,
1967). Later research confirmed these findings and extended the range of
effects to include basal glucocorticoid levels and cellular changes within
specific regions of the central nervous system, including the hippocampus
and frontal cortex (Meaney et al., 1985, 1988; Bhatnagar and Meaney,
1995). Recent studies have also provided strong presumptive evidence that
the mother’s behaviour towards her offspring is a principal environmental
mediator of these changes (Liu et al., 1997; Caldji et al., 1998).

The search for enduring effects of early experience on the stress
response in primates has focused mainly on macaques, and on comparisons
between monkeys raised with their biological mothers and with peers only
or alone. These conditions are known to produce gross differences in
patterns of emotional behaviour, differences that are likely to be associated
with changes in some measures of physiological responsiveness like heart
rate (Wood et al., 1979; Mason and Capitanio, 1988). Although these asso-
ciations are intriguing, they obviously do not demonstrate that fundamental
regulatory properties of the physiological system have been altered.

The pituitary—adrenocortical system, which has played a major role in
stress research from Selye to the present day and is known from studies with
rats to be modifiable by early experience, is an obvious place to look for
chronic changes in the organization of the stress response in primates. There
is no question that this system is highly responsive to stressful situations
and events. Cortisol, the chief hormonal product of the adrenal cortex in
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primates, has repeatedly been shown to be sensitive to novelty, brief social
separation and a variety of other stressful psychological variables, not only
in monkeys and apes but in a host of other mammalian species (Hennessy,
1997).

Contrary to expectation, a strong and consistent relationship between
basal cortisol level and early history has not emerged in primate research.
Baseline values are particularly instructive since they purport to reflect the
activities of the HPA system in the absence of external perturbations.
Although differences between rearing groups have been found, they cover
all logical possibilities. Baselines have been reported to be lower in
mother-reared monkeys compared with animals reared alone or with peers
(Champoux et al., 1989), to be higher in mother-reared monkeys (Clarke
et al., 1998; Shannon et al., 1998), and to show no effect of rearing condi-
tions (Meyer and Bowman, 1972; Meyer et al., 1975; Clarke, 1993; Lubach
etal., 1995).

Using imposed stressors to investigate the effects of early experience on
cortisol responses has also produced mixed results. The stressors used
have been diverse, including social isolation and/or novel surroundings
(Meyer and Bowman, 1972; Meyer et al., 1975; Champoux et al., 1989;
Clarke, 1993; Clarke et al., 1998; Shannon et al., 1998), formation of new
social groups (Clarke, 1993), physical restraint (Meyer and Bowman, 1972),
and various biochemical challenges (met-enkephalin, dexamethasone,
exogenous adrenocorticotropic hormone (ACTH), corticotropin-releasing
hormone (CRH)) (Meyer and Bowman, 1972; Champoux et al., 1989; Clarke
et al., 1998). Most studies have not found reliable differences in the cortisol
response between mother-reared monkeys and animals raised in other
conditions.

Only two studies have reported statistically significant rearing effects on
cortisol, and both found that values in response to social manipulation were
higher in monkeys reared with the mother, compared with other rearing
conditions. The outcomes were not simple, however. In one study the effects
on cortisol and ACTH were examined over a series of six T-week social
separations and reunions. When the study started, the monkeys were about
10 months old and were living in established peer groups. In this phase of
the research, overall levels of cortisol and ACTH were significantly higher
in monkeys raised by their mothers than in the monkeys raised with peers.
Several years later, however, when their responses to dexamethasone and
CRH challenges were tested, no significant rearing effects on cortisol or
ACTH were seen (Clarke et al., 1998). (An earlier study with these same sub-
jects also found no rearing effects on cortisol responses to changes in cage
location and to the formation of new social groups, although ACTH levels
were significantly higher in the mother-reared monkeys (Clarke, 1993).)

In a second study in which significant rearing effects on cortisol
responses to stress were found, young monkeys living with their mothers in
mixed social groups were compared with two nursery-reared groups, one
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having experience only with peers (continuous housing from day 37), the
other receiving scheduled exposure to peers for 2 h day~" and living contin-
uously with a cloth surrogate (Shannon et al., 1998). Cortisol values were
determined after a 30-min period of social isolation when the monkeys
were 90, 120 and 150 days of age. Although cortisol concentrations of the
mother-reared monkeys were significantly higher compared with those of
the peer-and-surrogate animals, their values did not differ significantly from
those of monkeys housed continuously with peers, nor did values for the two
groups of nursery-reared monkeys differ from each other.

Another approach to exploring the effects of the early social environ-
ment on primate stress physiology has used cerebral spinal fluid (CSF) as a
means of estimating concentrations in the brain of selected neurotrans-
mitters, chiefly noradrenaline, serotonin and dopamine. As with cortisol and
ACTH, the results do not conform to a simple pattern. Mother-reared infants
have shown lower CSF noradrenaline levels than mother-deprived infants
during the first 6 months of life in some research, whereas similar studies
covering the same age period report higher levels in mother-reared mon-
keys. Similar variability has been found in differences between maternally-
reared and maternally-deprived monkeys in CSF levels of serotonin and
dopamine (Higley and Suomi, 1989; Kraemer et al., 1989, 1991; Higley
et al., 1990; Clarke et al., 1996a). (See p. 284 for additional information.)

Effects of prenatal stress on concentrations of cortisol and CSF
neurotransmitters have also been examined, again with mixed results. As
previously noted, repeatedly exposing females in midgestation to noise and
novel surroundings increases the emotional behaviour of their nursery-
reared offspring (Schneider, 1992; Clarke et al., 1996b). Offspring of such
females at 8 months of age responded to separation from companions with
significantly higher CSF concentrations of metabolites for noradrenaline
(MHPG) and dopamine (DOPAC) compared with controls, although rearing
effects on cortisol were not statistically significant. At approximately 15
months of age, however, prenatally stressed monkeys showed significantly
higher cortisol responses on three of four samples taken over a 3-month
period, and higher levels of ACTH (non-significant). At 18 months, prena-
tally stressed monkeys showed higher concentrations of both cortisol and
ACTH compared with control monkeys, but differences were not statistically
significant (Clarke et al., 1994; Schneider et al., 1998).

Neuroanatomical analyses of discrete regions of the rhesus hypo-
thalamus have also found no reliable difference between mother-reared
monkeys socialized with peers and socially deprived animals (Ginsberg
et al., 1993a, b). Differences have been demonstrated, however, in other
regions of the brain, including cortex, striatum, basal ganglia and corpus
callosum (Struble and Riesen, 1978; Martin et al., 1990, 1991; Sanchez
et al., 1998). These effects appear to be permanent. Although many parts of
the brain are involved in emotional behaviour and stress, the specific contri-
butions of these areas to a temperamental trait of fearfulness are not known.
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In summary, the search for abiding neuroendocrine changes associated
with fearfulness has been carried out mainly with the laboratory rat and the
rhesus monkey and has produced contrasting results for the two species. In
the rat, studies of the effects of early experience on the HPA system have
demonstrated persistent changes at various levels of organization, from con-
centrations of circulating glucocorticoids in the blood to receptor density in
the frontal cortex. This research has also contributed to an improved under-
standing of the mother’s role as the primary mediator of environmental
effects and a major regulatory agent in the early development of her off-
spring. Primate research has also looked for the effects of early experience
on the HPA system. A principal comparison has been between monkeys
raised with the mother and those raised alone or with early extensive contact
with peers. Primate mothers have powerful immediate and long-term effects
on the emotional behaviour, physiological responses and temperament of
their offspring, of course. However, in contrast to the findings with rats, no
consistent pattern has been found indicating enduring experience-produced
changes in the organization of the stress response, whether measured by
cortisol, ACTH, neurotransmitter substances in CSF, or neuroanatomical
changes in the hypothalamus.

Developmental consequences and implications for
well-being

A basic premise of this chapter is that fearfulness can be acquired. Individ-
uals differ in their emotional reactions to novelty, challenge and change,
some being predictably more timid and fearful than others, even though they
have had essentially the same experience. In other cases, however, it is clear
that fearfulness can be profoundly and persistently modified by an individ-
ual’s early experience. The source and nature of these modifications have
provided the focus of this chapter. In this section, | examine the develop-
mental consequences of experientially induced changes in fearfulness and
the implications of these changes for well-being.

Based on research with a variety of mammalian species, two major
experiential sources of fearfulness can be distinguished: the general level of
environmental stimulation experienced early in life and the effects of early
experience with other members of one’s species. Whether these two influ-
ences on fearful behaviour involve the same underlying mechanisms is not
clear at this point. It seems likely, however, that the ontogenetic processes
are overlapping and complementary rather than identical (W.A. Mason,
1971).

The effects on fearfulness of early restrictions on the general level and
complexity of environmental stimulation are well documented. Presumably,
the effective developmental variable under these conditions is impoverish-
ment of experience during a period when the individual is forming an
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internal representation of its environment. Although an animal may appear
to behave normally within the limits of its rearing environment, novel condi-
tions that exceed these boundaries by seemingly trivial amounts are likely
to elicit intense fearful behaviour. Reactions often assume extreme forms,
ranging from violent motor discharge to complete withdrawal, behaviours
suggesting that the individual is overwhelmed by the situation, in an acute
state of hyperarousal or panic. Unusual changes have also been shown in
the structure and activities of the central nervous system (Martin et al., 1990,
1991). Although behavioural symptoms diminish with prolonged exposure
to more complex environments, manifestations of abnormality do not disap-
pear. Individuals raised in these conditions do not appear to be unusually
susceptible to stress-related disease. Nevertheless their well-being is com-
promised by persistent difficulties in establishing effective relationships
with others and accommodating to changing circumstances (Davenport and
Rogers, 1970).

A second major influence on the development of fearfulness in
mammals is early social experience, particularly with respect to the mother.
Maternal influences on mammalian development are pervasive, dynamic
and complex, and they vary significantly by species. Experimental studies of
maternal effects on fearfulness have been carried out mainly on rats and
rhesus monkeys and have emphasized different experimental paradigms
for the two species. The majority of studies with rats compare the effects
of brief, discrete and recurring perturbations of the infant’'s ongoing
relationship with its mother during a circumscribed period in development,
with the effects of an undisturbed relationship. The most common
paradigm in primate research focuses on the effects of differences in social
experience that are in place continuously over an extended period.
Monkeys raised with their biological mothers for the first several months of
life (for example, until weaned at 6 months) are compared with animals
that are separated from their mothers as neonates and raised in a nursery,
either alone or with varying amounts of contact with age-mates. Regardless
of the differences between species, the two approaches may be expected to
have different developmental consequences and different implications for
well-being.

Brief separations of the infant rat or monkey from its mother are usually
accompanied by an increase in high-pitched vocalizations and adreno-
cortical activity. In rats, a principal long-term behavioural effect of repeated
separations during the pre-weaning period is a reduction in fearfulness.
Squirrel monkey infants experiencing an analogous procedure showed a
progressive decline in vocalizations across separations, but continued to
display a robust cortisol response. At the end of the series, however, the
cortisol responses and relationships with their mothers of separated infants
were indistinguishable from those of control infants, suggesting that the
separations had no permanent effect on the infants’ physiology or behaviour
(Coe et al., 1983; Hennessy, 1986). Thus, it does not appear that repeated
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brief separations from the mother increase fearfulness. Given due concern
for age- and species-specific requirements with regard to ambient tempera-
ture, food intake, duration of separation and the like, neither does it appear
that the experience has long-term detrimental effects on the infant rat or
monkey’s well-being. On the contrary, the consequences for the rat may be
beneficial. It should be noted, however, that potentially harmful effects on
immune function have been found in rhesus monkeys exposed to somewhat
longer separation intervals (Coe et al., 1989).

Rearing an infant mammal apart from its mother is obviously a more
radical procedure than brief separations and would seem to have greater
potential for producing significant effects on fearfulness. In reality, the long-
term effects of early maternal deprivation on fearfulness are equivocal, at
least in primates, the taxon on which most of the data have been collected.
The source of ambiguity is that a newborn monkey or ape permanently
separated from its mother early in the postnatal period develops a suite of
behaviours that appear to be compensatory, modified versions of filial
behaviour patterns. These become the animal’s characteristic and habitual
mode of responding to emotional provocation. Thus, in circumstances in
which an infant rhesus monkey raised by its mother seeks her out, clings to
her, takes the nipple, and is comforted by these acts, the nursery-reared
animal clasps itself, sucks its thumb or big toe, crouches, rocks, and likewise
is comforted. The presence of these self-directed behaviours probably
explains the paradoxical finding that by traditional criteria immature
monkeys raised alone show less emotional arousal than do mother-reared
monkeys in mildly stressful situations. Their heart rate is lower, and they
vocalize less, defaecate less and engage in fewer gross, non-directed motor
activities. At the same time they also show greater behavioural inhibition in
their reactions to novel objects or events.

As expected in view of their origins, self-directed versions of filial
behaviours are linked to developmental status. They do not appear as
habitual responses in monkeys that are separated from their mothers after
weaning is completed, and like their mother-directed counterparts, these
behaviours become less frequent as development proceeds. Compared with
behaviours shown by mother-reared monkeys, however, these behaviours
decline more slowly, and under conditions of extremely high arousal,
particularly when alternative actions are blocked, they may reappear.

The prevailing view that maternally deprived monkeys are necessarily
more fearful than mother-reared animals needs to be re-examined. There is
no indication that deprived monkeys are more fearful than mother-reared
animals in their familiar rearing environment, nor do they differ in basal
cortisol values (Lubach et al., 1995). The behaviours they show most promi-
nently in stressful situations may indeed indicate heightened emotional
arousal, but they probably also serve the homeostatic function of reducing
arousal, in the manner of the filial responses from which they are derived. A
predictable developmental consequence of maternal deprivation is to alter
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the organization of emotional behaviour. Aspects of stress physiology are
also changed, but the precise nature of these changes is not clear.

Few studies have examined the effects of complete maternal deprivation
in rats. No doubt the reasons include the formidable difficulties of hand-
rearing the newborn rat and the immediate, pervasive, deleterious conse-
quences of eliminating the major regulatory influence on the neonate’s
physiology and behaviour (Koch and Arnold, 1972; Hofer, 1987). In the
long term, early social deprivation increases fearful behaviour as measured
by heart rate and behaviour in the open field, but there are no indications so
far of modal changes in the organization of emotional behaviour, similar to
those occurring in rhesus monkeys (Koch and Arnold, 1972).

In view of the many vital contributions of the mammalian mother to her
offspring, it is not surprising that early and prolonged maternal deprivation
has deleterious effects on the well-being of both rats and monkeys, as
indicated by behavioural and physiological criteria. Changes in some
aspects of emotional behaviour and temperament can be included among
these effects. In my view, however, the significance of information on the
emotional consequences of being raised without a mother relates chiefly to
the light it can shed on maternal contributions to individual variations
in fearfulness. A few of these effects that have been demonstrated system-
atically have been considered in this review, but many others have been
described in anecdotal accounts of development in natural settings. The bio-
logical significance of these effects is clear: in a changing world, presenting
fresh opportunities for possible benefit or harm, maternal influences that
shape an individual’s characteristic stance towards challenge and change
are immediately relevant to its well-being and to its future prospects for
survival and reproductive success.
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Additional information

At the time of writing, | was unaware of research in which the effects of early
differences in mother-infant relationships on CSF concentrations of CRH and
cortisol of adult bonnet macaques were compared directly. Grown monkeys
who were nursed by mothers being exposed to an unpredictable foraging
schedule (varying between high and low demand) had significantly higher
concentrations of CRH and significantly lower concentrations of cortisol
compared with monkeys whose mothers were experiencing an invariant
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demand schedule (either consistently high or low). (For references see:
Coplan, J.D., Andrews, M.W., Rosenblum, L.A., Owens, M.J., Friedman, S.,
Gorman, J.M. and Nemeroff, C.B. (1996) Persistent elevations of
cerebrospinal fluid concentrations of corticotropin-releasing factors in
adult nonhuman primates exposed to early-life stressors — Implications for
the pathophysiology of mood and anxiety disorders. Proceedings of the
National Academy of Sciences of the United States of America 93,
1619-1623; Coplan, J.D., Trost, R.C., Owens, M.J., Cooper, T.B., Gorman,
J.M., Nemeroff, C.B. and Rosenblum, L.A. (1998) Cerebrospinal fluid
concentrations of somatostatin and biogenic amines in grown primates
reared by mothers exposed to manipulated foraging conditions. Archives of
Psychiatry 55, 473-477.)
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Introduction

Concerns regarding the welfare of animals now permeate all levels of
society and are directed towards a diverse range of activities. These range
from debate regarding the conditions under which domestic animals are
maintained on farms (in particular intensively reared species), to the zoo
environment and captive animals in general, through the use of animals in
toxicological testing (Smith and Boyd, 1991) and the exploitation of animals
for sport (Bateson and Bradshaw, 1998). They even extend to the assessment
of the welfare of free-living wild animals (Kirkwood et al., 1994) and consid-
eration of the well-being of fish, within both intensive aquaculture systems
(Farm Animal Welfare Council, 1996) and natural fisheries (Pottinger, 1995).

It is widely agreed that there are difficulties inherent in defining pre-
cisely what is meant by welfare or well-being in different animal groups, and
how it should be measured (Curtis, 1985; Dawkins, 1985; Sanford, 1992;
Rushen and de Passillé, 1992) and there is a possibility that defining the
subjective state of ‘suffering’ in physiological or behavioural terms is an
unrealistic goal (Barnard and Hurst, 1996). However, there is some degree
of consensus that the presence of stress may be associated with a deteriora-
tion in the well-being of animals. Although, as discussed by Moberg (1996),
the presence of stress per se need not be equated directly with suffering, the
exposure of animals to stimuli or conditions which lead to frequent or
chronic activation of the stress response is likely to lead to adverse effects
on growth, behaviour, reproduction and disease resistance (Johnson et al.,
1992).

OCAB International 2000. The Biology of Animal Stress
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Why reduce stress responsiveness?

For most groups of animals in environments that are controlled by, or sub-
ject to the influence of, human activities, the most appropriate strategy to
reduce the degree of stress experienced by the animals is to modify the
animals’ environment to reduce the frequency or severity of the stressor(s).
However, in some cases this is not an option. For example, in intensive rear-
ing environments changes in management practices to reduce the degree of
stress might not be feasible because of significant economic and practical
constraints.

In addition to the nature of the holding environment, the degree to
which the animal itself is pre-adapted to the environment is important.
Although for most species of economic significance to agriculture the pro-
cess of domestication has been taking place for thousands of years, resulting
in a greater tolerance of environments and stimuli which would be stressful
to wild stock, newly exploited species (e.g. many of those important to
aquaculture) are not far removed from the wild state and cannot be
considered domesticated. In such species, the stress of common husbandry
procedures and environmental factors is exacerbated. Reducing the stress
responsiveness of such animals to intensive rearing conditions may be
considered a strategy to enhance or accelerate the process of domestication.

Where no further improvements in the rearing environment can be
achieved, or where novel species are being subjected to intensive rearing
practices, consideration may be given to altering the sensitivity of the animal
itself to potentially stressful stimuli (e.g. Hester et al., 1996). Given that over-
stimulation of the hypothalamic—pituitary—adrenal (HPA) axis is associated
with deleterious effects on growth, reproductive performance and disease
resistance (Johnson et al., 1992), reduction of stress responsiveness may
reduce ‘inappropriate’ effects of frequent or continuous exposure to stressful
stimuli. The benefits of reducing sensitivity to stressors might therefore
include:

. increased production (better growth, higher feed conversion);

. improved reproductive performance (optimization of productivity);

. reduced incidence of disease (improvement in welfare, reduction in
therapeutic costs); and

. an overall enhancement of the quality of life of captive animals
(improvement in welfare).

How might a reduction in responsiveness be achieved? Domestication
represents the outcome of a long-term ongoing selective breeding
programme, to some extent both deliberate and inadvertent. It has been
proposed that selective breeding may offer a route by which the incidence
of behaviours and responses associated with welfare problems (and by
association, performance) might be reduced (Brown, 1959; Mench, 1992).
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Selective breeding as a strategy for the reduction of stress
responsiveness

Although various pharmacological methods are available that allow
elements of the neuroendocrine stress response to be blocked or modulated,
these are not appropriate approaches for application on a large scale.
Instead, considerable effort has been directed at evaluating the prospects
for altering the inherent responsiveness of animals to stress by selective
breeding. A number of points must be borne in mind when considering the
practicalities of modifying the response of an animal to stress. These same
considerations apply to any attempt to enhance a specific trait by means of a
directed breeding programme.

Is there a broad spectrum of stress responsiveness within the
population?

The range of inter-individual variability must offer scope for selecting
individuals that differ markedly from the population mean. Even in what are
considered to be thoroughly domesticated species, such as domestic fowl,
considerable genetic diversity still exists both between and within popula-
tions (Jones, 1996). Numerous studies have established that within popula-
tions considerable variation is seen in the magnitude of the stress response
of individuals to identical stressful stimuli (Berger et al., 1987; Pottinger
et al., 1992; von Borell and Ladewig, 1992; Cummins and Gevirtz, 1993;
Marsland et al., 1995). Some of this variation may be attributed to pheno-
type, arising from the influence of external factors (see below), while a
significant proportion is undoubtedly a reflection of genotype.

Is stress responsiveness an individual characteristic?

To enable the identification of individuals which display favourable traits,
the observed inter-individual variability must represent differences between
individuals that are consistent and stable with time rather than simply
reflecting random variation in the responsiveness of the individual to
stressful stimuli (or imprecision in the measurement). As a number of studies
demonstrate, the magnitude of responsiveness of an individual to a stressor
is evidently a characteristic of that individual during their lifetime. In human
infants, consistent individual differences in adrenocortical function can be
detected within 6 months of birth (Lewis and Ramsay, 1995), and in rats the
plasma catecholamine stress response is characteristic of the individual
for at least 12 months (Taylor et al., 1989). In pigs, possession of an ‘active’
or ‘passive’ coping strategy to stress is an individual characteristic (Schouten
and Wiegant, 1997) and, in fish, consistent inter-individual differences in
interrenal (the adrenal homologue) responsiveness to stress are apparent for
up to 2 years (Pottinger et al., 1992).
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What intrinsic and extrinsic factors modify responsiveness?

Assessment of individual variation in responsiveness must also take into
account factors that may be reflected in the phenotypic response. For exam-
ple, one of the most significant modifiers of phenotypic stress responsiveness
in vertebrates is sexual maturity. In mammals, there is a distinct sexual
dimorphism in the response of the HPA axis to stress (Vamvakopoulos
and Chrousos, 1993). Suppression of responsiveness in males is linked to
elevated androgen levels (Boissy and Bouissou, 1994; Handa et al., 1994)
while hyperresponsiveness in females is related to elevated oestrogen
levels (LeSniewska et al., 1990; Spinedi et al., 1994). A similar phenomenon
occurs in other animals, such as fish (Pottinger et al., 1995, 1996), leading
to the possibility that underlying differences in responsiveness may be
obscured by phenotypic modification.

Social status may also modify the apparent responsiveness of an
individual to a stressor (e.g. see Sapolsky, 1988). In addition, the early
experience of the animal may be a potent modifier of stress responsiveness.
In rats subjected to postnatal handling (e.g. Meaney et al., 1993a), life-long
responsiveness to a wide variety of stressors is reduced as a consequence of
alterations in the sensitivity of the hypothalamus to corticosteroid feedback
(Meaney et al., 1993b). However, recent data showing differential effects of
prenatal stress in two genetically distinct strains of rats suggest that the
effects of early experience may also be dependent on genotype (Stohr et al.,
1998).

What element of the stress response should be modified?

The physiological stress response is an immensely complex neuro-
endocrine response (Matteri et al., Chapter 3, this volume), the ultimate
control of which lies within the higher centres of the nervous system.
The questions of how responsiveness should be assessed and which
element of the response is most closely linked to the adverse effects of
stress are critically important. Individual differences in stress responsiveness
may be complex and may represent dissimilarities in different elements
of the response dynamic. Lewis (1992) suggested that differences between
individuals may occur in threshold (the amount of stimulation required
to produce a response), in dampening (the capacity to terminate the
response to a particular stimulus), and in reactivation (the ability to
respond to an additional subsequent stimulus). Walker et al. (1992)
emphasized that individual differences in the response to a stressor can
occur at multiple levels within the ‘sensory, cognitive, neurochemical
and endocrine’ cascade. This level of complexity has implications for
the choice of trait upon which selection pressure is to be exerted. Both
physiological and behavioural indices of stress have been employed as
selection traits in selective breeding programmes, as will be discussed
below.
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Does stress responsiveness have a genetic, or heritable, component?

Is genetic manipulation of stress responsiveness actually feasible? That is, is
the stress responsiveness of an individual animal genetically determined
wholly or in part? The evidence for a significant genetic contribution to
stress responsiveness in vertebrates is overwhelming and will be considered
below.

Does possession of a high or low sensitivity to stressors benefit the
animal?

The stress response is essentially an adaptive response, conserved through-
out vertebrate phylogeny, which facilitates the animal’s ability to cope with
challenging circumstances. Perhaps unsurprisingly, given the complexity of
the issues, there is no firm consensus as to whether modification of stress
responsiveness can benefit an animal within an intensive rearing environ-
ment.

Selective breeding to modify stress responsiveness —
animal models

The occurrence of individual differences in stress responsiveness that remain
consistent with time may represent stable modulation of stress responsive-
ness at the phenotypic level, for example as a consequence of early
experience (see above) or sex of the animal. However, evidence that stress
responsiveness is at least in part controlled by the genotype is provided by
strains or lines of animals that display levels of responsiveness that differ
significantly from each other. Representative studies in rodents, domestic
animals, poultry and fish will be considered. The reasons for the develop-
ment of strains and lines of rodents with differing stress responsiveness
differs from the practical imperatives that have driven such undertakings
in economically significant animal groups. Nevertheless, consideration of
these models is appropriate given the insight into the genetics of the stress
response that they have provided.

Rodent models

The need for model systems to study the neurobiological processes that
underly inter-individual differences in responses to stressful situations led
to the development of a number of strains/lines of rodents divergent for a
particular measure of stress responsiveness. In many cases, selection was
on behavioural traits and based on perceived differences in emotionality,
although, as pointed out by Ramos and Mormede (1998), consideration
of emotionality in non-primate mammals is often restricted to situations
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inducing fear and/or anxiety. In addition, there are various strains of rodents
which, although not necessarily selected on the basis of a stress-dependent
trait, have subsequently been shown to display disparate physiological
responsiveness to stressors (e.g. Shanks et al., 1990; Gémez et al., 1996).
Some of the better known rodent models will be considered briefly below.

Roman high avoidance (RHA)/Roman low avoidance (RLA) rats

A description of the attributes of these strains is provided by Ramos and
Mormede (1998), Walker et al. (1992) and Sutanto and de Kloet (1994).
These strains were originally selected for divergent responses to active
avoidance conditioning in a shuttle box. RHA rats rapidly acquire a
conditioned avoidance response whereas RLA rats fail to acquire the
response. The lines demonstrate differing behavioural responses (‘coping
mechanisms’) to a stressor; RHA rats display a flight response to threat
while RLA rats display a ‘freezing’ or immobility response. Differences
are also apparent in endocrine aspects of the response to stress. RLA rats
exhibit lower resting levels of adrenocorticotropic hormone (ACTH) but
higher corticosterone secretion following exposure to stressors. Overall,
RLA animals are more stress responsive than RHA. Another pair of lines
originally selected on a similar basis to the RHA/RLA strains, the Syracuse
high avoidance (SHA) and Syracuse low avoidance (SLA) rats, also show
physiological correlates of the selection trait; SLA rats show a greater hyper-
glycaemic response to a novel environment than SHA rats (Flaherty and
Rowan, 1989).

Maudsley reactive (MR) and non-reactive (MNR) rats

These lines were originally selected on the basis of their behaviour in
an open-field test and are considered to provide contrasting examples
of emotional reactivity (Broadhurst, 1975). By introducing the rat to an
unfamiliar environment, which the open field provides, a behavioural stress
response is elicited. Freezing coupled with defaecation are linked to high
(anxious) emotionality, and exploratory behaviour coupled with low levels
of defaecation (confident) are considered to indicate low emotionality
(Denenberg, 1969). These lines display a similar behavioural divergence to
the RLA/RHA rats. MR rats are more susceptible to restraint-induced ulcers
than the non-reactive strain. MNR rats have higher noradrenaline in several
tissues including plasma, but no differences are evident in the corticosteroid
responses of these strains to stressors (Walker et al., 1992; Ramos and
Mormede, 1998).

Other rodent models

Other well-described rodent lines include the Wistar-Kyoto (WKY) stress-
ulcer prone rats. These rats are hyperresponsive to stress in terms of high
susceptibility to stress-induced gastric ulceration and show higher plasma
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ACTH levels in response to restraint than other strains. The strain is charac-
terized by immobility in the forced swim test and scores low on exploratory
behaviour (see Redei et al., 1994; Ramos and Morméde, 1998).

Rodent models are perhaps the best characterized, in terms of behaviour,
neurochemistry and endocrinology, of the animal models which have
been genetically selected for stress responsiveness. However, they represent
model systems and are employed primarily in basic research into the mech-
anistic basis of behaviour and emotionality. For more practical applications
of selective breeding for modified stress responsiveness, domestic animals
must be considered.

Domestic mammals

In contrast to the rodent models in which behavioural responses to stressful
stimuli are given prominence, work on the genetic control of the stress
response in farm animals has concentrated on the practical performance-
related benefits of modifying the stress response. Pigs are widely reared in
intensive systems, and stress susceptibility is perceived as a major problem
(Pfeiffer and von Lengerken, 1991). Individual pigs display a wide range of
adrenocortical responsiveness to stress, the magnitude of which tends to
be an individual characteristic (Hennessy et al., 1988). Pigs displaying
responses within the lower range display better growth and feed conversion
than animals within the higher range of responsiveness (Hennessy and Jack-
son, 1987). It is possible to identify pigs with different ‘coping’ strategies,
active or passive, using the behavioural response to mild restraint (Schouten
and Wiegant, 1997), and these types are characterized by related differences
in their physiological response to stress. However, selective breeding for low
stress responsiveness has not been pursued actively for pigs as it has, for
example, with poultry. Rather, selective breeding has been directed at
attempts to eliminate a gene associated with high susceptibility to stress
(porcine stress syndrome, PSS), the so-called halothane stress gene (von
Lengerken and Pfeiffer, 1991). Stress-susceptible individuals are evidently
less able to control excessive lactic acid during stress, leading to mortality
arising from acidosis, vasoconstriction, hyperkalaemia, hypotension and
reduced cardiac output (see Bikstrom and Kauffman, 1995 for detailed
discussion).

Poultry models

Unlike selective breeding efforts in pigs, in poultry efforts have been
directed at modification of overall sensitivity to stressors.
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Selection for endocrine traits in the domestic turkey

As long ago as 1959 the possible implications of environmental stress
for poultry production were considered, and selective breeding for stress-
resistant fowl was suggested as a possible means of ameliorating stress-
related problems (Brown, 1959). Since then, there has been considerable
progress made in understanding the physiology and pathology of stress in
domestic fowl.

Freeman (1976) reviewed the early work on selective breeding for stress
responsiveness in poultry, emphasizing that there is sufficient individual
variability in the HPA axis response to stress within any one strain of poultry
to allow for divergent selection. The pivotal role of the adrenal in the
adverse effects of stress, and the relationship between high blood cortico-
sterone and predisposition to viral and mycoplasmal diseases (Gross and
Siegel, 1985), led to the adoption of a strategy to breed turkeys selectively
(Meleagris gallopavo) for alterations in adrenal corticosterone production
(Brown and Nestor, 1974). The plasma corticosterone elevation elicited by
application of a low temperature stressor was employed as the selection trait
and a divergent selection response was sought. Within nine generations a
very marked divergence in the corticosterone response of the high (HL)
and low (LL) lines was achieved (Brown and Nestor, 1974), with post-stress
plasma corticosterone levels of 195 and 72 ng ml™" respectively. Within
nine generations the LL birds were significantly heavier, laid more eggs of
higher fertility and hatchability, and displayed lower mortality than HL birds
(Brown and Nestor, 1973). The realized heritabilities (h?) for the plasma
corticosterone response to stress for the HL and LL lines were reported to
be 0.25 and 0.14 respectively, indicating that approximately 25% and 14%
of the response of the progeny can be explained by genetic factors that
influence the trait. Blood corticosterone levels in turkeys from the HL line
were significantly more responsive to ACTH injections than in the LL
birds, suggesting that adrenal sensitivity to ACTH accounted for at least a
component of the overall difference in responsiveness between the two lines
(Brown and Nestor, 1973).

Similar conclusions were reached by Carsia and Weber (1986) who
measured the blood corticosterone response to acute stress in several
strains (not selected for stress responsiveness) of chickens (Gallus
domesticus). These authors found that there were significant between-strain
differences in corticosterone levels following stress and that these
were apparently linked to the adrenal weight/body weight ratio, greater
steroid biosynthetic capacity, and greater sensitivity of the interrenal cells
to ACTH in the high-responding strain. Differences in adrenal sensitivity
to ACTH were also found to contribute to inter-strain differences in the
HPA axis response to stress in five genetically distinct rat strains (Gémez
et al., 1996).
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Selection for endocrine traits in the domestic chicken

Similar studies have been carried out using chickens. Gross and Colmano
(1971) describe the divergent selection of two lines of chickens based on the
plasma corticosterone response of the birds to social stress. Although no
evidence is presented in this particular paper that the selection procedure
was successful, with little or no divergence apparent in the F1 birds,
subsequent papers confirmed the eventual effectiveness of the selection
strategy within six generations (e.g. Gross et al., 1984; Gross and Siegel,
1985). Interestingly, it was concluded that these lines had been selected on
the basis of differences in the birds’ perception of environmental situations
(in terms of severity of the stressor) in that the two lines showed similar,
rather than divergent, responses to non-social stressors (Siegel, 1989). This
conclusion draws attention to the potential problems associated with the
selection of a stimulus-specific response and the importance of selecting on
a trait that integrates the animal’s response to a wide range of stressors.

Selection for endocrine and behavioural traits in Japanese quail

The Japanese quail (Coturnix coturnix japonica) has been utilized in a
number of studies, which have ultimately demonstrated strong links
between genetically defined physiological and behavioural indices of stress
responsiveness. Divergent selection for high or low blood corticosterone
responses to immobilization stress for 12 generations resulted in high stress
(HS) and low stress (LS) lines that differed significantly in responsiveness
from the unselected control line (Satterlee and Johnson, 1988). As in
chickens (Carsia and Weber, 1986), differences in stress reactivity between
the selected quail lines appeared to reside at least in part within the adrenal
tissue. These were manifested as an increase in adrenal mass and in the
responsiveness of adrenocortical cells to ACTH in the HS line relative to
the LS line (Carsia et al., 1988).

Evaluation of the performance of quail from the HS and LS lines in an
open-field test, which evokes a fear response, revealed a strong correlation
between adrenocortical reactivity to stress and behavioural responses. Birds
of the HS line displayed greater levels of fearfulness (as evidenced by
freezing and locomotory delay) than birds of the LS line (Jones et al., 1992a).
A similar conclusion was reached in a related study in which tonic immobil-
ity (an index of fear) was quantified in birds of the HS and LS lines subject
to a prolonged multifactorial stressor. HS birds were more susceptible to
induction of tonic immobility and remained immobile for longer than LS
birds (Jones et al., 1992b). These data support earlier conclusions that there
is a positive association (though not necessarily a causal one) between
adrenocortical responsiveness to stressors and fearfulness (Faure, 1980) and
suggest that selection on either stress responsiveness or fearfulness would
provide a broad response, as opposed to a narrow stimulus-specific
response of limited practical use. Subsequent studies reinforced this conclu-
sion and are considered below.
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Fear is considered to be a potent stressor with adverse effects on
production, particularly in an intensive rearing environment. Fear is often
considered to be a stimulus associated with human presence (Barnett et al.,
1992). The complexities of defining the term ‘fear’, the numerous stimuli
that may represent sources of fear in the intensive rearing environment, and
the impact of fear on performance are discussed by Jones (1996) in the
context of poultry production. Possible strategies for reducing fear in
the intensive rearing environment include environmental enrichment, habit-
uation to humans and genetic selection (Jones, 1996). In the quail lines
selected for high and low adrenocortical responsiveness to immobilization
discussed above, it has also been shown that, in addition to a correlation
between adrenocortical responsiveness and performance in the open-field
test (Jones et al., 1992a), the two lines diverge significantly in their response
to human contact. HS birds perceive human contact as a more aversive
stimulus than do LS birds and this is reflected as a positive correlation
between the adrenocortical response to capture stress and the avoidance
score (Jones et al., 1994). Subsequent studies demonstrated that selection for
reduced adrenocortical responsiveness and, concomitantly, reduced fearful-
ness do not influence the ease of capture of the birds. The lack of a differ-
ence between HS and LS lines in the difficulty of capture and handling was
interpreted by the authors to indicate that there had been no enhancement
of the active flight response in the LS line and to have implications for the
management of birds within intensive rearing systems (Satterlee and Jones,
1997). By comparing the behavioural responses of the two lines to restraint,
it was also shown that LS birds employed an active, and HS birds a passive,
coping strategy (Jones and Satterlee, 1996).

The robust nature of the linkage between adrenocortical responsiveness
and fearfulness in Japanese quail is demonstrated by the fact that a second
independently selected pair of quail lines, divergent for tonic immobility
(Mills and Faure, 1991), show similar responses to a range of behavioural
and physiological assessments of fearfulness and stress to those of the HS
and LS lines (Jones, 1996).

Fish models

The intensive cultivation of fish as a worldwide industry is a relatively new
branch of food production and one that features a unique set of challenges.
Fish are poikilothermic animals that inhabit an aquatic environment, and as
such are sensitive to alterations in their immediate environment to a greater
extent than terrestrial homeotherms. As with other intensively reared
species, environmental stressors can have profoundly adverse effects on the
growth (Pickering, 1993), reproductive performance (Campbell et al., 1992)
and disease resistance (Pickering and Pottinger, 1989) of aquacultured fish.
Selective breeding has been widely applied within aquaculture in attempts
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to improve production characteristics (Tave, 1993). It was in the context of
selection for improvements in disease resistance that the stress response in
fish was first considered as a trait upon which selection pressure should be
directed. Given the causal links between activation of the HPI (hypotha-
lamic—pituitary—interrenal) axis and immunosuppression, it was proposed
that the stress responsiveness of an individual fish should be used as an
indirect selection criterion for the disease susceptibility of that individual
(Refstie, 1982, 1986; Fevolden et al., 1991).

Selection for endocrine traits in salmonid fish

In common with other vertebrates, there is evidence that the responsiveness
of fish to stress is, at least in part, genetically influenced. Significant differ-
ences in the magnitude of the cortisol response were observed among five
strains of hatchery-reared rainbow trout (Oncorhynchus mykiss) maintained
under identical conditions and exposed to an episodic confinement stressor
(Pickering and Pottinger, 1989). In a study in which cortisol levels were not
measured but a variety of physiological indices were quantified following
exposure to a stressor, significant differences in response to challenge were
noted among six genetically distinct strains of coho salmon (Oncorhynchus
kisutch; McGeer et al., 1991).

For individual fish, the magnitude of the blood cortisol response to
confinement was found to be stable with time in at least a proportion of a
population of rainbow trout tested over a 28 month period (Pottinger et al.,
1992). This response permitted the identification of high-responding (HR)
and low-responding (LR) individuals within the population. A considerable
degree of divergence in the magnitude of mean post-stress cortisol levels of
HR and LR fish was observed, with post-stress cortisol levels in the HR group
being, on average, twice those of the LR group. Because response differen-
tials remained consistent even under varied rearing conditions, the authors
concluded that the responsiveness of the selected fish was not environmen-
tally determined. Subsequently, a series of pooled gamete matings was
carried out within each response group (Pottinger et al., 1994) and the stress
responsiveness of the two progeny groups was assessed using the confine-
ment stress paradigm. The progeny of HR parents displayed a significantly
greater plasma cortisol response to confinement than the progeny of LR
parents. Following confinement, HR progeny displayed a more sustained
reduction in lymphocytes than LR fish, accompanied by a post-stress
increase in circulating neutrophils significantly greater in LR than in HR fish.
Unexpectedly, highly significant differences in the stress-induced elevation
of blood somatolactin (SL) were observed in the HR and LR progeny, with
HR fish displaying a significantly greater elevation of SL in response to stress
than the LR group (Rand-Weaver et al., 1993). There is as yet no evidence
functionally to link the SL response to stress with activity of the HPI axis,
suggesting that the selection process employed by these authors operated
more broadly than originally anticipated.
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Although these results provide evidence that stress responsiveness is
heritable in fish, and that selective breeding for low stress lines is feasible,
this study (Pottinger et al., 1994) employed a simplistic approach to the
assessment of heritability. In subsequent, ongoing studies, individual rain-
bow trout, selected as HR or LR, have been employed to generate families
whose relative performance under aquaculture conditions is being moni-
tored. In these more recent studies a highly significant and robust divergence
in stress responsiveness (as indicated by blood cortisol elevation) has been
achieved in the F1 generation, with a parent—offspring heritability (h?) of
0.41 (T.G. Pottinger and T.R. Carrick, unpublished). Preliminary data indi-
cate that LR fish grow better under aquaculture conditions than do HR fish.

The only comparable studies on the genetic selection of stress respon-
siveness in fish have been carried out in Norway. In these studies the
original aim was to utilize stress responsiveness as an indirect measure of
disease resistance in fish, and thus an indirect selection trait for improved
resistance to common pathogens. Within fish populations, mortality due to
specific pathogens displays significant genetic variation (Fjalestad et al.,
1993). However, direct selection for fish that are resistant to more than one
specific disease would be a complex and probably impractical strategy.
Therefore, selection criteria other than survival following a single pathogen
challenge are required (Fevolden et al., 1992). One such criterion might be
the stress responsiveness of the individual, which is functionally related to
disease susceptibility. This approach requires that a genetic link between
responsiveness to stress and disease resistance is demonstrated (Fevolden
etal., 1991). In both rainbow trout and Atlantic salmon (Salmo salar), highly
significant sire effects on both plasma cortisol and plasma glucose levels are
apparent. Estimates of h? for the cortisol and glucose responses to stress were
determined in rainbow trout and Atlantic salmon populations used to
establish high and low response lines (Fevolden et al., 1991, 1993a).
Estimates of heritability across the year classes for both cortisol (h? = 0.05)
and glucose (h* =0.03) were not significantly different from zero in the
salmon, whereas in the rainbow trout, heritability estimates for cortisol were
of low to medium magnitude (h?=0.27 across year classes) while
heritability for glucose was low (h? = 0.07). These values are lower than
have been achieved in current studies using rainbow trout and lower than
those reported for corticosteroid stress responsiveness in other species.
However, Fevolden et al. (1993b) suggested that these values may be
improved upon by optimizing the design of the breeding programme,
by employing a standardized and reproducible stressor, and by using
individuals with demonstrably consistent responsiveness to stress in order
to generate progeny.

The assumption underlying efforts to select fish for low responsiveness
to stress is that such fish will show an enhanced performance under
aquacultural conditions. As yet, there is little evidence available with which
to test this assumption. However, data from the Norwegian studies on
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selected rainbow trout and Atlantic salmon lines suggested that selection for
stress responsiveness also influences specific disease resistance, offering the
eventual prospect of reducing the prevalence of disease outbreaks (Fevolden
etal., 1991, 1993b).

Conclusions

In summary, the evidence provided by the literature is strongly suggestive, if
not confirmatory, that a significant proportion of the stress responsiveness of
an individual animal is inherited. This therefore allows for the possibility of
modifying the stress responsiveness of an individual by selective breeding.
That this approach is feasible is clearly demonstrated by the existence of
lines of animals bred for divergence in a number of behavioural or physio-
logical traits associated with the stress response. While there are undoubt-
edly ethical questions posed by the manipulation of an animal’s genome,
these are not peculiar to attempts to modify stress responsiveness but apply
to all selective breeding programmes.

In theory, reducing the impact of stress on an individual by reducing
the responsiveness of that individual to stressors should provide a broad
range of benefits. If the levels of stress normally encountered within the rear-
ing environment are sufficient to impact adversely on growth, reproductive
performance and disease resistance, then improvements across all these
performance characteristics should be apparent. Some of the work on selec-
tion of poultry for stress responsiveness suggests that this is indeed the case.
However, it is possible that selection for reduced stress responsiveness may
confound one or more economically important traits such as growth or
fecundity. In that case, the practical application of selective breeding for
stress tolerance may require the application of selection indices to allow
co-selection of a number of desirable traits simultaneously.
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Introduction

Humans interact with animals in many walks of life. In situations in which
these interactions are close and frequent, the quality of these interactions
may have considerable consequences for either partner. For example, keep-
ing pets is common in most households. The potential benefits for humans
include promoting the development of social competency and responsibility
in children (Edney, 1992) and providing companionship, love and affection
for children and adults (Leslie et al., 1994). While domestication of pets has
generally provided these animals with obvious benefits such as food, good
health, protection and shelter, little is known of the effects of human—animal
interactions on pets themselves. Perhaps surprisingly, more is known of the
effects of human-animal interactions on farm animals.

Human-animal interactions are a common feature of modern livestock
production. Research has shown that the quality of the relationship that is
developed between stockpeople and their animals can have surprising
effects on the animals. This chapter will utilize this research on human—farm
animal interactions to consider the effects of human-animal interactions
on animal stress. This discussion obviously has implications for animals in
other walks of life in which close interaction occurs between humans and
animals.

OCAB International 2000. The Biology of Animal Stress
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Human-animal interactions in intensive farming
systems

Humans and animals are in regular and at times close contact in modern
intensive farming systems. While there may be considerable automation
in these production systems, stockpeople are required to monitor animals
and their conditions regularly and impose routine husbandry procedures.
Consequently the amount of human contact that these animals receive is
considerable. For example, a stockperson in modern meat chicken units
may manage tens of thousands of birds at a time and, although the
stockperson may not physically interact with his or her animals, they will
often be in close visual contact with most of the birds as often as six times
daily during routine inspection of birds and their conditions. Lactating dairy
cows are in close contact with humans during lactation, and a stockperson
may handle several hundred cows twice daily at the time of milking. In
intensive pig units, a stockperson may closely interact with several hundred
breeding pigs, often handling many animals several times a day at critical
stages of reproduction.

There are several levels of interaction between stockpeople and their
farm animals. Many of these interactions are associated with regular obser-
vation of the animals and their conditions. Thus this type of interaction often
involves only visual contact between the stockperson and the animals,
perhaps without the stockperson entering the animals’ pen. Visual and
auditory interactions may also be used to move animals. In some industries,
such as the pig and dairy industries, tactile interactions are often used by
stockpeople to move animals for routine husbandry procedures during
breeding and lactation. Tactile interactions also occur in situations in
which animals must be restrained and subjected to management or health
procedures.

Research in the livestock industries has provided evidence of relation-
ships between these human-animal interactions and animal stress and
productivity. For example, observations in the Australian pig industry have
revealed sequential relationships between the attitudes of stockpeople
towards interacting with their pigs, the behaviour of the stockpeople towards
their pigs, the behavioural response of breeding pigs to humans and the
reproductive performance of pigs (Hemsworth et al., 1989). There are
also reciprocal relationships operating within this pathway: it is not uni-
directional but bi-directional, with the behavioural response of the animal to
humans (fear), for example, feeding back on the attitudes and thus behaviour
of the stockperson (Hemsworth and Coleman, 1998). A model of these
human-animal relationships in intensive livestock industries is presented in
Fig. 15.1.

A particularly important result of this research on human-animal
interactions in the livestock industries is the consistent finding of a negative
correlation between fear of humans, assessed on the basis of the behavioural
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response of animals to humans, and animal productivity. The negative rela-
tionship found in broiler (meat) chicken farms between fear and productivity
(Fig. 15.2) is typical of the fear—productivity relationship observed in other
industries such as the pig and dairy industries. Because of its apparent impli-
cation for both animal productivity and welfare, this consistent finding of a
negative fear—productivity relationship in a number of livestock industries
has stimulated considerable research over the last two decades, particularly
on pigs. As will be discussed later in this chapter, the causal basis of this
negative fear—productivity relationship has been demonstrated in a number
of experimental studies, predominantly on pigs and poultry, in which han-
dling treatments resulting in high levels of fear of humans depress growth
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Fig. 15.1. A model of human-animal interactions in the livestock industries.
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and reproductive performance. These handling studies have also implicated
both acute and chronic stress in the mechanism whereby high fear of
humans may limit animal productivity. The objective of this chapter is to
review these results and, in doing so, demonstrate the effects of human—
animal interactions on animal stress.

Defining and measuring fear of humans

There is some controversy about the definition and measurement of fear (see
Hinde, 1970; Murphy, 1978; Hemsworth and Coleman, 1998) and thus it is
necessary in this chapter to define its use and describe its measurement. The
term ‘fear’ is a useful and convenient term to describe the behavioural
responses of animals to humans. These responses mainly include escape—
avoidance responses. A common view of fear (Jones, 1987; Hemsworth and
Coleman, 1998) is that it can be considered as an intervening variable,
linked to both a range of stimuli which may pose some risk or danger to the
welfare of the animal and to a series of responses, both behavioural and
physiological, by the animal that enable it to respond appropriately to this
source of danger. Gray (1987) defined fear as a form of emotional reaction
to a stimulus that the animal works to terminate, escape from, or avoid.
McFarland (1981) considered fear as a motivational state that is aroused by
certain specific stimuli and that normally gives rise to defensive behaviour or
escape.

Observations on farm animals in the presence of humans indicate that
these animals commonly display behavioural patterns that can be labelled
fear responses, such as withdrawal from or avoidance of humans as well
as immobility responses such as freezing or crouching (Hemsworth and
Barnett, 1987; Jones, 1987; Mills and Faure, 1990). What is surprising
when studying the behavioural response of farm animals to humans is
the magnitude of these responses, given that these animals have been
domesticated over many generations and that there is generally substantial
contact between humans and farm animals in modern intensive livestock
systems.

In both experimental and commercial situations, fear of humans can
be assessed on the basis of the behavioural response of the animal to an
experimenter in a standard test, i.e. either the avoidance response to
an approaching experimenter or, conversely, the approach behaviour to a
stationary experimenter. For example, in studies with pigs and cattle, the
approach behaviour of the animal to a stationary experimenter in a standard
arena has been used to assess the animal’s fear of humans (Hemsworth et al.,
1981a, 1996¢). In these tests, although the degree of novelty of the test arena
is reduced because of the similarity of the arena to the animals’ home pen,
animals introduced into this new environment will be motivated to explore
and familiarize themselves with the environment once the initial fear
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responses have waned. Therefore, since the animals may be motivated to
both avoid and explore the arena and the human stimulus, the animals’ fear
of humans will have a major influence on the animals’ approach to the
human stimulus. The imposition of handling treatments designed to produce
different levels of fear of humans generally produce the expected variations
in the approach behaviour of pigs and cattle to a stationary experimenter in
a standard test (Hemsworth et al., 1981a, 1986, 1987, 1994b; Gonyou et al.,
1986; Hemsworth and Barnett, 1991). Measurement of the flight distance
from humans, which generally is defined and measured as the distance at
which an animal withdraws or escapes as a human approaches (Hediger,
1964), has also been used to assess fear of humans in a number of farm
animals such as cattle and sheep (Hutson, 1982; Breuer et al., 1998).

Since poultry initially show little locomotion in a novel arena, levels
of fear of humans have often been assessed on the avoidance responses of
birds to an approaching human when tested in their home pen. Orientation
away and withdrawal from the approaching human have been equated with
high fear levels. Handling treatments intuitively expected to reduce the fear
of humans by poultry reduce the incidence of orientation away from the
experimenter and reduce the withdrawal from the experimenter in several
standard behavioural tests (Jones and Faure, 1981; Barnett et al., 1992; Jones
and Waddington, 1992; Hemsworth et al., 1994a, 1996b).

Factors regulating the behavioural response of farm
animals to humans

There are marked between-species and within-species differences in the
behavioural responses of animals to humans, for example the flight distance
to humans. Murphey et al. (1981) reported marked differences in the
flight distance of Bos indicus and Bos taurus breeds of cattle to humans.
Hearnshaw et al. (1979) found marked differences in the behaviour of cross-
bred Brahman cattle and British breeds to the combination of restraint and
handling. Indeed, the latter authors reported that the behavioural response
to restraint in a squeeze shute (or stall) in the close presence of humans,
often referred to as temperament, is moderately heritable in Bos indicus
cattle. Furthermore, the flight distance of extensively grazed farm animals
is generally reported to be greater than that of intensively managed farm
animals, perhaps because there is less contact with humans in the extensive
situations. For example, there are reports of flight distances of 6-11 m for
extensively grazed or rangeland sheep, and 31 m for extensively grazed beef
cattle in comparison with 2—-8 m for feedlot beef cattle and 0-7 m for dairy
cattle (Grandin, 1980, 1993; Hutson, 1982; Purcell et al., 1988). A number
of studies on farm animals have been conducted to examine the factors
affecting their behavioural responses to humans, and the results of these
studies will be considered now.
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Fear of unfamiliarity

The differences in the avoidance responses of animals to humans may, in
part, reflect inherent differences among species in their fear of unfamiliar
stimuli (neophobia). Selection for neophobia will probably affect the general
fearfulness of the naive animal rather than influence specific responses to
specific novel stimuli. Therefore, differences in neophobia are more likely
to affect the initial responses of inexperienced animals to humans since
humans would be perceived as novel stimuli. However, over time, experi-
ence with humans should modify these responses to the extent that these
responses to humans become stimulus specific. Murphy and Duncan (1977,
1978) studied two strains of chickens, termed ‘flighty’ and ‘docile” on the
basis of their behavioural responses to humans, and found that early
handling resulted in different behavioural responses to humans in the two
strains of birds, with the docile birds showing a more rapid reduction in their
withdrawal responses to humans with regular exposure to humans than
the flighty birds. These strain differences may be stimulus-specific, since
observations indicated that the docile birds did not necessarily show less
withdrawal than the flighty birds to novel stimuli like a mechanical scraper
and an inflating balloon (Murphy, 1976).

Further evidence that the handling effects on the behavioural response
of animals to humans may be specific to humans and not generalized to a
range of fear-provoking stimuli is provided by a series of studies by Jones
and colleagues (Jones, 1991; Jones and Waddington, 1992). These authors
examined the effects of regular handling on the behavioural responses of
young quail and domestic chickens to both novel stimuli, such as a blue
light, and humans. They found that handling predominantly affected the
avoidance response of birds to humans rather than to the novel stimuli.
These data indicate that experience with humans results in stimulus-specific
effects rather than effects on general fearfulness.

Fear of humans

A major component of the experienced animal’s response to humans is
learned. For example, handling studies on pigs and cattle have shown that
negative or aversive tactile interactions imposed briefly but regularly by
humans will quickly produce high levels of fear of humans. Negative
interactions imposed daily for as little as 15-30 s consistently result in pigs
showing marked avoidance of humans when subsequently tested with a
stationary experimenter (Hemsworth et al., 1981a, 1986, 1987, 1996a;
Gonyou et al., 1986; Hemsworth and Barnett, 1991). In contrast, brief posi-
tive handling results in low fear levels. These results indicate that, through
conditioning, animals may learn to avoid stockpeople from whom they have
received aversive stimulation and conversely may show greater approach or
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less avoidance of stockpeople from whom they have received positive inter-
actions. The process of habituation of fear responses may also be operating
in the latter case.

Cows will quickly learn to avoid humans who use mainly negative inter-
actions. Brief exposure to a handling treatment involving slapping or brief
shocks with a battery-operated prodder resulted in cows rapidly showing
avoidance responses to humans (Munksgaard et al., 1995: de Passillé et al.,
1996). Moderate or forceful slaps given whenever heifers failed to avoid the
approach of a handler subsequently resulted in reductions in the approach
of the heifers to a stationary experimenter and an increase in the flight dis-
tance of the heifers from an approaching experimenter (Breuer et al., 1998).
Regular interactions with feedlot cattle in which humans slowly approached
and squatted to encourage approach by the animals resulted, presumably
through habituation, in reductions in the animals’ fear of humans (Hems-
worth et al., 1996c¢). Similarly, a number of handling studies involving the
imposition of positive tactile interactions such as pats, strokes and fondling,
have shown that handled cattle display less avoidance of humans in a range
of testing situations (Boissy and Bouissou, 1988; Boivin et al., 1992).

Chickens and laying hens are particularly sensitive to visual contact
with humans. Regular treatments involving the experimenter placing his/her
hand either on or in the chicken’s cage and allowing birds to observe other
birds being handled result in reductions in the subsequent avoidance of
humans by young chickens (Jones, 1993). Interestingly, visual contact with-
out tactile contact is more effective in reducing fear than picking up and
stroking the bird, suggesting that tactile handling by humans may contain
aversive elements for birds such as close approach and restraint. A handling
study on laying hens by Barnett et al. (1994) also clearly demonstrates the
influential effects of visual contact with humans on fear responses of birds to
humans. Regular visual contact with humans, involving positive elements
such as slow and deliberate movements by the experimenter, markedly
reduced the subsequent avoidance behaviour of mature laying hens to
humans in comparison with minimal human contact that at times contained
elements of sudden and unexpected human contact.

These studies indicate that learning processes such as conditioning and
habituation are influential in affecting the animals’ fear of humans. They are
supported by observations in the animal industries in which the behaviour of
stockpeople has been shown to be predictive of the average level of fear
of humans shown by animals at the farm. For example, observations in the
pig and dairy industries indicate that negative interactions by pig and dairy
stockpeople are positively correlated with the level of fear of humans, as
assessed by the amount of approach by pigs and cows to a stationary
experimenter (Table 15.1). Negative tactile interactions include moderate to
forceful slaps, hits, kicks and pushes, while positive tactile interactions
include pats, strokes and a hand resting on the animal’s back. Observations
on stockpeople at broiler chicken farms reveal that the visual cues from
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Table 15.1. Stockperson behaviour—animal behaviour correlations in the dairy,
pig and poultry industries.

Negative stockperson behaviour and fear

Pig industry
Hemsworth et al. (1989) 0.452
Hemsworth et al. (1994b) 0.01
Coleman et al. (unpublished data) 0.402
Dairy industry
Hemsworth et al. (1995) 0.31
Hemsworth et al. (unpublished data) 0.302
Poultry industry
Cransberg (1996) 0.432
Hemsworth et al. (1996b) 0.32

aIndicates significant correlation (P < 0.05) between the two variables.

Negative stockperson behaviour in the pig and dairy industries was assessed by
the use of negative tactile interactions while in the poultry industry it was speed
of movement. Fear in pigs and cows was assessed by the time spent near a
stationary experimenter while fear of humans in poultry was assessed by the
avoidance of an approaching experimenter.

the stockperson may influence the fear responses of commercial birds to
humans. For example, speed of movement of the stockperson is positively
correlated with the level of fear of humans by birds (Table 15.1).

Therefore, the studies reviewed in this section indicate that conditioned
approach—avoidance responses develop as a consequence of associations
between the stockperson and aversive and rewarding elements of the
handling bouts. For pigs and cattle, the main aversive properties of humans,
which will increase the animal’s fear of humans, include hits, slaps and
kicks by the stockperson, while the rewarding properties, which will
decrease the animal’s fear of humans, include pats, strokes and the hand
of the stockperson resting on the animal. For poultry, the main aversive
properties of humans, which will increase the animal’s fear of humans,
appear to include fast speed of movement and unexpected movement or
appearance of the stockperson. Habituation may also occur over time as
the animal’s fear of humans is gradually reduced by repeated exposure to
humans in a neutral context; that is, the human’s presence has neither
rewarding nor punishing elements.

Fear and animal productivity

Handling studies and observations on commercial animals indicate that
high levels of fear of humans may limit the productivity of farm animals.
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Studies at our laboratory have consistently shown that handling treatments
inducing high levels of fear of humans will reduce the growth and reproduc-
tive performance of pigs. Some of these results are summarized in Table
15.2.

Seabrook and Bartle (1992) also reported depressions in the growth of
pigs following aversive handling. In contrast, Paterson and Pearce (1989,
1992) and Pearce et al. (1989) found no effects of regular aversive handling
on the growth performance and stress physiology of young pigs. There is no
obvious explanation for this lack of effects in the studies by Paterson and
colleagues. It is possible that differences between studies in the nature,
amount and imposition of handling treatments may be responsible for these
apparently contradictory results. For example, as is discussed in the next
section, a behavioural response of animals to an apparently aversive stimu-
lus (e.g. withdrawal from aversive handling by humans) in some situations
may be an effective strategy to enable the animals to cope with this stimulus

Table 15.2. The effects of handling treatments on productivity and stress physi-
ology of pigs in six studies.

Positive Minimal Negative

Experiment and parameters treatment  treatment'  treatment
Hemsworth et al. (1981a)

Growth rate (11-22 weeks in g day™) 709 — 6692

Cortisol concentrations (ng mi=)2 2.1% — 3.
Gonyou et al. (1986)

Growth rate (8-18 weeks, g day™?) 897b 8g1ab 8372

Adrenal cortex (mm?) 23.22 24,920 33.1°
Hemsworth et al. (1986)

Pregnancy rate of gilts (%) 88b 57ab 332

Cortisol concentrations (ng mi=)2 1.72 1.8 2.4b
Hemsworth et al. (1987)

Growth rate (7-13 weeks, g day™) 455P 458P 404°

Cortisol concentrations (ng mi™)? 1.6% 1.7% 2.5y
Hemsworth and Barnett (1991)

Growth rate 656 — 641

(from 15 kg for 10 weeks in g day™)

Cortisol concentrations (ng mi=)2 15 — 1.1
Hemsworth et al. (1996a)

Growth rate 0.97% 1.05° 0.94b

(from 63 kg for 4 weeks in kg day™)
Adrenal weights (g) 3.82x 4.03% 4.81Y

ab and *¥ denote significant differences at P < 0.05 and P < 0.01, respectively.
1Treatment involving minimal human contact.

2Average of blood samples remotely collected at hourly intervals from 0800 to
1700 h.
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without having to resort to any long-term physiological adjustment. It is also
possible that there may be genetic differences between pigs in their ability to
cope with chronic stressors; however there is little evidence of this in the
literature. Barnett et al. (1988) found that, although there were differences
between two genotypes of pigs in their basal cortisol concentrations, both
genotypes exhibited similar pituitary—adrenal axis responses (in terms of per-
centage increases in cortisol in the long term) to being restrained by tethers.

Based on farm averages, negative correlations between fear of humans
and reproductive performance of pigs have been found in two of three
studies in the pig industry (Table 15.3). Fear was assessed in these studies on
the basis of the behavioural response of recently mated female pigs to a
stationary experimenter. These observations indicate that the productivity of
pigs was lowest at the farms on which pigs were most fearful of humans.
Based on a regression analysis using farm means, Hemsworth et al. (1989)
found that variation in fear of humans accounted for about 20% of the
variation in reproductive performance across the study farms.

Handling of a negative nature has generally been shown to reduce the
growth performance of chickens. Gross and Siegel (1979, 1980, 1982)
found that young chickens that received frequent human contact, apparently

Table 15.3.  Animal behaviour—animal productivity correlations in the dairy, pig
and poultry industries.

Fear and animal productivity

Pig industry
Hemsworth et al. (1981b) -0.512
Hemsworth et al. (1989) -0.552
Hemsworth et al. (1994b) -0.01
Dairy industry
Hemsworth et al. (1995) -0.462
Hemsworth et al. (unpublished data) -0.25
Broiler industry
Hemsworth et al. (1994a) -0.57°
Cransberg (1996) -0.10
Hemsworth et al. (1996b) -0.39
Egg industry
Barnett et al. (1992) -0.58°

2 and P indicate significant correlations (2 = P < 0.05 and ® = P < 0.01) between
the two variables.

Fear of humans by pigs and cows was assessed by the time spent near a
stationary experimenter while fear of humans by poultry was assessed by the
avoidance of an approaching experimenter. The productivity variables were
reproduction (piglets born per sow year™) in pigs, milk yield in cows, feed
conversion in chickens and egg production in hens.
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of a positive nature, had improved growth rates and feed efficiency and were
more resistant to infection than birds that received minimal human contact
or birds that had been deliberately scared, by a person shouting and banging
on the birds’ cages. In a study with adult laying hens, Barnett et al. (1994)
found that regular visual contact, involving positive elements such as slow
and deliberate movements, reduced the subsequent avoidance behaviour of
mature laying hens and resulted in higher egg production than a treatment
that involved minimal and at times negative human contact. Field observa-
tions on poultry have demonstrated significant negative relationships, based
on farm averages, between the level of fear of humans and the productivity
of commercial broiler chickens and laying hens (Table 15.3, also see Fig.
15.2). The avoidance behaviour of birds to an experimenter was used
to assess fear in these studies. These correlations indicate that both egg
production of laying hens and the efficiency of feed conversion of broiler
chickens are negatively correlated with the level of fear of humans by birds.
Bredbacka (1988) also reported that egg mass production was lower in hens
that showed increased avoidance of a human.

Recent observations on commercial dairy cows also indicate the
existence of a significant negative fear—productivity relationship (Table
15.3). The amount of approach of dairy cows to a stationary experimenter is
positively correlated with the milk yield of the farm, indicating that milk
yield is lowest at farms on which cows are highly fearful of humans. Rushen
et al. (1997) reported that cows suffered a 10% reduction in their milk yield
when, during milking, they were in the close presence of a handler who
had previously aversively handled them. While fear was not quantified, Sea-
brook (1972) has also suggested that milk yield may be reduced in situations
where cows are unwilling to approach the stockperson. Therefore, handling
studies and observations in the animal industries on fear—productivity
relationships generally show that high levels of fear of humans may limit the
productivity of farm animals.

Fear and animal stress

The impetus to examine fear and stress more closely has been the
consistent negative relationships between fear and productivity in the live-
stock industries. This section considers the role of stress in the effects of fear
of humans on animal productivity.

Biological responses to stress

The close presence of humans is likely to result in fearful animals utilizing
biological responses, both behavioural and physiological, to attempt to cope
with the challenge of this stressor. A startle response may initially occur,
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followed by an orientation response and, if necessary, avoidance or
defensive responses such as freezing, running away or preparation for fight
(e.g. growling, threatening stance, etc.). In concert with these behavioural
responses there is a series of physiological responses, with the full elicitation
of this series dependent on the time of exposure to the stressor and the
success of the biological responses in coping with the challenge.

These physiological responses are reviewed in detail in Matteri et al.
(Chapter 3, this volume) and Moberg (Chapter 1, this volume), but it is useful
briefly to consider some general features and effects of these responses
before discussing the consequences of human-animal interactions on
animal productivity and welfare. The physiological responses of animals to a
stressor involve a series of three events. The first is an immediate response
and is an adrenaline-dependent mechanism that includes the production of
glucose from liver glycogen (glycogenolysis) for an immediate energy sup-
ply. This immediate or ‘emergency’ response is the ‘fight or flight’ response
proposed by Walter Cannon (Cannon, 1914) and is the principal regulatory
mechanism that allows the animal to meet physical or emotional challenges
by its effects on metabolic rate, cardiac function, blood pressure, peripheral
circulation, respiration, visual acuity, and energy availability and use
(Frieden and Lipner, 1971; Harper, 1973). This initial reaction lasts for only
a short period of time and if the stressor is not removed a second series of
events occurs. This second response, called the acute stress response, is part
of Hans Selye’s ‘general adaptation syndrome’ (Selye, 1946, 1976) and is a
corticosteroid-dependent mechanism. A major function of this second series
of events is to provide glucose from food or muscle protein (gluconeogen-
esis). Therefore, during this stage a steady state is achieved in which the
increased demand for energy is met by increased metabolic performance.
This physiological state of stress disappears on removal of the stressor with no
ill effects other than a depletion of energy reserves. This is an effective mech-
anism whereby the animal can adapt to changes in its environment. If the
stressor continues, the response proceeds to the third series of events which
is the chronic stress response. Again, this series of events is a corticosteroid-
dependent mechanism but, while in the acute phase the effects are poten-
tially beneficial, in this chronic phase there are detrimental effects on
growth, reproduction and health (see Moberg, 1985; Toates, 1995).

The hormones of choice to demonstrate acute and chronic stress
responses are glucocorticoids. This is because there is a large body of
literature (see Selye, 1976) indicating the central role of the hypothalamic—
pituitary—adrenal (HPA) axis in adaptation (e.g. effects of catecholamines
and glucocorticoids on energy mobilization) and conversely in failure to
adapt (e.g. adverse effects of glucocorticoids on growth, reproduction and
health) to environmental change (Selye, 1976; Broom and Johnson, 1993;
Hemsworth et al., 1996a).

Although some key elements of Selye’s general adaptation syndrome
(GAS) have been reviewed and amended, his contribution has been critical
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to the development of our current understanding of the animal’s response to
stressors. For example, responses to stressors can include an increase in
adrenal gland weight (as can occur in sheep (Panaretto and Ferguson,
1969a, b) and pigs (Hemsworth et al., 1996a)), hypertrophy of the adrenal
cortex (Selye and Stone, 1950) and an increase in free glucocorticoid
concentrations (Westphal, 1971). The last point is particularly important in
demonstrating a chronic stress response. Glucocorticoids circulate in three
fractions, one tightly bound to a globulin protein (corticosteroid-binding
globulin or transcortin), one loosely bound to an albumin protein, and a free
fraction. While total cortisol concentrations are a reliable indicator of bio-
logical activity in acute stress responses, it is the free fraction that reflects
biological activity in a chronic stress response (Westphal, 1971; McDonald,
1979). Thus, in the following section, more reliance can be placed on those
studies in which free cortisol concentrations have been measured to indicate
a chronic stress response. Unfortunately, most studies still rely on total
hormone concentrations.

In many of our handling studies conducted on pigs, dairy cows and
poultry, cortisol concentrations in the presence of humans and ‘at rest’ have
been measured as evidence of acute and chronic stress responses. In turn,
these stress responses have been interpreted in terms of risks to animal
productivity and indeed animal welfare. Many of these handling studies
have used indwelling venous catheters with extensions to enable remote
blood sampling to avoid confounding effects of the presence of humans on
cortisol profiles. These handling studies, and particularly those on pigs and
dairy cattle, have shown that animals that are highly fearful of humans may
experience both acute stress responses in the presence of humans and
chronic stress responses in the absence of humans. These results will be
considered in the following sections.

Animal handling and acute stress responses

There is good evidence in a number of farm animal species that animals that
are fearful of humans show a greater acute stress response in the presence of
humans than animals that are less fearful. For example, as shown in Fig.
15.3, pigs that had been negatively handled for 2 min three times per week
from 11 to 22 weeks of age had a greater increase in cortisol concentrations
10 min after brief exposure to a human than pigs that had been positively
handled (Hemsworth et al., 1981a). As expected, these aversively handled
pigs showed marked avoidance of humans when subsequently tested with a
stationary experimenter. Several other handling studies at our laboratory
have shown similar acute stress responses in fearful pigs in the presence of
humans (Hemsworth et al., 1986, 1987).

Several handling studies on young dairy cows have also been con-
ducted at our laboratory. Breuer et al. (1998) examined the effects of positive
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Fig. 15.3. Percentage change in free plasma corticosteroid concentrations in
negatively (m) and positively (l) handled gilts before and after a 2-min exposure
to a human (from Hemsworth et al., 1981a).

and negative handling twice daily over a 5-week period on dairy heifers.
Heifers that had been negatively handled showed increased avoidance of
both a stationary and an approaching experimenter. In this study, blood
samples were remotely collected immediately prior to and then 5 min after
30 s of human contact in the animal’s home pen in order to examine
the short-term cortisol response to human presence. The more fearful,
negatively handled heifers showed increased cortisol concentrations after
5 min of brief human exposure compared with their positively handled
counterparts.

It is relevant that data from a recent study of 66 Australian dairy farms
have shown significant positive correlations, based on farm averages,
between the level of fear of humans by cows and milk cortisol concentra-
tions (r=0.33, n= 66, P< 0.01; Hemsworth et al., unpublished data). Milk
samples were regularly collected from each farm during lactation and fear of
humans was assessed on the basis of the average avoidance of a stationary
experimenter shown by cows. Verkerk et al. (1998) reported that milk
cortisol concentrations are a sensitive measure of plasma concentrations
immediately prior to milking, since free cortisol moves readily between
compartments by simple diffusion. Thus, activation of the HPA axis in
fearful cows in response to humans around the time of milking is likely to
be reflected in milk cortisol concentrations. It is also of interest that in the
above on-farm observations negative interactions by stockpeople were
significantly correlated with milk cortisol concentrations (r=0.31, n = 66,
P <0.05).

Goats reared by humans show less avoidance of humans in a range of
behavioural tests designed to assess fear of humans than goats reared by
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their dams (Lyons et al., 1988). These more fearful goats also have higher
corticosteroid concentrations in response to considerable human exposure
than human-reared goats. Single blood samples were collected using jugular
venepuncture in the goats to measure corticosteroid concentration both at
rest (basal) and after about 16 min of human contact in two successive
behavioural tests. These samples were collected within 3 min of entry to the
animal’s home pen to avoid the effects of handling associated with sampling
on corticosteroid concentrations.

The effects of human contact on fear and stress physiology of poultry
have been examined in several studies. Hemsworth et al. (1994a) examined
the effects of differing degrees of previous exposure to humans on the behav-
ioural and adrenocortical responses of broiler chickens to approach and
restraint by an experimenter. A higher proportion of birds that had received
minimal human contact during rearing withdrew as an experimenter
approached in a standard test than birds that had received regular human
contact. Furthermore, those birds that had received minimal human contact
had higher plasma corticosterone concentrations after 12 min of handling
than birds in the latter treatment. The effects of harvesting procedures on the
acute stress responses of broiler chickens have been studied by Duncan
et al. (1986). Birds were caught either by hand or by a specially designed
machine. While the maximum heart rates of birds were similar, heart rates
remained high for longer in manually caught birds than in the mechanically
harvested birds. The greater acute stress responses in the manually caught
birds may be because either the procedure was more aversive or the
previous human contact during rearing was aversive. In a study on adult
laying hens, Barnett et al. (1994) found that increased human contact,
predominantly involving visual contact, reduced the subsequent avoidance
responses of adult laying hens to humans and their corticosterone response
to human presence.

Animal handling and chronic stress responses

While farm animals that are fearful of humans show a substantial acute stress
response in the presence of humans, there is also good evidence of a chronic
stress response in these fearful animals on the basis of a sustained elevation
in free cortisol concentrations. A number of studies have shown that pigs
highly fearful as a consequence of regular aversive handling have a
sustained elevation in free cortisol concentrations. The typical elevation
seen in fearful pigs is depicted in Fig. 15.4 (Hemsworth et al., 1981a). These
handling treatments were imposed twice daily for 11 weeks. Pigs that had
been aversively handled showed marked avoidance of humans when
subsequently tested with a stationary experimenter. Similar effects on the
stress physiology of pigs have been seen in a number of other handling
studies at our laboratory, and some of these results are summarized in
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Fig. 15.4. Free plasma corticosteroid concentrations in negatively (m) and
positively (H) handled gilts between 8:15 and 17:15 h (from Hemsworth et al.,
1981a).

Table 15.2. The effects of high fear levels on elevated basal corticosteroid
concentrations are also supported by changes in adrenal gland weight and
morphology in several of these studies. It is important to note that indwelling
venous catheters were used to obtain blood samples in the absence of
humans in these studies.

There is similar evidence in poultry that high fear levels may reduce
their productivity (Bredbacka, 1988; Barnett et al., 1992; Hemsworth et al.,
1994a; Jones, 1996). Although the mechanism(s) responsible is unclear, as
seen in fearful pigs, a chronic stress response or even a series of acute stress
responses in the presence of humans may be responsible for the depressed
productivity in fearful poultry. Support for this suggestion is provided by the
known effects of corticosteroids on nitrogen balance, protein catabolism,
and energy retention or excretion in chickens (Siegel and van Kampen,
1984). Further, exogenous elevations of circulating corticosterone concen-
trations adversely affect growth rate and efficiency in chickens (Bellamy and
Leonard, 1965; Adams, 1968; Bartov et al., 1980; Siegel and van Kampen,
1984; Saadoun et al., 1987). In a study on laying hens (Barnett et al., 1994)
in which handled birds had a lower corticosterone response to the close
presence of humans (see previous section), indirect evidence of a chronic
stress response in the fearful birds was provided by reduced reproduction
(egg production) and reduced immunological responsiveness.

The effect of regular handling on basal cortisol concentrations has
recently been studied in dairy heifers. Breuer et al. (1998) found that twice-
daily negative handling over a 5-week period resulted in heifers showing a
sustained (P < 0.05) increase in free cortisol concentrations in the afternoon
in the absence of humans, relative to less fearful heifers which were
positively handled (Fig. 15.5). Interestingly, total cortisol concentrations
did not significantly differ between the two groups of heifers. These animals
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Fig. 15.5. Free cortisol concentrations in negatively (m) and positively (l) handled

heifers in the morning and afternoon (from Breuer et al., 1998).

were remotely blood sampled using indwelling jugular catheters. This
elevation of basal free cortisol concentrations following 5 weeks of negative
handling suggests that these fearful heifers were experiencing a chronic
stress response.

Therefore, based on the pig as a model, there is evidence that farm
animals that are highly fearful of humans and are also in close contact with
humans may initially display short-term physiological responses such as
an acute stress response and behavioural responses such as avoidance.
However, these responses may be ineffective in commercial situations in
which farm animals are in close contact with humans and thus may be
unable to avoid or alleviate the challenge of the close presence of the
human. In such situations, the animal may have to resort to a long-term
physiological response, that is a chronic stress response. This response is
likely to come at a physiological cost to the animal: prolonged activation
of the HPA axis may result in decreased metabolic efficiency and thus
decreased growth performance, impaired immunity and reduced reproduc-
tive performance. There is considerable evidence in the literature that stress
hormones, and in particular a sustained elevation in corticosteroids, may
adversely affect growth and reproductive performance by disrupting protein
metabolism and key reproductive endocrine events (Klasing, 1985; Moberg,
1985; Clarke et al., 1992). Similarly, immunosuppression may occur as a
consequence of the long-term activation of the HPA axis (Selye, 1976;
Toates, 1995).

Fear and animal welfare

In addition to the obvious effects of stress on animal productivity, the
concept of stress has implications for animal welfare. While definitions of
welfare vary, a common definition of welfare within scientific circles is: ‘The



326 P.H. Hemsworth and J.L. Barnett

welfare of an individual is its state as regards its attempts to cope with its
environment’ (Broom, 1986). In this definition, the ‘state as regards attempts
to cope’ refers to both how much has to be done by the animal in order to
cope with the environment and the extent to which the animal’s coping
attempts are succeeding. Attempts to cope include the functioning of body
repair systems, immunological defences, physiological stress response and a
variety of behavioural responses. Therefore, using such a definition, the risks
to the welfare of an animal by an environmental challenge can be assessed
at two levels: firstly the magnitude of the behavioural and physiological
responses and secondly the biological cost of these responses (Broom and
Johnson, 1993; Hemsworth and Coleman, 1998). These behavioural and
physiological responses include the stress response, while the biological
cost includes adverse effects on the animal’s ability to grow, reproduce and
remain healthy.

Fear of humans may also limit the welfare of farm animals in a number
of ways. The most obvious concern is that the avoidance responses of fearful
animals may lead to injuries sustained in trying to avoid humans during
routine inspections and handling. Gregory and Wilkins (1989) found that
about one-third of laying hens culled at the end of their laying period had
broken bones when sampled immediately prior to slaughter. While handling
during capture and prior slaughter processes may result in broken bones,
prior handling and fear may contribute to previous breakages or responses
at capture and thus the likelihood of injury at this time (Reed et al., 1993).
Breuer et al. (1998) found that 44% of negatively handled heifers were
lame within the first 8 weeks of lactation compared with 11% of positively
handled heifers. High fear of humans, resulting in marked avoidance
responses in the presence of humans, may have contributed to this high
incidence of lameness in negatively handled animals.

Chronic stress, as a consequence of high fear levels (see previous
section), may adversely affect the health and thus welfare of animals through
its effects on immunosuppression (Kelley, 1985). Thus, a further opportunity
whereby human—animal interactions may adversely affect animal welfare is
through animal stress. An indirect effect on animal welfare that is not always
recognized relates to the stockperson’s attitude and behaviour towards the
animal. In situations in which the attitude and behaviour of the stockperson
towards the animals are negative, the welfare of the animals may be at risk
because the stockperson’s commitment to the surveillance of and the
attendance to welfare issues may be less than optimal.

Improving human—animal interactions in agriculture

This model of human-animal interactions in agriculture as depicted in Fig.
15.1 indicates the potential to improve animal productivity and welfare by
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targeting the stockperson’s key attitudes and behaviour for improvement.
Techniques that may be useful in this regard include staff selection and
training procedures addressing these important human attributes. These
two approaches will be briefly discussed in this section because they offer
the animal industries considerable opportunities to reduce animal fear and
thus remove any limitations imposed by animal fear and stress on animal
productivity.

Selecting stockpeople to improve their interactions with their
animals

The opportunities to select stockpeople to improve human-animal inter-
actions have been reviewed and discussed recently by Hemsworth and
Coleman (1998). Only limited research has been specifically conducted to
identify those characteristics that make a person well suited to work with
animals in the livestock industries. There is a wide variety of tests that focus
on work characteristics such as personality, vocational preference and work
motivation. The specific needs for selecting stockpersons, however, mean
that many of these tests are not appropriate for the subject population
involved (Hemsworth and Coleman, 1998).

As discussed earlier in this chapter, research on human-animal inter-
actions in the livestock industries has shown that there are aspects of
stockperson attitudes and behaviour that affect productivity in intensive
farming industries. A battery of tests that targets those specific attitudes and
behaviours as well as those generic characteristics that are predictive of
work performance may well be appropriate. At present, there have been
no research studies investigating the range of possible factors that may be
relevant to stockperson performance. Where people have had previous
experience working in a particular industry, research on human-animal
interactions has shown that the person’s attitude towards working with
animals in that industry is a good predictor of their behaviour and,
ultimately, animal productivity. While some studies have suggested that
personality may be relevant (Ravel et al., 1996) and that empathy may be
important (Coleman et al., 1998), these variables need to be studied further.
As yet no research has focused on other variables such as attitudes to work,
work motivation and work preference.

An increasing recognition of the need to employ stockpeople in the
livestock industries who are adaptable, motivated and who will treat
animals well is likely to result in a demand to develop a selection procedure
that can be widely used. No such procedures presently exist in the agricul-
tural industries.
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Training stockpeople to improve their interactions with their
animals

An understanding of stockperson behaviour is necessary if we wish to
influence or change this behaviour. Hemsworth and Coleman (1998) have
discussed these opportunities, and readers are referred to this book for a
more comprehensive description of the rationale underlying behavioural
change.

To change human behaviour ultimately requires targeting both the
beliefs that underlie the behaviour and the behaviour in question and then
maintaining these changed beliefs and behaviour. Such an approach
involves exposing stockpeople, with timely, ongoing reinforcement, to the
information that will produce changes in both their beliefs and behaviour.
This type of training is called cognitive-behavioural therapy, and one inter-
vention study in the livestock industries will be briefly reviewed in order to
review the potential to improve the attitudes and behaviour of stockpeople
to improve animal productivity. This training programme was specifically
designed to target those attitudes and behaviours of the stockperson that
have a direct effect on animal fear and productivity. As considered earlier,
research in the pig and dairy industries has identified some of the key human
characteristics that affect the animal’s fear of humans, and the intervention
programme targeted these key attitudinal and behavioural profiles in
stockpeople in order to improve human—animal interactions.

Hemsworth et al. (1994b) examined the usefulness of a cognitive—
behavioural intervention programme targeting the important attitudinal
and behavioural profiles of stockpeople to improve the productivity of
commercial pigs. Thirty-five farms were initially studied and two treatments
were then imposed: an intervention treatment, consisting of a cognitive—
behavioural intervention procedure designed to improve the attitude and
behaviour of stockpeople towards pigs; and a control treatment, where no
intervention was attempted. Farms were randomly allocated to treatment
within fear strata. The effectiveness of the intervention programme was
assessed by monitoring the changes in the attitudinal and behavioural
profiles of stockpeople and the behaviour and productivity of pigs at the
two groups of farms.

The intervention treatment involved a 1-h individual session with each
stockperson in which the cognitive—behavioural intervention procedure was
used. This procedure was specifically designed to target those attitudes and
behaviours of the stockperson that had a direct effect on pig behaviour and
productivity. In order to reinforce the information presented in this session,
stockpeople were provided with posters to place in working areas of the
piggeries. Also regular newsletters were used to summarize the important
points of the cognitive-behavioural intervention programme and to prompt
an assessment by the stockperson as to whether or not changes in his or
her behaviour and the behaviour of his or her pigs were being achieved. The
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control treatment involved two researchers, the same two who imposed the
cognitive-behavioural intervention procedure, visiting the farm for a 1-h
session in which only general developments in the pig industry were
discussed.

Relative to the control treatment, the intervention treatment resulted in
a greater increase in positive attitudes towards patting and talking to pigs.
Corresponding with this relative improvement in the attitude of stockpeople
at the intervention farms was a significant reduction in the percentage of
negative physical interactions displayed by the stockperson. These relative
improvements in the attitude and behaviour of stockpeople at the inter-
vention farms corresponded to a significant relative reduction in the level
of fear of humans by pigs at these farms. There were increases in the time
that pigs spent within 0.5 m of the experimenter and in the number of inter-
actions with the experimenter in the standard test for pigs at the intervention
farms relative to pigs at the control farms. Furthermore, there was a marked
tendency for an increase in the number of pigs born per sow per year at the
intervention farms relative to the control farms (7% increase in reproductive
performance at the former group of farms).

Research currently being conducted by the authors and colleagues
indicates similar opportunities in the dairy industry to improve animal pro-
ductivity by targeting the key human-animal interactions for improvement.
Presumably these training effects occur as a consequence of reduced stress
removing production limitations caused by high fear of humans.

Therefore, the results of these intervention studies in the pig and dairy
industries, together with numerous studies on the effects of handling and
the observed relationships between these human and animal variables in
the livestock industries, indicate that cognitive-behavioural interventions
that successfully target the key attitudes and behaviour of stockpeople
that regulate the animal’s fear of humans, offer the livestock industries good
opportunities to improve the productivity of their animals. While such
effects on animal performance may also occur through improvements in
job-related characteristics of the stockperson, such as job satisfaction, work
motivation and technical knowledge and skills (Hemsworth and Coleman,
1998), reductions in level of fear of humans and stress in the animal are
likely to be influential pathways in achieving such changes in animal
performance. Indeed, the short time frame following intervention in which
changes in animal behaviour and productivity occur indicates that this latter
mechanism is clearly important.

Conclusion

Human-animal interactions are a common feature of modern intensive
farming systems. Research in the livestock industries has provided evidence
of sequential relationships between stockperson attitudes, stockperson
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behaviour, animal fear, and animal productivity and welfare. A particularly
important result of this research is the consistent finding of a negative corre-
lation between fear of humans and animal productivity. The causal basis of a
negative fear—productivity relationship in the livestock industries has been
demonstrated in a number of experimental studies, predominantly on pigs
and poultry, in which handling treatments resulting in high fear levels
depress growth and reproductive performance. These handling studies also
implicate the role of both acute and chronic stress in the negative fear—
productivity relationship. Thus, these studies on both experimental and
commercial farm animals provide evidence of the role of stress in mediating
the effects of human-animal interactions on the productivity and welfare of
commercial farm animals.

While welfare has not been considered in detail in this review, it is clear
that human—animal interactions have considerable implications for animal
welfare. For example, fear of humans may lead to injury and chronic stress,
both of which may affect morbidity and mortality. The attitude and behav-
iour of the stockpeople towards farm animals may also affect animal welfare
by influencing the capacity of stockpeople to care properly for their animals.
The importance of the human-animal relationship to both animal productiv-
ity and welfare cannot be over-emphasized. For example, a recent study at
our laboratory (Pedersen et al., 1997) provided limited evidence that posi-
tive handling by stockpeople may ameliorate the chronic stress response
associated with an aversive housing system.
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Introduction

Perceptions of the psychological needs of wild animals living in zoos
have changed greatly in the last few decades. The use of environmental
enrichment to meet these perceived needs has grown accordingly. The
documented benefits of enrichment for zoo animals range from changes in
behaviour, such as decreasing aggression, increasing activity and decreasing
abnormal behaviour, to improved reproduction and health and increased
survival of captive-bred animals released into the wild (Markowitz et al,,
1978; Chamove et al., 1982; Wilson, 1982; Tripp, 1985; Miller-Schroeder
and Paterson, 1989; Carlstead and Shepherdson, 1994; Vargas and Ander-
son, 1999). Environmental enrichment involves the practice of increasing
the physical, social and temporal complexity of captive environments. Phys-
ical complexity refers to the variety of structural, visual, auditory, olfactory
and gustatory stimuli in an animal’s environment, whereas temporal com-
plexity refers to the degree to which this stimulation changes, introducing
novelty and variability into fixed surroundings. Social complexity is an
aspect of enrichment that for many species is of paramount importance
(Shapiro et al., 1996, 1998) and requires careful consideration of appropri-
ate social group size and composition. Mixing species in an enclosure is also
a means of increasing social complexity. However, changes in conspecific
and species composition can also be the cause of stressful competition or
dominance relationships (Bloomsmith et al., 1988). Because zoos have long
recognized the importance of keeping animals in harmonious, species-
appropriate social groupings, and make every attempt to do so, we will limit
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our discussion of enrichment in this chapter to the attempts of zoos to
increase environmental complexity by providing inanimate enrichment.

It is well known that stress can suppress reproductive function, impair
immune function, cause aberrant behaviour and influence the development
of animals (Engel, 1967; Epple, 1978; Moberg, 1985; Suomi, 1987). It is
also known that not all stress is deleterious and that some level of acute
stress may actually benefit animals by facilitating reproductive activation
(Antelman and Caggiula, 1980), enhancing learning, alertness and explora-
tion, or improving immune responses (Weiss et al., 1989; Konarska et al.,
1989; Moodie and Chamove, 1990). The ill-defined concept ‘the stress
of captivity’ has long been named as the cause of health, welfare and
propagation problems in zoo animals (e.g. Hediger, 1964). In captivity, the
deleterious effects of stress may occur if an animal is unable, in the short
term, to cope with environmental threats and challenges, or if it is asked
to cope repeatedly. Increasing opportunities in captive environments for
animals to perform behavioural coping responses that allow control over or
escape from threatening stimulation conceivably helps alleviate the ‘stress of
captivity’. The question we ask in this chapter is: what is the evidence that
increasing inanimate environmental complexity actually modulates stress in
700 animals?

Unlike domesticated farm and laboratory animals, zoo animals have not
been intentionally selected for adaptation to captive conditions. Indeed,
strenuous efforts are made specifically to avoid such genetic changes in
captive populations of wild animals. Zoos aim to raise animals that behave
‘normally” according to criteria based on the behaviour of their wild-living
conspecifics. This follows from one of the central missions of modern zoos,
namely to conserve endangered species through captive propagation and
display (conservation education). Through ‘Species Survival Plans’ (SSPs),
zoos cooperatively and collectively coordinate husbandry and propagation
of endangered species. The primary goal of these programmes is to maintain
genetic diversity within captive populations (Ballou and Lacy, 1995). Also,
in recognition of the fact that some of these captive populations might at
some point in the future be tapped as a source for reintroductions into the
wild, maintaining behavioural diversity is recognized as an important goal
(Beck, 1991; May, 1991; Markowitz, 1997). Thus, successful captive propa-
gation of endangered species requires that most individuals live productive
lives in which a full range and diversity of ‘natural’ reproductive and paren-
tal behaviours occur, and that captive-born offspring develop into normally
breeding adults.

Increasingly, zoos are looking to the practice of enriching environments
to ensure that behavioural diversity is maintained in captivity. This is,
perhaps, a lofty expectation. Although in many respects there are fewer
constraints on what is considered acceptable environmental enrichment
practice in zoos as compared with farms and laboratories, a higher standard
is expected because animals are on public display. As the practice of
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enrichment in zoos grows, the mechanisms through which increased envi-
ronmental complexity benefits animals in zoos continue to be empirically
investigated. This will lead to the development of many types of enrichment
that are specific not only to species, but to age groups within a species, and
even to individuals.

Although the field of environmental enrichment has done much to pro-
mote the welfare of zoo animals, this does not guarantee that deleterious
effects of captivity-induced stress do not persist. Captive conditions are often
inadvertently stressful, especially for many endangered species if little is
known from field studies about their behavioural needs. Identifying and
rectifying sources of stress in captive environments which interfere with the
behaviour, reproduction and health of endangered species is a continual
challenge to zoo animal managers. Although much empirical and anecdotal
research has been conducted in zoos on the environmental needs of animals
and their performance in captivity (e.g. growth rates, nutrition, maternal
behaviour), research on stress per se has not been a high priority. The
reasons for this are twofold. First, because one of the central missions of
modern zoos is to conserve endangered species through captive propaga-
tion, zoos have made major commitments towards research designed to
benefit populations such as genetics, demographic analysis, reproductive
physiology and assisted reproductive techniques. Second, zoos have
become proficient in research that assesses the behavioural improvements
of various enrichment techniques, perhaps because the display of interesting
animal behaviour is one of the exhibition goals of zoos. However, the focus
has been on behavioural benefits. In many cases physiological, immuno-
logical and reproductive benefits have only been assumed, since these types
of benefits are more difficult, intrusive and expensive to assess.

This chapter reviews the evidence that environmental enrichment
alleviates stress in zoo animals. Our discussion will be divided into three
sections concerning: (i) potential stressors in zoo environments; (ii) behav-
ioural benefits of environmental enrichment techniques that are used in
zoos; and (iii) physiological evidence that environmental enrichment
reduces stress in captive animals.

Stressors in the zoo environment

Given the great range of species, exhibit types and husbandry protocols
existing in today’s zoos it is perhaps not surprising that up to now few
systematic studies have been conducted on potential stressors and their
effects on zoo animals. To identify stress in zoo animals, zoo biologists still
rely heavily on extrapolation from results of more controlled studies in labo-
ratories, as well as anecdotal observations of zoo animal managers, keepers,
veterinarians and pathologists. Further muddying the picture are the
diverse backgrounds of individual zoo animals. For example, in one group
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of chimpanzees some individuals may be wild caught, others may be
captive born, some may have been reared by their natural parents whereas
others were hand reared, and yet others may have been reared by foster
parents. All of these types of early experience might be expected to exert
their influence on an individual’s responsiveness to stress (Huck and Price,
1975). Environments that are stressful for one species or one individual may
not be stressful for another species, or even another individual of the same
species. In some respects these are characteristics that zoo environments
share more with the wild than with other captive husbandry systems.

In spite of these problems, a number of environmental stimuli common
to zoo environments have been empirically identified as potential stressors.
One of the most obvious causes of chronic stress in confined wild animals is
the inability to respond to fearful situations with active avoidance and/or
escape responses. Because most zoo animals have restricted freedom of
movement compared with their wild counterparts, they are often unable to
withdraw effectively from a source of aversive stimulation. Hediger (1964)
describes situations in which captive animals injured themselves or failed to
breed because of the inability to escape from caretakers or visitors.

Olfactory and auditory cues (which we may not perceive) from
predators, prey, neighbouring species or competing conspecifics could be
fear-inducing to animals that readily attend to such cues. For example,
Buchanan-Smith et al. (1993) found that both wild and captive-born cotton-
top tamarins (Saguinus oedipus) respond to faecal scents of predators with
behaviour indicative of high anxiety. Another example is provided by
Carlstead et al. (1993). Leopard cats (Felis bengalensis) housed in a barren
cage with only an animal transport carrier as furniture showed sustained
elevations in urinary cortisol when housed in a holding facility for lions and
tigers, which they could hear and smell, but not see. Cortisol was not chroni-
cally elevated when the same individuals were housed with the same cage
furnishings at a research laboratory and in a quarantine building. It was
hypothesized that the presence of the larger cats, which in the wild often
prey on the smaller species, was a chronic stressor for the leopard cats.

Machine sounds may be another inadvertent source of aversion to many
species. Rappaport and King (1987) document a case of zoo kinkajou (Potos
flavus) stereotypy that was correlated with noise. Another study describes
temporal variation in stereotypic pacing patterns of two male fennec foxes
(Fennecus zerda) housed in small zoo enclosures. Pacing would increase
during and after machine noises such as a vacuum cleaner in the building or
a lawn mower outside (Carlstead, 1991). The fennec fox exhibits were vacu-
umed daily with the animals still in them, eliciting at least an hour of pacing
in one of the males after the cleaning event. Thus the response to machine
noises in general may have been a conditioned fear response as a result
of the vacuuming. Various aspects of persistent acoustic stimuli such as
intensity, frequency distribution, infrasound and content may be common
stressors for captive animals (Stoskopf, 1983). Siberian tigers (Panthera tigris
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altaica) at the Bucharest zoo have been reported to be prone to developing
gastroenteritis due to a failure to adapt to unfamiliar quarters. However, a
persistent high noise level lasting several months caused by repairs in an
adjacent courtyard was also sufficient to induce gastroenteritis in some of
the tigers (Cociu et al., 1974). Construction noise has also been identified as
a potential source of stress although the few studies conducted to date have
failed to demonstrate anything other than short-term responses to specific
auditory events such as blasting noise (Mellen and Shepherdson, Oregon,
1997, personal communication).

Zoo visitors are, almost by definition, a prominent feature of most zoo
environments, and a number of studies have documented negative
responses to zoo visitors. For example, Carlstead et al. (1999) found a
correlation in black rhinoceros (Diceros bicornis) between the degree of
public access around the rhino’s enclosure and the animal’s score for fearful
behaviour (timid, shy, anxious, sleeps a lot). Zoos with enclosures that have
greater public access also have higher mortality rates among their black
rhinos. In other studies, the presence of zoo visitors has been associated with
a number of behavioural changes that suggest that this is a potential stressor.
These include increased vigilance, closer social spacing, reductions in
affiliative behaviour and increases in aggression (in primates: Glatston et al.,
1984; Hosey and Druck, 1987; Chamove et al., 1988; in ungulates: Thomp-
son, 1989). Zoo animals frequently react strongly to their human caretakers
(keepers, veterinarians, etc.) in both positive and negative ways, although to
date there has been little empirical study of this in zoo animals (Hemsworth
and Barnett, Chapter 15, this volume). Persistent uncertainty about the
actions of caretakers or veterinarians may contribute to the stressfulness of
some captive situations if the animals have no reliable predictive cues. This
has been demonstrated in pigs in an intensive farming system. When signals
preceding feeding time were made unreliable, increased aggression
occurred in response to random sounds on the farm. Pigs receiving reliably
signalled meals did not become behaviourally aroused in the presence of
the same sounds (Carlstead, 1986).

Other potential sources of stress that are yet to be quantitatively
evaluated include preventing access to stimuli within the perceptual field
of an animal, such as food items, potential mates, oestrus females or prey
species. Stereotypic behaviour is often described as increasing under such
circumstances (Meyer-Holzapfel, 1968; Boorer, 1972; Mason, 1993), but it
is not known how frustrating or stressful this is to animals. Unpredictable
invasive or traumatic handling by vets, researchers, trainers or keepers, such
as blood sampling, medical examinations and direct contact training such as
is done with elephants (see below), could also be stressors. New studies in
which behavioural observations are combined with recently developed
non-invasive physiological measures (such as faecal steroid assays) show
great promise in revealing some of the complex relationships between stress
and environmental variables in the zoo environment.
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Behavioural benefits of environmental enrichment
techniques used in zoos

Environmental enrichment techniques in zoos generally follow one or more
of the following guiding principles: (i) increasing control or contingency
between animal action and environmental reaction; (ii) presenting cognitive
challenges such as learning what a trainer is requesting or solving a
problem; (iii) meeting specific behavioural needs such as a need for shelter/
hiding or foraging; (iv) providing an environment in which exploration
is stimulated and rewarded with new and useful information; and (v)
stimulating social interaction (Shepherdson, 1998). These categories are
not exclusive; an environment that provides more information for an
animal to gather through exploration may also be an environment that is
more likely to provide appropriate control or contingency between action
(behaviour) and reaction (consequence). Indeed, the inevitable interdepen-
dence of many of these factors is a significant problem in understanding
their relative importance. In any case, a heavy emphasis is placed on
the importance of providing enrichment that is appropriate to the specific
biology (to the extent to which it is known) of the species under consider-
ation.

Often enrichment is essentially therapeutic in that relatively minor
changes are made to existing exhibits in order to improve environments
thought to be inadequate by current standards. Increasingly, however, new
exhibits are constructed with the principles of enrichment in mind from the
planning stage onwards. It has to be said that much of the activity that
constitutes enrichment in zoos is currently based on informed intuition
rather than empirical evaluation. No apology needs to be made for this; the
inadequacies of current scientific models of animals’ needs and welfare
should not be used as an excuse to do nothing when intuitive understanding
suggests a need.

Attempts to enhance zoo environments using inanimate enrichment,
following from the principles described above, have resulted in a wide
diversity of imaginative and creative applications. Most of these, however,
fall into one or more of the following categories: (i) increasing physical
and/or temporal complexity; (ii) providing cognitive challenges; and (iii)
satisfying motivation to perform specific appetitive behaviours. In most
of the cases that have been evaluated, and for which the results have
been published, success is measured in terms of behavioural improve-
ments. The following examples give an idea of the range of enrichment
activities commonly employed in zoos, the behavioural changes that
result, and the rationale for believing that these may indicate reductions
in stress.
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Increasing environmental complexity

Increasing physical and temporal complexity may add biologically relevant
information to an animal’s enclosure, resulting in increased opportunities for
exploration. It can provide hitherto absen