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Abstract

The immune system provides host defence by sensing non-self molecules that herald a threat from foreign organisms. A
level of stimulation of this sense organ is necessary for health of the host. Following excessive stimulation, as may occur
during disease challenge or exposure to a high microbial burden in an unhygienic environment, outputs of the immune
system affect homeostatic pathways that regulate metabolism, nutrient partitioning, behaviour, thermoregulation and
hypothalamic–pituitary–adrenocortical (HPA) activity. Important consequences of excessive immune activation include
production of the pro-inflammatory cytokines IL-1b, IL-6, TNFa and IFNa /b, activation of the acute phase response, fever,
inappetence, amino acid resorption from muscle, redirection of nutrients from accretion in meat, milk and wool towards liver
anabolism of acute phase proteins, and stimulation of leptin production. Thus immunological resistance to disease in
livestock may incur a production cost due to redirection of nutrients away from production tissues. Counter-balancing the
cost of resistance is the metabolic cost of disease. The metabolic costs of resistance to internal parasites in sheep are
considered. Genetic variation in the cost of disease resistance could occur due to (1) variation in sensitivity to input stimuli
that trigger immune responses or (2) variation in the quantity or type of output signals generated following immune
stimulation. Downstream sensitivity of tissues to outputs of the immune system could also differ. The ideal product to
monitor the burden imposed on metabolic pathways by activity of the immune system would be unique to innate and
acquired immune responses. Acute phase proteins and pro-inflammatory cytokines have attracted attention in this respect;
however, non-immunological stimuli such as tissue injury and psychosocial stressors can also induce these products that are
usually associated with the immune system. Immunonutritional and therapeutic strategies to limit the production costs of
excessive activation of the immune system are considered.  2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The conventional view of the immune system is
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nisms to remove the threat these molecules herald. A major development in the understanding of
Two general strategies for recognising non-self immune processes in recent years has been the
molecules can be identified. The first strategy is the appreciation that outputs of the immune system
production of a range of defence molecules such as modulate homeostatic regulation of many physiologi-
antibacterial peptides, the alternative complement cal systems. This review provides a brief outline of
pathway and the endotoxin-binding receptor CD14, the impact of immune system activation on be-
which recognise molecular structures found com- haviour, metabolism and production.
monly amongst prokaryotes. These defence mole-
cules provide the host with ‘innate’ immunity.

The second strategy is the somatic recombination 2. Acute phase response
within lymphocytes of genes that encode the im-
munoglobulins and the T lymphocyte antigen re- During infection, bacterial products such as
ceptors. Somatic recombination is combined with lipopolysaccharide stimulate macrophages to release
suppression or deletion of newly generated self- pro-inflammatory cytokines, including interleukin
reacting cell phenotypes to generate a diversity of (IL)-6, IL-1b and tumour necrosis factor (TNF)a
antibodies and T cell antigen receptors that is unique (Klasing, 1988; Werling et al., 1996) while double-
to each individual (Salvetti et al., 2000). When a stranded viral RNA induces type 1 interferons
non-self molecule (antigen) gains entry to the body (IFNa /b) (Fossum, 1998). These cytokine messen-
there is stimulation and amplification of the lympho- gers initiate the acute phase response, which is
cytes that produce antibodies and T cell antigen characterised by dramatic changes in synthetic activi-
receptors with high affinity for the antigen. Selection ty of the liver. Tissue injury, inflammation, stress
and expansion of lymphocytes during initial expo- and acquired immune responses can also activate the
sure to an antigen is termed sensitisation and the acute phase response. The acute phase response is
expanded pool of antigen-reactive lymphocytes re- viewed as a protective response that helps the host to
sults in more rapid recruitment of immunological overcome infection and that facilitates tissue repair.
defence mechanisms during subsequent exposure to Acute phase proteins are synthesised by the liver
the specific antigen. For instance, vaccines sensitise during the acute phase response and circulate in
the host to an infectious organism and the rapid blood. Some acute phase proteins are also synthes-
recruitment of defence mechanisms during sub- ised in the gut during the acute phase response
sequent exposure to the pathogen can provide protec- (Wang et al., 1998) and mammary tissue during
tion against disease caused by the organism. The mastitis (Fitzpatrick et al., 2000). Although mono-
need for sensitisation to prime defence mechanisms cytic, epithelial, endothelial and fibroblast cell lines
that recognise non-self structures by this second express mRNA for the acute phase reactant, serum
strategy leads to its description as ‘acquired’ or amyloid A when stimulated with pro-inflammatory
‘adaptive’ immunity. While these two strategies cytokines and dexamethasone in vitro (Steel et al.,
employed by the afferent arms of innate and acquired 2000), the extent and magnitude of extra-hepatic
immunity for sensing the presence of non-self mole- production of acute phase reactants in vivo has not
cules are distinct, acquired immunity recruits some been determined. Table 1 lists the major changes in
of the effector mechanisms of phylogenetically more plasma proteins during the acute phase response.
ancient innate immunity to protect the host during C-reactive protein, mannose binding protein and
antigenic challenge. Recently the teleological notion serum amyloid P, collectively termed collectins, are
that the purpose of the immune system is to provide pentameric lectin-like molecules that bind to micro-
host defence by recognition of non-self has been bial, rather than self, carbohydrates and promote
challenged by a theory that tissue events connoting engulfment of microbes by the phagocytic
‘danger’ rather than detection of non-self are the leucocytes, macrophages and neutrophils (Roitt,
primary activators of the immune system (Matzinger, 1994). Concentrations of albumin, high density
2001). In the context of this review the distinction lipoproteins and low density lipoproteins all decrease
between these theories can be ignored. during the acute phase response. Despite the de-
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Table 1
Plasma proteins affected by the acute phase response (after Pepys, 1992)

Increased Decreased

Proteinase inhibitors a -antitrypsin Inter a -antitrypsin1 1

a -antichymotrypsin1

Coagulation proteins Fibrinogen
Prothrombin
Factor VIII
Plasminogen

Complement proteins C1s, C2, B, C3, C4, C5, C9 Properdin

Transport proteins Haptoglobin
Hemopexin

Lipoproteins High density lipoprotein
Low density lipoprotein

Acute phase proteins C-reactive protein Albumin
Serum amyloid A Prealbumin (transerythrin)
a -acid glycoprotein1

Gc globulin
Ceruloplasmin
Fibronectin

scriptor, acute, the acute phase proteins can remain production of a large number of cytokines including
elevated in plasma for the duration of chronic IL-4 and interferon g that regulate lymphocyte
infections (Horadagoda et al., 1999). proliferation and maturation. Inflammatory cytokines

As well as modifying metabolic activity in the including IL-6, IL-1b and TNFa, and chemokines
liver, the cytokines IL-6, IL-1b and TNFa have (e.g., IL-8) are also produced. Thus metabolic
other systemic effects. IL-1b and IL-6 activate the changes associated with the acute phase response can
hypothalamus to induce fever, and IL-1b and TNFa also be induced by acquired immune responses.
(also called cachectin) reduce protein accretion in During an immune response, cytokines provide
muscle by redirecting amino acids via deamination to afferent inputs to the central nervous system where
energy production, leading to an increase in O they provoke changes in behaviour, thermoregula-2

consumption and metabolic rate (Klasing, 1988). tion, cognition and endocrine regulation. Efferent
These cytokines also modify behaviour of the host pathways between the central nervous system and the
by inducing inappetence and sickness behaviour immune system are also well developed. The sympa-
(Johnson, 1998). Pro-inflammatory cytokines in- thetic nervous system innervates organs of the
crease lipolysis in some adipocyte depots; an effect immune system, and lymphocytes bear receptors for
that is antagonised by glucocorticoids (Wynn et al., many hormones and neurotransmitters (Maier et al.,
1994), which may be elevated later in an immune 1998). Immunosuppression as a response to efferent
response. outputs of the CNS following perception of stressors

is a well-established phenomenon. Interestingly,
recent studies have demonstrated in laboratory ani-

3. Activation of adaptive immunity mals and in man that immunosuppression or im-
munostimulation can be invoked by recruitment of a

Recognition of pathogens by antibody or T cells of behaviourally conditioned Pavlovian response (Hus-
the acquired or adaptive immune system stimulates band, 1993). Together these phenomena illustrate
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that intimate communication occurs between the a catabolic state is glutamine (Wilmore and Shabert,
immune and central nervous systems. 1998). Concentrations of most amino acids in plasma

can decrease following infection (Wilmore and
Shabert, 1998) and vaccination (Garlick et al., 1980)

4. Metabolic cost of an immune response at a time when tissue requirements for specific amino
acids can change dramatically (Malmezat et al.,

The magnitude of clonal lymphocyte proliferation 1998).
following antigenic stimulation has been estimated In addition to glutamine, the requirements for

¨by Ahmed and his colleagues. In a naıve mouse sulphur amino acids and polyamines by cells of the
there are of the order of 200–500 antigen-specific immune system (and other cell types with high
CD8 lymphocytes which following stimulation ex- mitotic activity) may limit availability of these
pand through up to 15 cell cycles over 3 to 5 days to nutrients for production tissues. None-the-less, the

6yield approximately 10 cells (Ahmed and Gray, absolute requirement for these nutrients may only
1996; Murali-Krishna et al., 1998). During infection create a modest drain on availability of nutrients for
or vaccination when numerous antigens may be production traits. The indirect effects of immune
present, lymphocyte proliferation may be many fold responses via production of cytokines and induction
this number. Oxygen consumption and energy me- of the acute phase response, however, may have
tabolism have been measured in lymphocytes col- dramatic effects on nutrient partitioning and lead to
lected from popliteal lymph of sheep (Cheung and substantial effects on production (Husband, 1995).
Morris, 1984). During the peak of an immune Behavioural responses stimulated by these cytokines
response oxygen consumption and glucose utilisation may exacerbate the availability of nutrients through
per cell increased approximately two-fold. More depression of appetite (Johnson, 1998). Furthermore,
recently it has been recognised that leucocytes have a in disease processes such as gastrointestinal parasit-
particularly high requirement for glutamine (Wil- ism, where pathology associated with the infection
more and Shabert, 1998) and polyamines (Grimble impairs protein absorption and causes protein loss
and Grimble, 1998). Glutamine consumption by across a damaged gut wall, there may be further
leucocytes exceeds requirements for energy product- worsening of the nutrient economy of the host
ion and is also increased two- to three-fold in (Houtert and Sykes, 1996; Sykes, 2000). The meta-
lymphocytes during the intense cellular activity that bolic cost of resistance to internal parasites is
follows stimulation with antigens (Pond and News- considered in more detail below. The consequences
holme, 1999) when glutamine provides substrate for of immune activation may lead to greater effects on
synthesis of purine and pyrimidine nucleotides as the nutrient economy of the host than are the
well as an energy source (Pond and Newsholme, apparent needs of the immune system.
1999). Enterocytes, like leucocytes, utilise glutamine Data supporting this conclusion are provided by
as an energy source, and the gut mucosa, which is Klasing and Calvert (1999), who recently quantified
heavily populated with leucocytes, utilises much of utilisation of the amino acid lysine during an ex-
the glutamine provided by the diet (Pond and perimental immune response induced by bacterial
Newsholme, 1999). Almost all cells possess the lipopolysaccharide in chickens. Their results, sum-
enzyme glutamine synthetase, however, few tissues marised in Table 2, illustrate that lysine utilisation by
export glutamine (Wilmore and Shabert, 1998). the immune system increased from 1.17 to 6.71% of
Interestingly, muscle has a high capacity for syn- daily intake during an immune response. Sixty
thesis of glutamine and may provide a reservoir percent of the decreased growth during an immune
which is drawn upon by the pro-inflammatory cyto- response could be attributed to activities of the
kines, particularly TNFa, for fuelling leucocyte immune system and 40% was due to indirect effects
proliferation during periods of intense antigenic such as inappetence. However, mounting an immune
challenge (Wilmore and Shabert, 1998; Pond and response does not necessarily compromise energy
Newsholme, 1999). Glucocorticoids also stimulate metabolism and growth performance (Moon et al.,
production and release of glutamine from muscle and 1999).
around 25% of the amino acid efflux from muscle in Together these interactions of immune, neuroen-
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Table 2
Utilisation of lysine for maintenance of the immune system and during an immune response in chickens (adapted from Klasing and Calvert,
1999)

Process Maintenance LPS challenged

Production Cost Production Cost
mg/kg/day mmol lys /kg /day mg/kg/day mmol lys /kg /day

Leucopoiesis 650 45.5 1300 90.9
Ig synthesis 114 65.6 121 69.6
Acute phase proteins | 0 | 0 710 386
Total for immunity 764 111 2131 546
% for immunity 1.17 6.71

docrine and metabolic processes have led to the activate the acute phase response with potential
concept of an endocrine–immune gradient that af- consequences for metabolism. Transport (Murata and
fects availability of substrate for production per- Miyamoto, 1993), castration (Fisher et al., 1997) and
formance (Elsasser, 1993). Environments where the housing calves on a slippery floor (Alsemgeest et al.,
sum of environmental and immunological stressors is 1995) all induce production of acute phase proteins.
high divert nutrients away from accretion in muscle, Extreme exercise, such as that undertaken by tri-
milk and wool to liver anabolism and host defence athlon participants can lead to activation of the acute
mechanisms (Husband, 1995). In addition to the phase response and endotoxemia due to disruption of
effects of the acute phase response, elevated the barrier function of the gut (Jeukendrup et al.,
glucocorticoid levels favour nutrient partitioning to 2000), which is a common occurrence during net
fat over lean (Annison and Bryden, 1999). Evidence protein loss (Welsh et al., 1998).
for the importance of the endocrine–immune gra- Despite the potential for immune activation to
dient can be drawn from several livestock production decrease food intake and reduce weight gain, these
systems. The rationale for feeding antibiotics in events do not accompany all infections. Indeed,
intensive pig and poultry industries to reduce micro- recent data suggest that some viral infections lead to
bial load in the gut is supported by studies that show weight gain and obesity in chickens and mice
that administration of endotoxin and polydextrans to (Dhurandhar et al., 2000) and possibly also in
chickens causes a significant reduction in weight humans (Holmes, 2000). This effect has been seen
gain, only 70% of which can be attributed to reduced for adenoviruses (Dhurandhar et al., 1992), scrapie
feed intake, while reduced feed conversion efficiency (Carp et al., 1989) and canine distemper virus
accounts for the remainder (Klasing, 1988). Further- (Bernard et al., 1993) and appears to be due to
more, feeding antibiotics to chickens reduces circu- pathological changes in virally infected tissues rather
lating IL-1b levels in an environment with heavy than due to immune activation.
microbial contamination (Roura et al., 1992). Pigs
grown in an environment with poor hygiene have
lower growth rates than pigs finished in an environ- 5. Metabolic cost of disease resistance
ment with better hygiene (Lipperheide et al., 2000;
Fossum, 1998). Tethering of sows increases metabol- The potential for disease resistance to incur a
ic rate and blood cortisol levels (Cronin and Barnett, metabolic cost is well recognised in evolutionary
1987). Chronic stimulation of the immune system of biology (Owens and Wilson, 2000). From the
sows during lactation leads to reduced feed intake, foregoing discussion it is evident that immunological
reduced milk production and reduced weight gain by resistance to disease may incur a cost, however,
their offspring (Sauber et al., 1999). Furthermore, attempts to quantify this cost in production animals,
low grade infection can decrease GH and IGF1 for instance in sheep bred for resistance to internal
concentrations, thus contributing to decreased protein parasitism, have proved difficult (Eady et al., 1998).
accretion in muscle (Sartin et al., 1998). During infection of sheep with gastrointestinal

Physical and psychological stressors can also nematodes there is inappetence, gastrointestinal pro-
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tein loss and reduced protein synthesis in muscle of incur a smaller than average burden on production in
infected but not pair-fed controls (Holmes, 1986; the face of disease challenge. This trait has been
Houtert and Sykes, 1996). Conversely, protein syn- termed resilience in parasitological studies and has
thesis in the liver is increased in infected but not attracted much attention (Albers et al., 1987; Knap
pair-fed controls. Recent studies have shown that and Bishop, 2000). At a mechanistic level, variation
leucine sequestration in the gut is increased by 24% in resilience might occur through (1) variation in
during subclinical infection with Trichostrongylus sensitivity to input stimuli that trigger immune
colubriformis (Yu et al., 2000). Protein anabolism in responses or (2) variation in the quantity or type of
the liver is the hallmark of the acute phase response output signals generated following immune stimula-
and highlights the likelihood that tissue damage or tion. (3) Downstream sensitivity to outputs of the
immune activation are affecting nutrient utilisation immune system could also differ. In addition to
and partitioning during gastrointestinal parasitism. whole animal studies of nutrient economy and
The recent observation that some acute phase pro- production it would be highly desirable to measure
teins are also synthesised in gut mucosa (Wang et al., the contributions of immune activation to the cost of
1998) may account in part for the increased protein disease resistance. The interactions of the immune
sequestration in gut tissues during parasitism, al- system with homeostatic pathways suggest that
though repair of damaged tissue is likely to be the measuring a combination of variables may be more
major contributor. In the absence of a quantified informative than measuring a single variable. Moni-
mechanistic basis for these costs, data from field toring systemic leakage of intestinal enzymes as a
studies on production losses during internal parasit- marker of tissue damage (reviewed by Holmes,
ism in sheep have been used to develop an empirical 1986), together with HPA activity and products of
model describing the relationship between weight immune activation such as acute phase proteins and
loss, larval intake and cumulative daily worm burden pro-inflammatory cytokines, may help dissect costs
(Leathwick et al., 1992). due to defence from those due to tissue damage. To

In common with leucocytes and enterocytes, the select for resilience to infection, however, this
germinal layer of the wool follicle has a high distinction may not be necessary. As both immune
requirement for glutamine and cysteine (Hynd, activation in the resistant host and tissue damage in
2000). The changes in energy metabolism and the susceptible host may lead to activation of the
glutamine and cysteine availability, and the de- acute phase response with its associated adverse
creases in insulin-like growth factor-1 and zinc, that metabolic consequences for anabolism in production
accompany the acute phase response, may contribute tissues, a test for resilience may be provided by
to fibre weakness (Hynd, 2000) seen following identifying those animals with low activation of the
internal parasitism and blow fly strike. This sug- acute phase response in the face of parasitism. If
gestion is supported by the observation that sheep activation of the acute phase response during in-
selected for high fleece weight have increased sus- fection is the principal determinant of the repartition-
ceptibility to internal parasitism (Morris et al., 2000). ing of nutrients away from growth in animals with
Competition between the wool follicle and the poor resilience then measuring acute phase proteins
immune system for sulphur amino acids and poly- in serum may provide a methodologically simpler
amines may contribute to parasite susceptibility as criterion for selection than nutrient utilisation and
cysteine supplementation reduces parasite suscep- growth.
tibility in the high fleece weight selection line The consequences of selection for production traits
(Miller et al., 1998). The binding of copper to on immune competence and disease susceptibility of
ceruloplasmin which increases in serum during the livestock have recently been reviewed (Rauw et al.,
acute phase response may limit the availability of 1998; Knap and Bishop, 2000). The latter authors
copper for tyrosinase activity in the wool follicle and noted the sensitivity of immune competence to
thus also contribute to impaired wool fibre strength environmental influences in high performance geno-
due to poor keratinisation (Hynd, 2000). types and the dearth of quantitative information on

Scope may exist for selection of animals which the resource needs of the various components of
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immune system activation. Selection over several mental infections of animals with immature immune
generations for a combination of humoral and cel- systems as is experienced by catabolic patients, and
lular immune responses in pigs resulted in improved similar immunonutritional strategies are being pur-
growth rates and disease resistance but led to worse sued in this species (Cameron et al., 2000). Anti-
tissue pathology during disease challenge (Magnus- inflammatory drugs such as pentoxyfylline, which
son et al., 1999). In contrast, selection for antibody limits production of IL-6 and activation of the acute
responsiveness in chickens led to reduced growth phase response (Nelson et al., 1999), may provide an
rates (Boaamponsem et al., 1998). Thus conse- adjunct to immunonutritional supplements to limit
quences of immune responsiveness for production production costs in livestock during inflammatory
traits are not easy to predict. In contrast to the diseases such as fly strike, acute parasitoses, mastitis
detrimental effects of pro-inflammatory cytokines, and following surgical interventions, such as
beneficial effects of some cytokines on growth have caesarean sections, that carry the risk of sepsis. The
recently been identified (Lowenthal et al., 1999). potent cytokine inhibitor of pro-inflammatory cyto-
Chickens treated with chicken IFNg have improved kines, IL-10, or a natural mimetic of IL-10 such as
growth rates during experimental disease challenge the Orf virus IL-10 homologue (Haig and Fleming,
and during production in a commercial environment 1999), may provide even more effective control of
(Lowenthal et al., 2000). Similar growth benefits of the undesirable metabolic effects of activation of the
non-inflammatory cytokines may occur in other immune system. Inhibitors of the transcription factor
livestock species. Whether improved growth rates are NF-kB are also being sought for control of pro-
due to enhanced disease resistance resulting in inflammatory gene expression (Anon, 2001). Oral
reduced production of pro-inflammatory cytokines treatment of ruminants with a mixture of glycerol
and less activation of the acute phase response, or and propylene glycol improves energy metabolism
due to non-immunological trophic effects in these during the stress of feed restriction and pre-slaughter
studies, remains to be determined. As messengers of transport (Pethick et al., 2000) and may provide a
stress responses are only released once a threshold of means for improving glucose availability to pro-
stimulation is exceeded, the search for linear correla- duction tissues during immune activation. Inhibition
tions between variables of the endocrine–immune of immune activation, however, could create a
gradient and production may fail to reveal the heightened disease risk if used without appropriate
concordance of attributes at a responses surface control strategies.
maximum that accompanies resilience to immuno-
logical or non-immunological stressors.

7. Quantifying the load of immune system
outputs on homeostatic pathways

6. Anti-inflammatory and immunonutritional
strategies to improve growth rates The potential for products of the immune system

to affect homeostatic pathways creates a need to
The role of pro-inflammatory cytokines and the quantify the activities of the immune system. The

acute phase response in inducing a catabolic state has capacity to recognise antigens develops in utero,
led to the development of nutritional strategies to although in the absence of extrinsic antigenic stimu-
improve health outcomes in septic and severely lation, the newborn ruminant is devoid of circulating
traumatised patients. The emerging discipline of antibodies (Osborn, 1981). Exposure to gut micro-
immunonutrition is employing supplementation of bial flora is essential both for the development of gut
enteral and parenteral feeding formulas with function and for generation of so-called ‘natural’
glutamine, cysteine, carnoteine etc., with a view to antibodies that provide a degree of protection against
meeting the increased requirements for these nu- disease. Indeed exposure to gut microbial flora is
trients in the catabolic patient (Wilmore and Shabert, needed for development of a healthy immune system
1998; Dewitt et al., 1999). Early weaning of piglets (Hanson, 1998; Cebra, 1999). Thus the immune
may pose similar nutritional stress due to environ- system may require a certain intensity of stimulation



264 I.G. Colditz / Livestock Production Science 75 (2002) 257 –268

to maintain the well being of the host. Extending this Both absolute and differential leucocyte counts
analogy, it may only be in the face of a qualitative or can be informative (Cole et al., 1997). Age, sex,
quantitative excess of stimulation that antigens be- breed, plane of nutrition, circadian rhythms and
come immunological stressors and mechanisms to physiological stimuli such as exercise influence total
maintain homeostasis are activated. leucocyte counts (Jain, 1993). Regulation of the

Attempts to measure the load on the immune normal set point for circulating leucocyte counts has
system of antigenic stimulation seem unlikely to be not been resolved but will include the balance
fruitful. Rather it is outputs of the immune system between stimuli driving cell production and loss of
following processing of input stimuli that may cells through death and senescence. b-adrenergic
provide an indication of the burden imposed on stimulation demarginates neutrophils from blood
homeostatic pathways. Whereas tests of immune vessel walls causing a transient leucocytosis that
competence can be used to measure the functional usually last less than 30 min. Corticosteroids cause
health of the immune system and the impact of longer-lasting leucocytosis that commences 30 min
stimuli that activate a stress response (Anderson et to a few hours after stimulation and is characterised
al., 1999), in the present context measures of the by neutrophilia and lymphopenia and an increase in
magnitude and type of immunological outputs are the neutrophil:lymphocyte ratio (Jain, 1993; Cole et
required. Some physiological variables that may al., 1997). Stressors such as transport (Murata and
indicate the load of immunological outputs on other Miyamoto, 1993) castration (Fisher et al., 1997),
body systems are considered below. The ideal trait feedlot entry (Fell et al., 1999), and housing on a
would be a mediator or attribute produced solely by slippery floor (Alsemgeest et al., 1995) all elevate
the immune system during innate and acquired the neutrophil:lymphocyte ratio in cattle. Eosinophils
immune responses. While analysis of patterns of are also sensitive to corticosteroids (Jain, 1993).
gene expression holds the promise of finding unique Infection can lead to elevation or depression of
markers of immune system activation, no currently almost any combination of leucocyte types (i.e.
identified trait appears to fit these criteria. neutrophils, lymphocytes, monocytes, eosinophils,

and basophils, and lymphocyte subsets such as
7.1. Leucocyte counts CD4 1 , CD8 1 , gdTCR 1 cells, etc.)

Leucocytes are continually produced in bone 7.2. Plasma proteins
marrow and the lymphoid organs and circulate in
blood before migration through tissues. These cells The major plasma proteins, albumin and gamma
retain within the adult the developmental capabilities globulins (predominantly IgG) are modified by the
seen for other tissue types during organogenesis. In acute phase response (Pepys, 1992) and by stressors
the face of tissue damage or infection leucocytes such as exercise and psychological stressors (Van-
migrate from blood to organise themselves into hunsel et al., 1998). Plasma proteins are also in-
cellular aggregates providing local tissue defence fluenced by age, plane of nutrition, breed, sex and
(Hjelmstrom et al., 2000). The role of chemical reproductive status.
messengers, diffusing through tissue and attached to
the substratum, in directing the migration and matu- 7.3. Immunoglobulins
ration of neutrophils at sites of acute inflammation
has long been recognised (reviewed by Colditz, An elevation of immunoglobulin concentrations is
1985; Springer, 1994). The fact that surveillance of not normally seen with the immune response that
tissues by lymphocytes is also driven by soluble accompanies routine vaccination, as specific anti-
chemotactic messengers, termed chemokines, has body to vaccine antigens comprises a very small
only been appreciated in the past decade (Baggiolini, fraction of the total antibody content of serum.
1998). Since the first description of in vivo activity However, an elevation of immunoglobulin concen-
of a chemokine (Colditz et al., 1989) over 50 trations is seen in chronic infections. An elevation of
members of this family have been identified (Man- IgG can occur during the acute phase response
tovani, 1999). (Pepys, 1992) while IgA and IgM can decrease
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rapidly in response to physical and psychological cytokines to enhance growth and disease resistance,
stressors (Gleeson et al., 1999). and immunonutrition to improve maturation and

function of the immune system. It is likely that scope
7.4. Acute phase proteins also exists for selection of animals that have reduced

sensitivity to the biochemical messengers that lead to
Any of the 20 or so acute phase proteins could be repartitioning of nutrients towards tissue defence

measured to monitor activation of the acute phase without compromising disease resistance. An im-
response. Most commonly measured acute phase proved understanding of the interactions between
reactants in ruminants are C-reactive protein, haptog- nutrition, immune function and disease resistance
lobin, serum amyloid A and fibrinogen. In addition would contribute to refinement of these strategies for
to immune and inflammatory stimuli, stressors such improving welfare and performance of livestock.
as transport in cattle (Murata and Miyamoto, 1993)
can elevate haptoglobin, a haemoglobin binding
protein, and serum amyloid A. Acknowledgements
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