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ABSTRACT 

Cattle morbidity and mortality are observed more frequently during potential 

stressful situations, such as weaning, transportation, and commingling. The objectives 

of this dissertation were to identify intrinsic factors, such as sex-classification and 

temperament and extrinsic factors such as transportation, feeding strategies and 

weaning that might influence the stress and innate immune responses of cattle. A 

sexually dimorphic immune response to endotoxin or corticotropin-releasing hormone 

(CRH) was observed among Brahman heifers and bull calves. Heifers displayed less 

sickness behaviors but had greater rectal temperature and circulating tumor-necrosis-

factor alpha (TNF-α) response to an in vivo endotoxin challenge than bulls. Heifers 

also had less of a circulating corticoid response than bulls after CRH and had an acute 

increase in circulating cytokines that was greater than bulls. Brahman bulls classified 

as temperamental had less neutrophil activity after transportation than bulls classified 

as calm. Weaning is a potentially stressful event for calves. Many innate immune 

responses in Holstein calves including neutrophilia and decreased phagocytic and 

oxidative burst capacities were suppressed transiently following weaning. Early 

weaning calves at 24 d of age rather than at 45 d of age also suppressed neutrophil L-

selectin expression. Furthermore, early weaning lightweight calves also suppressed the 

secretion of TNF-α from whole blood cultures stimulated with LPS. Switching 

Holstein calves from twice daily to once a daily feeding during the 4
th

 week of life was 

a mild stressor. There was only a tendency for neutrophilia among the once-fed calves. 

No other aspects of innate immune responses were acutely suppressed by feeding 

frequency. These studies indicate that the stress effect of stress on immune responses 

of cattle is complex. Sex classification, age, and temperament of cattle influence how 

an animal responds to stress and subsequently, how stress will impact the innate 

immune system. These studies all indicate that stress can cause an initial suppression 

of the immune system, but in several instances, the innate immune system had 

compensatory response, where increased activity after stress is observed.   

 



Texas Tech University, Lindsey Eve Hulbert, December 2010 

ix 

 

LIST OF TABLES 

 3.1 Sickness score definitions ....................................................................... 26 

 3.2.  Measurements of Brahman heifer and bulls after endotoxin .................. 27 

 4.1  Measurements for Brahman heifer and bulls after CRH ......................... 44 

 5.1  Whole blood measurements of calm and temperamental bulls ............... 62 

 5.2  Neutrophil function of calm and temperamental bulls ............................ 63 

 6.1  Baseline performance data for CW and EW calvesd .............................. 83 

 6.2 Performance data from 24 to 45 d of age for CW and EW calves .......... 84 

 6.3  Performance data from 45 to 66 days of age for CW and EW calves .... 85 

 6.4  Blood measurements for all 43 calves from 24 to 45 d of age. ............... 86 

 6.5  Flow-cytometric neutrophil function of EW calves ................................ 86 

6.7  Peripheral blood parameters for all 43 calves from 45 to 66 d of age .... 87 

6.8  Flow cytometric neutrophil function of CW calves ................................ 88 

7.1  Blood measurements of all calves at 24 to 45 d of age ......................... 108 

7.2  Neutrophil function of Once-fed 24 to 45 d of age. .............................. 109 

7.3 Daily means of blood parameters of all calves after weaning. ............. 110 

7.4  Neutrophil measurements of all calves after weaning .......................... 111 

 A.1.  Sickness score definitions. .................................................................... 138 

 

  



Texas Tech University, Lindsey Eve Hulbert, December 2010 

x 

 

LIST OF FIGURES 

 2.1 Status and spectrum of disease in cattle. ................................................. 15 

 3.2  Rectal temperature of Brahman heifers and bulls after endotoxin .......... 29 

 3.3  Heart rate of Brahman heifers and bulls after endotoxin ........................ 30 

 3.4  Cortisol of Brahman heifers and bulls after endotoxin ........................... 31 

 3.6  Leukocyte No. and N:Lof Brahman heifers and bulls after endotoxin ... 33 

 4.1  Cortisol of Braman heifers and bulls after CRH ..................................... 45 

 4.2  Cytokines of Braman heifers and bulls after CRH ................................. 46 

 4.3  Leukocyte No. and N:L of of Brahman heifers and Bulls after CRH ..... 47 

 4.4  HR and RT of Brahman heifer and bulls after CRH ............................... 48 

 5.1  Timeline of transportation of calm and temperamental bulls ................. 64 

 5.2  Cortisol and glucose of calm and temperamental bulls .......................... 65 

 5.3  N:L of calm and temperamental bulls after transportation ..................... 66 

 5.4 Neutrophil adhesion of calm and temperamental bulls ........................... 67 

 5.5  OB and PG of calm and temperamental bulls after transportation. ........ 68 

 6.1  N:M cell ratios from 24 to 45 days of EW dairy calves.......................... 89 

 6.2   N:M cell ratios from 45 to 66 days of age for CW and EW calves ........ 90 

 6.3   Cortisol 45 to 66 days of age for CW and EW calves ............................ 91 

 6.4   Hematocrits from 24 to 45 d of EW calves ............................................. 92 

 6.5   Hematocrits from 45 to 66 d of age for CW and EW calves .................. 93 

 6.6  TNF-α from LPS-stimulated whole blood for EW calves ...................... 94 

 6.7  Neutrophil adhesion from 24 to 45 days of age for EW calves .............. 95 

 7.1   N:M Once-fed calves after change in feeding....................................... 112 

 7.2   TNF-α from LPS-stimulated whole blood for Once-fed calves. ........... 113 

 7.3   TNF-α from Twice- and Once-fed calves after weaning ...................... 114 

A.1 Rectal probe parts and placement ......................................................... 136 

A.2  Brahman with Rectal probe and heart rate monitor placed ................... 137 

A.3  Posted chart of the steps to collecting blood via catheter. .................... 139



Texas Tech University, Lindsey Eve Hulbert, December 2010 

1 

 

CHAPTER I 

INTRODUCTION 

So What?! 

The purpose of this dissertation is not just another “flaming-hoop” for me to 

jump through. I hope this dissertation will give a rational explanation to my family and 

friends, who have on more than one occasion asked “You have been in college for 10 

years to study what?” This really is a good question. One of the best pieces of advice I 

received during my studies was to always answer the So-what? of each experiment. 

With the exception of my advisors and committee members, I doubt that many people 

will have the overwhelming desire to read this entire dissertation from cover to back; 

therefore, this introduction will summarize the So-what? of the dissertation. 

Answer #1: I love science! 

I find pure joy in learning more about the complex inter-relationship between 

innate immune and stress responses. My very first encounter with any immune 

experiments involved white blood cells called neutrophils. Neutrophils are the body‟s 

little “Kamikazi pilots.” Their jobs are to survey the body for pathogens or toxins like 

soldiers. Once they migrate to a site of infection, they attack by engulfing the bacteria 

and destroy it by suicide. After engulfing bacteria, they release deadly granules and 

free radicals form into their intracellular “arsenals,” which demolishes the pathogen, 

but also induces self-destruction or apoptosis in the process. Although stress hormones 

such as cortisol often inhibit many aspects of the immune system, cortisol actually can 

delay the onset of cell death among neutrophils. This delay helps call the clean-up 

crew and reinforcements, the macrophages, to the battle field. If someone does not 

find that fascinating, then there is truly something wrong with them!   
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Answer #2: Stress makes us sick (maybe). 

 Perhaps not everyone can get excited over a leukocyte, so I will take the 

narcissistic approach. By nature, a person tends to only care about a topic like 

“Glucocorticoids modulate bovine neutrophil function” if he or she can relate to the 

topic. Therefore, I like to offer the “stress makes us sick” response.  Firstly, not all 

stress causes sickness. Rather, prolonged, severe stress can alter the immune system so 

that it does not function efficiently, and with the combination of some stranger 

sneezing on you and that conspicuous burrito you ate between flights, you become 

more prone to sickness. Well, the same goes for cattle. Cattle become sick during 

situations that are assumed* to be stressful. Cattle are more likely to become infected, 

spread disease, become sick and even die after stressful situations, such as handling, 

weaning, transportation, and mixing with strangers. Like humans, not all cattle 

respond the same to stress. Some humans are by nature anxious, and stress can cause 

complete meltdown, whereas others are laid back and nothing seems to worry them. 

Similarly, cattle also have dispositions that seem to inherently make them more 

excitable to these adverse situations. It is well known that people with over-active 

stress responses are more prone to disease, but little is known about how stress affects 

the innate immune systems of these “temperamental” cattle. 

Answer #3: *You know what happens when you assume 

 Of course, without scientific evidence, we can only assume that temperamental 

cattle are not able to cope with stress and, consequently, they are prone to sickness. 

There does not seem to be a purpose for an anxious human, but there may be a reason 

that Temperamental cattle exist. Their excitable temperaments may make them more 

responsive to predators; however, assumptions about stress can cause problems for 

cattle production. Animal welfare auditing programs are now being conducted in 

many countries around the world in attempt to comply with welfare guideline set by 

OIE (World Organization for Animal Health) (Odore et al., 2010). Nonetheless, to 

“measure” animal welfare, reliable biomarkers of “stress” are needed (Grandin, 1997; 
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Moberg and Mench, 2000). It is much easier to measure stress in humans; give them a 

survey or lay them on a couch for psychoanalysis and get some answers. If only it 

were that simple to measure stress in animals! 

Although the animal welfare science field has been rapidly advancing, many 

assumptions are made about what is “stressful” to animals and whether stress will 

negatively affect them. For example, weaning is stressful in beef calves because they 

are often abruptly removed from their dam; however, dairy calves are separated from 

dams at birth for production and health purposes and their weaning-process is only 

from the milk replacer provided by their caretakers which most often this occurs twice 

daily. In addition, it may be easy to assume that weaning dairy calves at an earlier age 

or changing the frequency of the milk replacer feedings is equally a stressful 

experience as it is in beef calves. Nonetheless, most research has shown that dairy 

calves that were weaned early or fed milk replacer once a daily were just as “healthy” 

and productive as calves that were weaned later in life or fed milk-replacer twice 

daily. No research has been done showing that weaning dairy calves earlier or feeding 

them only once daily will cause enough stress to suppress their immune systems. 

Another assumption that is often made about stress and immunity in animals is that 

implications from stress and immune research apply to both female (heifers or cows) 

and males (bulls or steers). But this assumption cannot be made because, for obvious 

reasons, males and females are not the same and in cattle production are reared 

differently.  

Therefore, the purpose of dissertation is to explore some of the linkages 

between stress and immune responses in cattle. The first two experiments investigate 

how heifer and bull cattle differ in their immune and stress responses. The third 

experiment probed the influence of temperament on innate immunity after bulls are 

transported and handled. The last two experiments were designed to answer the 

question of whether weaning calves early or feeding them milk replacer once daily 

will stress them enough to alter their innate immune systems.  
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CHAPTER II 

 LITERATURE REVIEW 

Homeostasis in cattle is partially influenced by various environmental inputs 

and the ability to effectively respond to these signals or cues. The term homeostasis 

refers to the constancy of equilibrium that is controlled by internal sensory feedback 

mechanisms that govern an organism‟s ability to successfully adapt to alterations in 

the environment (Beishuizen and Thijs, 2003). Cattle producers must therefore be able 

to balance productivity with the animal‟s overall health and well-being to help 

maintain a practical husbandry system that is economically viable. Unfortunately, 

various stressors can threaten this delicate homeostatic balance and can hinder an 

animal‟s health and subsequent productivity (Figure 2.1).  Although adequate stress 

responses are necessary to maintain homeostasis, some stress responses can 

concurrently impinge on the effectiveness of the innate immune system. Moreover, 

cattle response to stressors can be influenced by intrinsic traits such as temperament 

and sex-classification, as well as extrinsic factors such as previous stress history. 

Stress-induced dysregulation of the innate immune response could predispose cattle to 

be more vulnerable to pathogens and subsequent disease. Therefore, intrinsic and 

extrinsic factors that influence cattle stress responses might affect the innate 

immunological responses that subsequently affect health and ultimately production.    

Stress 

Stressors are defined as physical or psychological circumstances that threaten 

to interrupt homeostasis. Similarly, stressors can be broadly classified as either 

neurogenic (physical) or  psychogenic  (psychological) (Carlin et al., 2006). The 

stressor itself can vary in chronicity, predictability, controllability and severity (Lu et 

al., 1998). For example, comingling of unfamiliar animals can be a psychogenic, acute 

stressor if animals are able to establish dominance in a relatively short time period. 
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However, if dominance is not quickly established (within a few days), the social 

environmental becomes a chronic, psychogenic and neurogenic stressor because of the 

constant changes and unpredictability of social interactions (Gupta et al., 2005; 

Kilgour et al., 2006). Conversely, isolation from other animals or restraint as opposed 

to comingling could be primarily a psychogenic stressor, especially among gregarious 

animals such as cattle (Bohus et al., 1993).  In a typical production environment, 

physical stressors are routinely associated with extreme changes in temperature, 

substrate deprivation, or illness. It is important, however, to understand that most 

stressors are multi-factorial and typically do not occur as isolated events. For example, 

transportation of cattle for extended periods of time without feed and water could be a 

physical stressor (neurogenic) and the unpredictability associated with the transit event 

could be a psychological stressor (psychogenic) (Buckham Sporer et al., 2007; Sporer 

et al., 2008).  Ultimately, the impact of a stressor depends upon the nature and 

duration of the stressor, as well as how the animal is able to cope with or acclimate to 

the stressor (Koolhaas, 2008). 

The stressor type will influence the neuroendocrine and central 

neurotransmitter processes required to achieve homeostasis. The neuroendocrine 

system plays an important role in responding to stressors and maintaining homeostasis 

through changes in hormone signals and negative feedback mechanisms. Specifically, 

stress activates the hypothalamic pituitary adrenal axis (HPA) and the sympathetic 

nervous system (Bale et al., 2003; Elenkov et al., 2000). The hypothalamic peptide, 

corticotropin-releasing hormone (CRH) causes the production of adrenocorticotropin 

hormone (ACTH) from the anterior pituitary. The target of ACTH is the adrenals, 

which respond by secreting glucocorticoids and catecholamines, such as cortisol and 

epinephrine, respectively. Glucocorticoids and catecholamines help prepare the body 

for fight or flight and provide the negative feedback to the HPA axis by sending a 

signal back to the hypothalamus and pituitary to shut down the system (Carlin et al., 

2006). Dysfunctions of the HPA axis can include elevated cortisol and weaker 

responses to stressors (Carlin et al., 2006).  
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The Immune system 

 The immune system and HPA axis interact to help maintain homeostasis 

during pathogen clearance; however, dysfunction of this interaction can lead to 

uncontrolled inflammation resulting in damage to the host. The immune system can be 

divided into two, major categories: the innate and the adaptive systems. Innate 

immune cells and proteins that provide rapid first-line defense are continuously 

present in peripheral blood at low concentrations. These include cellular components 

such as neutrophils, monocytes, natural killer cells (NK cells), and plasma proteins 

including complement factors, lysozymes, defensins and other antimicrobial products. 

The innate immune system is also characterized by pro-inflammatory cytokines such 

as interleukin (IL)-1, IL-6, IL-12, tumor-necrosis-factor alpha (TNF-α) and interferon 

gamma (IFN-γ), and acute-phase proteins from the liver.  

Cytokines are the means of communication between cells and influence both 

the innate and acute-phase response, as well as directing the adaptive immune 

response. For example, IL-12 stimulates differentiation of T-helper (Th) lymphocytes, 

which in turn assist B-lymphocyte differentiation and production of antibodies. 

Likewise, TNF-α or IL-1 help increase neutrophil phagocytic and oxidative burst 

capacities (Ottonello et al., 1995; Sample and Czuprynski, 1991). Antibodies facilitate 

immunological “memory” for recognition and neutralization of pathogens (Medzhitov 

and Janeway, 1997). The adaptive immune system depends on the innate system to 

first recognize pathogen-associated molecular patterns (PAMPS) before 

immunological memory can be created (Medzhitov and Janeway, 2002). For example, 

phagocytic cells, such as neutrophils and macrophages, can recognize conserved 

structures on the surfaces of Gram negative or positive bacterial cell walls. Endotoxin, 

also known as lipopolysacharride (LPS), from Gram negative bacteria is recognized 

by innate immune cells and initiates an acute-phase response that will recruit effector 

immune cells to the site of infection and initiate the adaptive immune response. 

Therefore, endotoxin rather than live pathogens can be used to stimulate the innate 
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immune system and the HPA axis (Borderas et al., 2008; Carroll et al., 2005; 2009; 

Sohn et al., 2007).   

Stimulation of the HPA axis during endotoxemia, the systemic release of 

endotoxin, contributes to the redistribution of nutrients and energy (Borderas et al., 

2008; Carroll et al., 2005; Moeniralam et al., 1997; Sohn et al., 2007). Cytokines 

associated with an innate immune response can act directly on the brain and 

hypothalamus to decrease feed intake, induce fever, and redirect nutrients, thereby 

contributing to the nutrient cost of inducing the innate immune response (Colditz, 

2002; Klasing, 1988). Acute-phase proteins are also released in response to stress and 

disease (Arthington et al., 2005; Lomborg et al., 2008; Qiu et al., 2007). The innate or 

acute-phase response is considerably more costly to the host than the stimulation of 

the adaptive immune response primarily due to the anorexia and changes in nutrient 

partitioning (Colditz, 2002; Klasing, 1988). The growth axis and feed intake of cattle 

is greatly altered during diseased states (Burton et al., 1992; Elsasser et al., 1997; Kahl 

and Elsasser, 2004b). Inappetence among cattle is a problem for producers, but 

decreased feeding during sickness may actually be adaptive for the host (Lee, 2006; 

Steiger et al., 1999). The host must decrease its feed intake to maintain a balance 

between anabolic and catabolic processes. For example, mice that were force-fed 

while infected with Listeria monocytogenes were less likely to survive than mice fed 

ad libitum (Colditz, 2002; Klasing, 1988).  

Glucocorticoids produced by the HPA axis play an important role in regulation 

of an innate immune response as they are potent anti-inflammatory factors. An 

abundance of neutrophils, termed “neutrophilia,” in peripheral blood is often observed 

after stress and elevated cortisol (Buckham Sporer et al., 2007; Sporer et al., 2008). 

Neutrophil defense mechanisms against pathogens include diapedesis (adhesion) and 

migration to the site of infection, phagocytosis, and intracellular death. Once 

pathogens are eliminated, apoptosis of the neutrophils must then be induced to prevent 

necrosis and the spillage of intracellular enzymatic components that could damage 

nearby host cells (Buckham Sporer et al., 2007; Chang et al., 2004).  Stress-associated 
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neutrophilia is influenced by changes in migration and adhesion molecules such as L-

selectin and β2-integrin (Diez-Fraile et al., 2003; Diez-Fraile et al., 2004; Weber et al., 

2001).  Multi-factor stressors like transportation and handling caused neutrophil down 

regulation of L-selectin, a mechanism that may help prevent too many neutrophils 

from leaving the periphery and preventing too much inflammation and damage to host 

tissue (Buckham Sporer et al., 2007). Synthetic glucocorticoid analogues such as 

dexamethasone caused marked neutrophilia and decreased expression of L-selectin 

(Anderson et al., 1999). Overactive neutrophils cause damage to lung tissue after 

exposure to Mannheimia haemolytica, the primary pathogen associated with bovine 

respiratory disease (BRD) or “shipping fever” (Buckham Sporer et al., 2007; Duff and 

Galyean, 2007; Smith, 1994). L-selectin also is expressed at high levels of immature 

neutrophils, and L-selectin also can act as a signal to recruit more PMN to the site of 

infection (Mulligan et al., 1994). Lipopolysaccharide causes bone marrow neutrophils 

to be released then sequestered through increased expression of adhesion molecules 

into lung microvessels (van Eeden et al., 1997), which contribute to respiratory 

dysfunction during endotoxemia. 

The β2-integrin adhesion molecules allow for hyper-adhesion and subsequently 

transmigration through vascular endothelium to the site of inflammation (Arnaout, 

1990; Burton et al., 1995). If cells are unable to increase integrins and migrate to 

inflammatory sites, then chronic and even fatal infections can occur (Burton et al., 

1995). In addition to adhesion function, β2-integrin molecules also serve as receptors 

for LPS (Arnaout, 1990; Ingalls et al., 1998) and complement factor, iC3b (Coxon et 

al., 1996). Bovine neutrophils have increased β2-integrin expression in response to 

LPS, and circulating glucocorticoids inhibit this response to LPS (Diez-Fraile et al., 

2003). After iC3b with high affinity to β2-integrin, phagocytosis of iC3b coated 

particles is induced. β2-integrin also plays an important homeostatic role in 

inflammation by accelerating the programmed elimination of extravasted neutrophils 

(Coxon et al., 1996).  
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Glucocorticoids and glucocorticoid receptors are also involved in the 

mediation of neutrophil apoptosis (Madsen-Bouterse et al., 2006). Neutrophil 

apoptosis among steers was decreased after dexamethasone injection (Chang et al., 

2004). Decreased apoptosis could minimize inflammatory damage from necrotic cell 

death and lessen the burden for other phagocytic cells to clear large numbers of 

senescent neutrophils, allowing for a “focus” on pathogen elimination (Buckham 

Sporer et al., 2007; Chang et al., 2004; Paape et al., 2003; Piepers et al., 2009). Bovine 

apoptotic neutrophils had no changes in β2-integrin expression, but suppressed 

phagocytic and oxidative burst capacities (Van et al., 2002).     

Cattle stress and innate immunity 

Sexual dimorphism 

Sex-classification is another intrinsic factor that influences an animal‟s ability 

to achieve homeostasis. Little is known about how the HPA response differs among 

female and male Brahman cattle and subsequently how this response will influence 

innate immunity (Kahl et al., 2008; Kahl and Elsasser, 2004a).  

Ecologists theorize that female stress responses may be hard-wired long before 

puberty and sex differences in immunity may have evolved as a result of physiological 

and behavioral differences among male and females (Zuk and McKean, 1996). Angus 

bulls  between 7 to 12 mo of age had lower cortisol concentrations than heifers of the 

same age, breed, and management system, (Henricks et al., 1984).  Angus heifers also 

had consistently greater cortisol concentrations than bulls during transportation and 

commingling (Arthington et al., 2003a). Similarly to cattle, female mice have higher 

basal glucocorticoid concentrations, lower pituitary glucocorticoid receptors (Spinedi, 

1992). Furthermore, female rats had prolonged elevated glucocorticoids following 

ACTH challenge than male rats (Gaillard and Spinedi, 1998; Spinedi et al., 1994). In 

addition, male humans are more sensitive to glucocorticoids and are less susceptible to 

autoimmune disease than women (Prather et al., 2009; Rohleder et al., 2001). These 
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factors may influence how the HPA axis reacts to stressors, causing a sexual 

dimorphism of the HPA axis, and consequently, immune regulation.  

In humans and many animal models, there are sexually dimorphic innate and 

adaptive immune responses that may play a role in the susceptibility to disease and 

mortality (Ahmed et al., 2009; Beagley and Gockel, 2003; Rettew et al., 2009). The 

acute-phase response to pathogens is necessary, but an over-aggressive response can 

have pathological consequences that increase mortality (Carroll et al., 2009a; Carroll 

et al., 2009b; Ebdrup et al., 2008). Humans and animal models have shown that males 

are more susceptible to morbidity and mortality caused by bacterial infections than 

females (Marriott et al., 2006; Rettew et al., 2009; Spinedi et al., 1994). For example, 

after endotoxin challenges, human and rodent males have a more robust pro-

inflammatory cytokine response, thereby increasing their susceptibility to septicemic 

shock (Marriott et al., 2006). Human septic male patients had a decreased anti-

inflammatory response as evident by lower serum concentrations of interleukin (IL)-

10 (Schroder et al., 1998). There is also evidence that neutrophil regulation during 

inflammation is sexually dimorphic in rats (Barker et al., 2005; de Coupade et al., 

2004). A sound stressor caused less neutrophils to be recruited in vivo to an airpouch 

injected with LPS among male rats than female rats (Barker et al., 2005; de Coupade 

et al., 2004). Furthermore, female rats also had three times more neutrophil β2-

adrenergic receptors than male rats (de Coupade et al., 2004).   A better understanding 

of how inherent and acquired factors such as sex classification influence the HPA and 

innate immune responses will be important to design management strategies to 

improve cattle health and ultimately production by limiting morbidity and mortality in 

a sex-specific manner (Elsasser et al., 1997; Elsasser et al., 2008; Kahl and Elsasser, 

2006) 

Cattle temperament and transportation 

Another intrinsic factor, cattle temperament, might affect functionality of the 

HPA axis, and subsequently immune competence. Temperamental cattle respond 
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aggressively and erratically to sudden stimuli, and their performance including 

average daily gain, feed intake, and meat quality are less than calmer cattle (King et 

al., 2006; Nkrumah et al., 2007; Voisinet et al., 1997). 

Bos indicus breed composites are raised for their ability to withstand heat 

stress however, temperament is  highly heritable among Bos indicus cattle based on 

data from flight speed scores (Burrow, 2001). Variation in cattle temperament may be 

necessary to suit diverse production environments (Rale and Festa-Bianchet, 2003). 

In production systems requiring intensive handling and human contact, aggressive and 

erratic cattle would likely be culled. In rugged production environments, cows that are 

more flighty or aggressive may have a better ability to respond to their environment 

and protect themselves and their offspring (Hoppe et al., 2008; Turner and Lawrence, 

2007). Aggressive bulls, on the other hand, may pose more of a threat to human safety, 

so it is possible that temperamental sires in production systems are likely to be culled 

more often than dams (Boissy et al., 2005; Nkrumah et al., 2007). Because 

temperamental cattle have an inherent disposition to be more excitable, these animals 

may experience rougher handling and restraint, which would contribute to their 

extrinsic-influenced HPA response (King et al., 2006). 

Excitable- or temperamental-classified cattle had elevated circulating cortisol 

for long durations of time, an indication that such animals were chronically stressed 

(Curley, Jr. et al., 2008; Fell et al., 1999; King et al., 2006). When temperamental 

cattle were challenged with CRH, they exhibited less of an amplitude of ACTH and 

cortisol than calm cattle (Curley, Jr. et al., 2008). Lymphocyte IgM production 

decreased in temperamental steers following ex vivo ConA stimulation (Oliphint, 

2006). In contrast, circulating IgM concentration was greater among temperamental 

cattle, although no in vitro lymphocyte proliferation, IFN-γ production, or natural 

killer cell activity differences were reported among temperamental and calm cattle 

(Fell et al., 1999). 

Current production systems require animals to be transported and handled. 

Transportation and handling stress might contribute to the incidence of bovine 



Texas Tech University, Lindsey Eve Hulbert, December 2010 

12 

 

respiratory disease complex (BRDC) or “shipping fever” among cattle (Duff and 

Galyean, 2007; Galyean et al., 1999; Loerch and Fluharty, 1999). Comprehensive data 

on the functional capacity of immune cell populations during and following 

transportation and handling are lacking; however, aspects of neutrophil function may 

actually be increased (Buckham Sporer et al., 2007; Murata et al., 1985; 1987), 

whereas lymphocyte proliferation was variable (Murata et al., 1985; 1987; Murata and 

Hirose, 1990). In addition, Murata and Miyamoto (1993) showed that a humoral 

immune suppressive factor was synthesized during transportation. Serum from calves 

transported for 4 h resulted in decreased ex vivo lymphocyte proliferation in non-

transported calves. As discussed previously, temperamental animals are more 

responsive to their environment. Brahman cattle had greater circulating cortisol and 

epinephrine concentrations than calm cattle before and after transportation (Burdick et 

al., 2010a), and had decreased feedlot performance (Behrends et al., 2009). It is no 

known whether the innate immune responses of temperamental animals are more 

sensitive to transportation and handling stress.  

Feeding and weaning calves 

Dairy calves are weaned earlier than beef calves. The average weaning age of 

dairy calves in the U.S. is 6 to 8 weeks, whereas the average age of weaning for beef 

calves are 6 to 8 months. Research using beef calves has shown that weaning is 

stressful, probably because it is compounded with separation from their dam 

(Arthington et al., 2005; Carroll et al., 2009a; Lefcourt and Elsasser, 1995); however, 

the generalization that weaning is stressful may not be as applicable to dairy calves 

because the major change for a dairy calf at weaning is the removal of milk replacer 

rather than the removal of milk and the dam. In most U.S. dairies, calves are separated 

from dams at birth and fed milk or milk replacer. This practice is used to prevent dam 

to calve transmitted diseases and because dairy cows are milked for human 

consumption (Bellows et al., 1974). In addition, weaning dairy calves usually involves 

a “step-down” process in which calves are offered a calf starter from birth and milk is 
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intake is usually reduced by 50% at some age to stimulate more starter intake. Calves 

are usually completely weaned from milk when they are consuming enough calf 

starter to prevent a decrease in ADG. 

Milk replacer is costly compared with calf starter; therefore, the conventional 

practice limits feed milk or milk replacer to stimulate starter consumption. Usually a 

calf is consuming enough calf starter and the rumen has developed sufficiently within 

4 weeks of age to allow a calf to be completely weaned from milk under conventional 

production systems (Anderson et al., 1987). Although the dairy industry could limit 

milk or milk replacer by weaning calves earlier, only 30 % of dairies in the U.S. wean 

calves before 7 weeks of age or less, and the average age at weaning is 58.8 days of 

age (Kehoe et al., 2007). Although weaning calves at 4 weeks of age had no effect on 

calf performance (Anderson et al., 1987; Anderson et al., 1988; Burt, 1968; Heinrichs 

et al., 1990); it is not known whether early weaned calves will have a different HPA-

response than conventionally weaned calved, and subsequently, whether this response 

would influence innate immune responses. 

Feeding milk or milk replacer is labor intensive primarily because of mixing, 

filling, and sanitation of bottles before and after feeding. Typically, dairy calves are 

fed milk twice daily. Reducing the frequency of milk feeding to once daily would 

decrease labor inputs (Burt, 1968).  Holstein calves fed once-daily had increased BW 

compared with calves fed twice daily by 6 months of age (Hopkins, 1997). When 

calves were assigned to once daily feeding as early as 3 days of age, there were no 

differences in performance or incidence of health problems compared to calves fed 

twice daily (Ackerman et al., 1969a). Feeding Holstein calves once daily did not 

negatively influence glucose metabolism or insulin sensitivity (Stanley et al., 2002). 

Holstein bull calves fed once daily had similar weight gain, protein utilization, and 

digestible energy uptake as twice-fed calves (Wood et al., 1971). Feeding calves once-

daily did not cause increased numbers of digestive orders and did not affect vigor and 

health of Holstein heifers (Winter, 1978). As previously mentioned, predictability is a 

major factor in how an animal responds to potential stressors. No research has 
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indicated whether a change in feeding frequency of milk replacer would cause a stress 

response that would subsequently cause long-lasting effects on calf innate immune 

responses. 

Dissertation objectives 

There is no one “litmus test” to determine whether extrinsic and intrinsic 

factors will influence the stress response cattle and the innate immune response. The 

stress and immune interaction is complex, and by exploring the linkages between the 

two, cattle production practices can be better understood. Therefore the objectives of 

this dissertation are as follows:  

1) Identify the influence of sex-classification, an intrinsic factor, on the innate 

immune response to an immunological challenge (LPS) and a neurohormone 

(CRH) challenge; 

2) Determine how intrinsic and extrinsic factors, such as a temperament and 

transportation/handling stress affect the innate immune responses; 

3) Determine whether previous extrinsic factors such as age at weaning or milk 

replacer feeding frequency affect Holstein calf innate immune responses. 
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Figure  2.1. Status and spectrum of disease in cattle, adapted from 

Ballou 2010. How cattle respond to stressors behaviorally and 

physiologically will impact the balance between the Hypothalamopituitary 

adrenal axis and the innate immune response. Depending upon the outcome 

of this balance and exposure, the status and spectrum of disease in cattle 

might be affected. 
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CHAPTER III 

SEXUALLY DIMORPHIC INNATE IMMUNOLOGICAL RESPONSES OF 

BRAHMAN CATTLE FOLLOWING AN INTRAVENOUS ENDOTOXIN 

CHALLENGE 

Abstract 

The objective of this study was to characterize potential sexual dimorphic 

immunological responses following exposure to endotoxin (i.e., lipopolysaccaride; 

LPS) in Brahman cattle. Six female (heifers) and 5 male (bulls) (average age = 267 ± 

1.5 d; average body weight = 204 ± 11 kg) were used to define the acute sickness 

behaviors, rectal temperatures (RT), peripheral leukocyte counts and differentials,  and 

circulating concentrations of cortisol, pro-inflammatory cytokines interleukin (IL)-6, 

tumor necrosis factor-alpha (TNF-α) and interferon-gamma (IFN-γ) following an 

intravenous bolus injection of 0.25 μg of LPS/kg of body weight. Blood samples were 

collected via indwelling jugular catheters at 30-min intervals from -2 to 8 h, and at 12 

and 24 h relative to the endotoxin challenge (0 h). Following the challenge, all cattle 

displayed sickness behaviors between 0.5 to 12 h. A febrile response was observed in 

all animals from 4 to 5.5 h (P < 0.01). All animals displayed elevated concentrations 

of TNF-α - from 1 to 2 h, whereas IL-6 concentrations were increased from 2 to 8 h, 

and IFN-γ concentrations were increased from 2.5 to 7 h (P < 0.01). Leucopenia 

occurred from 1 to 8 h following endotoxin, with a decreased neutrophil: lymphocyte 

for the first 6 h (P < 0.01) among all animals. Heifer cortisol responses were 

monophasic whereas bull cortisol responses were biphasic and were at greater 

concentrations from 4.5 to 6 h than heifers (P < 0.05). Heifers displayed fewer 

sickness behaviors than bulls from 6.5 to 12 h, but had greater RT, and serum 

concentrations of TNF–α were also greater from 2 to 2.5 h after the endotoxin 

challenge (P < 0.05). In conclusion, these data demonstrate the existence of a sexual 

dimorphic innate immune response in Brahman cattle; specifically, heifers may have a 
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more robust acute-phase response, as well as differential adrenal responses to the 

endotoxin challenge.  

Introduction 

In humans and many animal models, there are sexually dimorphic innate and 

adaptive immune responses (Ahmed et al., 2009; Beagley and Gockel, 2003; Rettew et 

al., 2009) that play a role in the susceptibility to disease as well as subsequent 

mortality. It is well recognized that the acute-phase response to pathogens is 

necessary, but an over-aggressive response can have pathological consequences that 

increase mortality (Carroll et al., 2009a; Carroll et al., 2009b; Ebdrup et al., 2008). If 

there is a sexually dimorphic acute-phase response to pathogens among cattle, 

management strategies could potentially be designed to limit morbidity and mortality 

in a sex-specific manner (Elsasser et al., 1997; Elsasser et al., 2008; Kahl and Elsasser, 

2006). 

Generally, in humans and animal models, males are more susceptible to 

morbidity and mortality caused by bacterial infections than females (Marriott et al., 

2006; Rettew et al., 2009; Spinedi et al., 1994). Investigations into acute-phase 

response mechanisms revealed that human and rodent males have a more robust pro-

inflammatory cytokine response, as well as an increase in receptors that bind 

endotoxin, thereby increasing their susceptibility to septicemia (Marriott et al., 2006). 

Furthermore, data from septic human patients also indicated that males have a reduced 

anti-inflammatory response, as evidenced by lower serum concentrations of 

interleukin (IL)-10 (Schroder et al., 1998). There is also evidence that neutrophil 

regulation during an acute-phase response is sexually dimorphic in rats and humans 

(Barker et al., 2005; de Coupade et al., 2004). 

The majority of sexual dimorphism in immune responses has been attributed to 

differences in sex hormone concentrations (Ahmed et al., 2009; Angele et al., 2000; 

Rettew et al., 2009). Nonetheless, the specific roles that various sex hormones play in 

the acute-phase response is not completely clear, and likely these relationships are 
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complex and depend on dose of the sex steroids as well as animal species (Darnall and 

Suarez, 2009; Fish, 2008). Although sex steroids might influence immunity, cortisol is 

known to play an even greater role in mediating the acute phase response. Following 

an endotoxin challenge, newly weaned heifers tended to have greater cortisol 

concentrations than bull calves (Carroll et al., 2009a). Likewise, Henricks et al. (1984) 

reported that Angus heifer calves had greater cortisol concentrations than bull calves. 

The sexually dimorphic cortisol response to endotoxin may influence other pro-

inflammatory measures. Therefore, the objective of this study was to evaluate whether 

sexually dimorphic acute-phase responses are present in Brahman cattle following an 

endotoxin challenge. 

Materials and methods 

Animals and Housing 

 The experiment was conducted in December 2008.  Animal procedures were 

reviewed and approved by the Texas Tech University and USDA-ARS-LIRU Animal 

Care and Use Committees. Six pure-bred Brahman (Bos indicus) heifers and 5 

purebred Brahman bulls (average age = 267 ± 11.5 days; average body weight = 194 ± 

11 kg and 247 ± 19 kg for heifers and bulls, respectively) from the Texas AgriLife 

Research Center herd in Overton, TX were transported to the cattle facility in New 

Deal, TX. The study was originally designed for 6 bulls, but one bull died prior to the 

start of the study. Previous research has shown that temperament may be a source of 

variation to consider when designing experiments or assigning animals to treatment 

groups (Burdick et al., 2010; Curley et al., 2008); therefore, heifers and bulls of 

intermediate (moderate) temperament classification (compared with their herd mates; 

n = 110) were selected for this study using methods as previously described (Burdick 

et al., 2010; Curley et al., 2008).  Based upon historical data, the heifers within this 

herd typically become sexually mature at 593 days, and bulls become sexually mature 

at 395 d of age. Therefore, the cattle in this study were considered to be pre-pubertal. 

Cattle were housed following transportation for the duration of the endotoxin 
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challenge in individual stanchions (2.13 m long x 0.76 m wide). During the 

experiment, the ambient temperature in the morning ranged between 2.0 and 11.4 ºC, 

afternoon temperatures ranged from 11.4 to 18.3 ºC and evening temperatures ranged 

from 7.8 to 11.8 ºC. Cattle were provided water and were fed a diet ad libitum that 

consisted of 30% cottonseed hull pellets, 25% cottonseed hulls, 12.5% dehydrated 

alfalfa pellets, 10% rice bran, 10.5% soybean meal, 7.5% soybean hulls, 2% crimped 

corn, and 2.4% mineral supplement on a dry-matter basis (Cargill Animal Nutrition, 

Minneapolis, MN). The day before the lipopolysaccharide (LPS) challenge, all cattle 

were fitted with indwelling jugular vein catheters as previously described (Carroll et 

al., 2009b). All cattle were challenged intravenously with LPS at a dose of 0.25 µg/kg 

body weight (Escherichia coli O111:B4; Sigma-Aldrich, St. Louis, MO). This LPS 

dose was used because previous experiments with greater doses of LPS have caused 

mortality among Brahman cattle. Blood samples (7 mL) for serum were collected at 

30-min intervals and whole blood samples (3 mL; for leukocyte counts) were collected 

at 1-h intervals from -2 to 8 h, and at 12 h and 24 h relative to the endotoxin challenge 

(0 h). Catheter patency and cattle fluid volume were maintained by flushing 10 mL of 

saline, followed by 5 mL of heparinized saline (20 IU/mL) into the catheters following 

each sample collection. 

Sickness behavior scoring and physiological measures 

One trained observer assessed and recorded each animal‟s sickness behavior 

score by visual observation immediately before to each blood collection. Sickness 

scores (for definitions, see Table 3.1) were based on a 1 to 5 scale, with 1 indicating 

the animal displayed the least amount of sickness behavior, and 5 indicating the 

animal displayed the greatest amount of sickness behavior. Cattle were fitted with 

rectal probe devices and heart rate monitors at the time of jugular vein catheter 

placement. Rectal probes consisted of an automated indwelling temperature logger 

(Tidbit ®v2 Temp Logger UTB-001; Onset Corp., Pocasset, MA) that collected and 

stored rectal temperature (RT) at 1-min intervals. Rectal probes became displaced 
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from 2 of the calves during the experiment, therefore the data set reported for rectal 

temperature only included 5 heifers and 4 bulls. Polar RS400 monitors (Polar Electro, 

Öy, Finland) were used to measure heart rate (1,000 Hz, 5-sec intervals) and store data 

from a transmitter with 2 probes that were placed near the sternum and the right 

scapula. Some heart rate monitor probes malfunctioned during the experiment; 

therefore, heart rate data reported included 3 heifers and 3 bulls.  

Blood collection and analysis 

Whole blood was allowed to clot for 30 min and serum was collected after 

centrifugation at 1,250 x g for 20 min at 4°C.  Serum was stored at -80ºC until 

analyzed for cortisol and cytokine concentrations. All serum samples were analyzed in 

duplicate. Circulating concentrations of cortisol were determined using a 

commercially available competitive-binding Chemiluminescence-ELISA kit 

(Searchlight- Aushon BioSystems, Inc. Billerica, MA). Cytokines for bovine 

interleukin-6 (IL-6), tumor necrosis factor- α (TNF-α), and interferon-γ (IFN-γ) were 

measured using a multi-plex sandwich-based Chemiluminescence-ELISA kit 

(Searchlight-Aushon BioSystems, Inc. Billerica, MA) as previously described (Carroll 

et al., 2009a; Carroll et al., 2009b). The intra assay CV was less than 11 % and inter 

assay variations were 15% for the cytokine assays. Within 30-min after collection, 

heparinized whole blood samples were analyzed for total leukocyte counts and 

differentiation analyses of neutrophils, lymphocytes, and other cells (monocytes, 

eosinophils, basophils) using a Cell Dyn 3600 with an automated 50-sample loader 

and vet-package software (Abbot Laboratories, Abbot, IL, USA). Additionally, the 

neutrophil:lymphocyte ratio was calculated from the leukocyte differential counts. 

Statistical analysis 

All repeated continuous data were analyzed by restricted maximum likelihood 

ANOVA using the MIXED procedure of SAS (v.9.1.3, SAS Inst. Inc., Cary, NC, 

USA). A linear, mixed model with the fixed effects of sex (heifer or bull), sampling 

time, and the interaction of sex x time was fitted. The ante-regression covariance 
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structure for the within-subject measurement was used. Repeated data were tested for 

normality of the residuals by evaluating the Shapiro-Wilk statistic using the 

UNIVARIATE procedure of SAS (v.9.1.3, SAS Inst. Inc., Cary, NC, USA). Data that 

were not normally distributed were either log or root transformed before mixed-model 

analysis. Pair-wise differences were performed at each time using a sliced-effect 

multiple comparison approach with a Tukey-Kramer adjustment. Rectal temperature 

was measured at 1-min intervals and heart rate at 5-sec intervals, but data were 

averaged over 10-min intervals before analyses to define the febrile and physiological 

response. The response interval from -2 to 10 h was analyzed for rectal temperature 

and heart rate. Least squares means (±SEM) are reported throughout. A treatment 

difference of P ≤ 0.05 was considered significant.  Sickness score data were analyzed 

in the GENMOD procedure of SAS for poisson distributed data.  

Results and Discussion 

All clinical, physiological, endocrine, and immune measures evaluated in the 

current study and described below changed over the sampling period (P < 0.001) 

following the endotoxin challenge. Cattle sickness behavior was observed within 0.5 h 

after endotoxin challenge and cattle began to show less signs of sickness by 6 h, 

performing normal maintenance behaviors such as feeding and drinking, by the 24 h 

observation (Figure 3.1). Serum concentrations of TNF-α increased dramatically by 1 

h, and returned to baseline by 3 h in all cattle (Figure 3.5 A). For serum concentrations 

of IL-6, a biphasic response occurred, with the initial peak 2 to 2.5 h after the 

challenge and a second peak at 3.5 h. Interferon-γ reached maximum concentrations 

3.5 to 5 h following endotoxin challenge, then began to decrease by 7 h (Figure 3.5B). 

A febrile response occurred, with maximum rectal temperatures from 4.5 to 5 h, but 

fever was decreased for all cattle by 8 h (Figure 3.2). These findings are similar to 

previous research in cattle (Carroll et al., 2009a; Carroll et al., 2009b) indicating that 

all cattle in this study exhibited an acute-phase response to the endotoxin challenge 

during the sampling period.  
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Heifers had lower sickness scores than bulls (P < 0.01; Table 1), especially 

between 6.5 to 12 h after the endotoxin challenge (Figure 3.1). Although sickness 

behavior scores suggest heifers recovered faster than bulls, heifers had a greater and 

more sustained febrile response (Figure 3.2) than bulls. In addition to higher sickness 

scores and febrile response, heart rate was consistently greater in heifers after the 

challenge, whereas a lower heart rate was observed in bulls at 4 to 6 h and 8 to 9 h 

after endotoxin challenge (P < 0.05; Figure 3.3).  

Heifers displayed a monophasic cortisol response to the endotoxin challenge. 

Specifically, cortisol concentrations peaked at 2.5 h and decreased gradually back to 

concentrations that were not different from baseline by 6.5 h (Figure 3.4; P < 0.01). In 

contrast, bulls displayed a biphasic cortisol response, with peak cortisol concentrations 

occurring from 1 to 1.5 h and again from 3 to 6 h after the endotoxin challenge (Figure 

3.4; P < 0.01). Bulls had greater serum cortisol (P < 0.01) concentrations from 4.5 to 6 

h and at 12 h after endotoxin challenge than heifers (Figure 3.4). Research findings 

have indicated that high baseline and greater cortisol responses may be an indication 

of down-regulation of glucocorticoid receptors in the hypothalamus (Burton et al., 

2005; Elenkov et al., 1999; Webster and Sternberg, 2004). Juvenile female mice had 

hyper-corticosterone responses after endotoxin exposure compared with juvenile male 

mice (Spinedi et al., 1997). Juvenile female Lewis rats with hypo-hypothalamic-

pituitary-adrenal (HPA) axis responses had defective estrogen receptors in the 

hypothalamic paraventricular nucleus, which inhibited hypothalamic function after 

endotoxin exposure (Tonelli et al., 2002). In contrast to our findings, newly weaned 

Angus heifers tended to have greater cortisol concentrations than bulls following an 

endotoxin challenge, but no sexually dimorphic responses of pro-inflammatory 

cytokines to endotoxin were observed (Carroll et al., 2009a). Likewise, the cortisol 

response to transportation and stress was greater among newly weaned heifers than 

bulls (Arthington et al., 2003a). Cattle in the current study were not newly weaned and 

were purebred Bos indicus; therefore it is possible that the physiological state, breed 
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type and pre-stimulation of the HPA axis may have influenced the sexually dimorphic 

cortisol response to the endotoxin challenge observed in the present study.   

The sexually dimorphic cortisol responses observed among the cattle in the 

current study coincided with some sexually dimorphic responses of pro-inflammatory 

cytokines.  The pro-inflammatory and pyrogenic cytokine, TNF-α, increased from 1 to 

2.5 h after endotoxin challenge for all cattle,  but heifers had a greater TNF-α response 

than bulls (P < 0.01 at 1.5 and 2 h; Figure 3.5 A).  A more robust TNF-α response 

following exposure to endotoxin may be more beneficial for pathogen clearance (Kahl 

and Elsasser, 2006; Rettew et al., 2008; Rettew et al., 2009); however, bulls reached 

maximum TNF-α concentrations sooner (P < 0.05) than heifers (1.10 ± 0.21 and 1.75 

± 0.20 h, respectively). Heifers in estrus (before ovulation) have been reported to 

display a greater TNF-α response to an endotoxin challenge than steers or than heifers 

in early to mid diestrus, which may be important for preventing infection of uterine 

cells during mating (Kahl et al., 2009). The current research indicates that before 

maturation heifers may display a sexually-dimorphic TNF-α response.  

A biphasic response in the pro-inflammatory cytokine, IL-6, was observed for 

both bulls and heifers, and sex classification did not influence IL-6 concentrations at 

any time following endotoxin challenge (Figure 3.5 B; P > 0.10). Nonetheless, heifers 

reached maximum IL-6 concentrations sooner (P < 0.05) than bulls (5.08 ± 0.43 and 

6.70 ± 0.47 h for heifers and bulls, respectively).  

Although IFN-γ concentrations in serum increased after the endotoxin 

challenge in both sexes, serum concentrations of IFN-γ in bulls peaked 30 min earlier 

than in heifers (P < 0.01 at 2.5 h; Figure 3.5 C). The main source of IFN-γ is from 

lymphocytes, and before the challenge bulls had greater leukocyte counts than heifers 

(P < 0.01; Figure 3.6), which may explain the more rapid IFN-γ response.  

Leukopenia was observed after endotoxin challenge (Figure 3.6 A), and 

although bulls had more leukocytes during baseline periods there were no differences 

among sex classifications in acute leukopenia following endotoxin challenge; 
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however, heifers displayed a greater neutrophil:lymphocyte ratio at the 8 h than bulls 

(P ≤ 0.05;  Figure 3.6 B). In vivo neutrophil migration has been shown to differ among 

male and female rats after endotoxin was injected into a pocket of the skin (Barker et 

al., 2005). During peripheral exposure to endotoxin or pathogens, neutrophils will 

respond to cytokine and complement signals causing neutrophils to adhere to 

epithelium, followed by interactions with platelet activating factor to capture 

endotoxin or bacteria (Diez-Fraile et al., 2003; Sorrells and Sapolsky, 2007a). More 

neutrophils are then rapidly recruited from the bone marrow.  Therefore, following a 

challenge, great fluctuations of neutrophil numbers and neutrophil:lymphocytes ratios 

are often observed, which might also be influenced by changes in cortisol (Elenkov et 

al., 1999). 

An adequate immune response to bacteria may need to be acutely aggressive to 

contain and destroy bacteria in early stages of disease. A less robust cytokine response 

could allow for growth and spread of bacteria, and invasion into vital organs. 

Researchers speculate that a more robust immune system for a heifer or cow is 

beneficial during many phases of her life. For example, cows and heifers might require 

a strong cytokine milieu to prevent pathogen uterine infections after mating and 

parturition (Kahl et al., 2009). These data suggest that heifers may have an inherently 

more sensitive immune response than bulls, which could potentially result in enhanced 

resilience to pathogens compared with bulls. 

Conclusions 

In this experiment, heifers displayed lower sickness behavior scores and had 

lower circulating cortisol concentrations, while exhibiting a greater febrile response, 

an enhanced TNF-α response, and neutrophilia compared with bulls. These data 

indicate that sexually dimorphic immunity is evident in cattle, and might influence 

their susceptibility to pathogens and their pathophysiological response to disease. The 

sexually dimorphic influence of cortisol could indicate that there are inherent sexual 

differences in HPA axis function, which thereby could regulate the immune system. 
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Therefore, during stressful events (i.e., weaning, transportation, feedlot entry), 

different managerial practices for heifers and bulls may need to be considered.  
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Table 3.1. Sickness score definitions of visual signs of sickness of cattle after an 

i.v. endotoxin challenge. 

Score Description 

1 
Normal, alert, ears erect; head level or high, eyes open, standing, 

locomotor activity, responsive, performing maintenance behaviors 

2 
Calm but less alert, less activity, less responsive, standing or lying 

ventral, semi-lateral. 

3 
Lying, calm, head distended or tucked, less alert, signs of some mild 

respiratory problems (coughing, wheezing) 

4 
Clinical signs of sickness, respiratory problems, not responsive, head 

distended, lethargic. 

5 
All/most respiratory problems, mucus/foam. Head distended, not 

responsive- medical intervention required. 
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Table 3.2. Measurements of all time periods for Brahman heifer and bulls after 

an i.v. endotoxin challenge. Mean (±SE) measurements of the overall (all time 

periods) sex classification influence for heifers and bulls. Included are P-values for 

sex-classification and time period. Abbreviations: N:L: neutrophil to lymphocyte ratio 

 

 

 

 

 

  

 

        P-values 

Variable  Unit  Heifers  Bulls  Sex Time 

Sex x 

Time 

Sickness Score  1-5 scale  1.6± 0.05  1.9± 0.06  <0.01 <0.01 0.50 

Rectal Temperature ºC  39.3 ± 0.02  38.9 ± 0.02  <0.01 <0.01 0.89 

Heart rate bpm  119.7 ± 0.9  110.97±1.0  <0.01 <0.01 0.46 

Cortisol  ng/mL  55.3 ± 5.9  89.0 ± 6.4  0.02 <0.01 <0.01 

IL-6  pg/mL  981.1 ± 71.6  888.9 ± 77.2  0.38 <0.01 0.99 

IFN-γ  pg/mL  33.68 ± 3.4  38.99 ± 3.7  0.04 <0.01 0.56 

TNF-α  pg/mL  1142.2 ± 155.7  756.7 ± 175.5  0.10 <0.01 0.03 

Total leukocytes  no. x 10
6
/mL  3.82 ± 0.14  4.62 ± 0.15  <0.01 <0.01 0.14 

N:L  Ratio  0.67 ± 0.04  0.54 ± 0.04  0.02 <0.01 0.99 
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Figure 3.1. Sickness scores of Brahman heifers and bulls after an i.v. 

endotoxin challenge. Mean (±SE) sickness scores of 11 Brahman cattle (6 heifers 

=solid-circle, 5 bulls=open-circle) for each time period following an i.v. bolus-dose 

challenge with lipopolysaccharide (LPS; 0.25 μg/kg body weight). All cattle sickness 

scores changed with time following administration of LPS (P<0.001). *P<0.01 

**P<0.05. 
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Figure 3.2. Rectal temperature of Brahman heifers and bulls after an 

i.v. endotoxin challenge.  Mean (±SE) rectal temperature of 9 Brahman cattle (5 

heifers=solid-circle, 4 bulls=open-circle) following an i.v. bolus-dose challenge with 

lipopolysaccharide  (LPS; 0.25 μg/kg body weight) 
#
P < 0.10 *P < 0.01 **P < 0.05.   
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Figure 3.3. Heart rate of Brahman heifers and bulls after an i.v. 

endotoxin challenge. Mean (±SE) heart rate (beats per minute, bpm) of 6 Brahman 

cattle (3 heifers=solid-circle, 3 bulls=open triangle) following an i.v. bolus-dose 

challenge with lipopolysaccharide  (LPS; 0.25 μg/kg body weight) *P < 0.01 **P < 

0.05. 
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Figure 3.4. Circulating cortisol concentrations of Brahman heifers and 

bulls after an i.v. endotoxin challenge. Mean (±SE) cortisol concentrations of 

11 Brahman cattle (6 heifers=solid-circle, 4 bulls=open-circle) following an i.v. bolus-

dose challenge with lipopolysaccharide  (LPS; 0.25 μg/kg body weight) *P < 0.01 **P 

< 0.05. 
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Figure 3.5. Circulating cytokines of Brahman heifers and bulls after 

an i.v. endotoxin challenge. Mean (±SE) a) tumor necrosis factor-alpha 

(TNF-α), b) interleukin-6 (IL-6) and c) interferon-gamma (IFN-γ) concentrations 

of 11 Brahman cattle (6 heifers=solid-circle, 5 bulls=open-circle) following an i.v. 

bolus-dose challenge with lipopolysaccharide  (LPS; 0.25 μg/kg body weight) **P 

< 0.01. 
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Figure 3.6. Leukocyte counts and neutrophil:lymphocyte ratios of 

Brahman heifers and bulls after an i.v. endotoxin challenge. Mean total 

leukocyte and neutrophil:lymphocyte ratios of 11 Brahman cattle (6 heifers=solid-

circle, 5 bulls=open circle) for each time period * P < 0.01; **P < 0.05.  
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CHAPTER IV 

SEXUALLY DIMORPHIC INNATE IMMUNOLOGICAL RESPONSES 

AMONG BRAHMAN CATTLE FOLLOWING AN INTRAVENOUS BOLUS 

INJECTION OF CORTICOTROPIN-RELEASING HORMONE (CRH) 

Abstract 

The objective of this study was to characterize potential sexual dimorphic 

physiological, endocrinological and immunological responses following corticotropin-

releasing hormone (CRH) administration in Brahman cattle. Six female (heifers) and 6 

male (bulls) (average age = 264 ± 12 days; average body weight = 210.3 ± 13.4 kg) 

were used to define cortisol, rectal temperature, heart rate, pro-inflammatory cytokines 

TNF-α.- IL-6 and IFN-γ and peripheral leukocyte counts and differentials following an 

intravenous (i.v.) bolus injection of 0.5 μg/kg of CRH/kg of  body weight. Blood 

samples were collected via indwelling jugular catheters at 30-min intervals -2 to 8 h, 

and at 12 and 24 h relative to the CRH challenge (0 h). Following CRH 

administration, cortisol increased from 1.5 to 3 h in all cattle. Bull cortisol 

concentrations were greater at 2 h than heifers (P < 0.05). Heart rate did not change 

significantly among cattle following CRH administration; however, the bulls tended to 

have elevated heart rate 2 h after CRH administration (P = 0.08) and heifer heart rate 

was greater (P < 0.01) than bulls overall. Likewise, heifers had greater rectal 

temperatures than bulls (P < 0.01), but significant changes in rectal temperatures were 

not observed immediately after CRH. Increases in serum concentration of TNF-α, IL-6 

and IFN-γ were observed at 2.5 to 3 h following CRH administration, with heifers 

exhibiting greater concentrations of IFN-γ and IL-6 than bulls (P < 0.01). Heifer total 

leukocyte counts decreased 1 h after CRH administration, while bull leukocyte counts 

and neutrophil percentage decreased at 2 h (P < 0.05). These data demonstrate a 

sexual dimorphic innate immune and adrenal response in cattle in which CRH exerts 

more of a pro-inflammatory response in heifers than in bulls. 
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Introduction 

Cattle morbidity and decreased performance are often associated with stressful 

events, such as weaning, transportation, and commingling (Carroll and Forsberg, 

2007; Galyean et al., 1999; Gupta et al., 2007). Not all stressors cattle encounter, 

however, may negatively affect innate immunity. The interaction between the 

hypothalamic-pituitary-adrenal (HPA) axis and the innate immune system interaction 

is complex; the type of stressor and how an animal perceives and responds to the 

stressor determines the subsequent influence on immune competence (Sapolsky et al., 

2000; Wiegers and Reul, 1998). 

The neuroendocrine system plays an important role in responding to stressors 

and maintaining homeostasis, especially by mediating the response of the immune 

system (Sapolsky et al., 2000). When stress is perceived, corticotropin-releasing 

hormone (CRH) is released from the hypothalamus, causing the release of 

adrenocorticotropic hormone (ACTH), which signals the release of glucocorticoids 

from the adrenals. Glucocorticoids contribute to the homeostasis of the HPA axis and 

stress response by providing a negative feedback to the hypothalamus and pituitary 

(Bale et al., 2003; Carlin et al., 2006). Therefore, glucocorticoid sensitivity is very 

important in maintaining homeostasis (Sapolsky et al., 2000). Glucocorticoids can 

greatly influence and modulate many aspects of the immune system; thus an 

organism‟s sensitivity to glucocorticoids is also very important in the regulation of the 

immune response (Elenkov and Chrousos, 2002). 

There is some evidence that the HPA response differs between female and 

male cattle (Kahl et al., 2008; Kahl and Elsasser, 2004a). Angus cattle (7 to 12 mo of 

age) had lower cortisol concentrations than heifers of the same age, breed and 

management (Henricks et al., 1984). In addition, Arthington et al. (Arthington et al., 

2003a) reported that Angus heifers consistently had greater cortisol concentrations 

than bulls before, during and after periods of transportation and commingling. In a 

companion stud (Chapter III), Brahman heifers had a greater cytokine but a lesser 
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cortisol response to an endotoxin challenge than bulls. In rodents, females have greater 

basal glucocorticoid concentrations, lower pituitary glucocorticoid receptors (Spinedi, 

1992), and prolonged elevated glucocorticoids following ACTH challenge compared 

to male rats (Gaillard and Spinedi, 1998; Spinedi et al., 1994). In humans, males are 

more sensitive to glucocorticoids and are less susceptible to autoimmune disease than 

women (Prather et al., 2009; Rohleder et al., 2001). Ecologists theorize that female 

stress responses may be hard-wired long before puberty, and sex differences in 

immunity might have evolved because of physiological and behavioral differences 

among male and females (Zuk and McKean, 1996). These factors may influence how 

the HPA axis reacts to stressors, causing a sexual dimorphism of the HPA axis, and 

consequently, immune regulation. The sexual dimorphic cortisol response in cattle 

could influence immune responses; therefore the objective of this study was to 

determine the effects of a CRH challenge on purebred Brahman heifer and bull 

physiology, proinflammatory cytokines, and peripheral leukocyte differentiation. 

Materials and Methods 

Animals and housing 

The experiment was conducted in December 2008. Animal procedures were 

reviewed and approved by the Texas Tech University and USDA-ARS-LIRU Animal 

Care and Use Committees.  Six pure-bred Brahman (Bos indicus) heifers and six bulls 

(average age = 264 ±12 days; average body weight = 210.3 ±13.4 kg) from the Texas 

AgriLife Research Center‟s herd in Overton, TX were transported to the cattle facility 

in New Deal, TX. Previous research has shown that temperament influences and adds 

variability to adrenal and immune measures (Burdick et al., 2010; Curley et al., 2008), 

therefore, heifers and bulls of intermediate (moderate) temperament classification 

(compared with their herd mates; n = 110). Historically, heifers within this herd 

typically become sexually mature at approximately 593 d, and bulls become sexually 

mature at approximately 395 d of age; therefore, the cattle in this study were 

considered pre-pubertal. Cattle were housed in individual stanchions (2.13 m long x 



 Texas Tech University, Lindsey Eve Hulbert, December 2010 

37 

0.76 m wide) two days before to one days after the experiment. During the 

experiment, the temperature in the morning ranged between 2.03 and 11.38 ºC, 

afternoon temperatures ranged from 11.38 to 18.28 ºC and evening temperatures 

ranged from 7.83 to 11.77 ºC. Cattle were provided water  ad libitum and were fed an 

ad libitum diet that consisted of 30% cotton seed hull pellets, 25% cotton seed hulls, 

12.5% dehydrated alfalfa, 10% rice bran, 10.5% soybean meal, 7.5% soybean hulls, 

2% crimped-corn, and 2.4% mineral supplement (Cargill animal nutrition, 

Minneapolis, MN). The day before the CRH challenge, all cattle were fitted with 

indwelling jugular vein catheters as previously described (Carroll et al., 2009b). All 

cattle were challenged intravenously with bovine CRH at a dose of 0.5 ug/kg body 

weight (Bachem Chemicals, Torrance). Blood samples (7 mL) for serum were 

collected at 30-min intervals and whole blood samples (3 mL) for blood leukocyte 

counts and differentials were collected at 1-h intervals from -2 to 8 h, and at 12 and 24 

h relative to the CRH challenge (time 0). Catheter patency and cattle fluid volume 

were maintained by flushing 10 mL of saline, followed by 5 mL of heperinized saline 

(20 IU/mL) into the catheters following each sample collection. 

Rectal temperature and heart rate 

Rectal probes consisted of an automated indwelling temperature logger (Tidbit 

®v2 Temp Logger UTB-001; Onset Corp., Pocasset, MA) that collected and stored 

rectal temperature in 1-min intervals.(Reuter et al., 2010). The Polar RS400 monitor 

(Polar Electro Öy, Finland) was used to collect heart rate (1000 Hz, 5-sec intervals) 

and store data from a transmitter with two probes that were placed close to the sternum 

and the right scapula. Some heart rate monitor probes malfunctioned during the 

experiment; therefore the heart rate data reported are from 4 heifers and 5 bulls.  

Blood collection and analysis 

Serum was collected and stored at -80ºC until analyzed for cortisol and 

cytokine concentrations. Serum samples were measured in duplicate. Cortisol 

concentration was determined using a commercially available competitive-binding 
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chemiluminescence-ELISA kit (Searchlight-Aushon BioSystems, Inc. Billerica,MA, 

USA). Cytokines for IL-6, TNF-α, and interferon-gamma IFN-γ were measured using 

the multi-plex sandwich-based Chemiluminescence-ELISA kit (Searchlight- Aushon 

BioSystems, Inc. Billerica,MA, USA) as previously described.(Carroll et al., 2009a; 

Carroll et al., 2009b). The intra-assay CV were less than 10% and inter-assay CVwas 

less than 15% for the multiplex cytokine assay. Within 30-min after collection, whole 

blood was analyzed for total leukocyte counts and differentiation analyses into 

neutrophils, lymphocytes, and others (monocytes, eosiniophils, basophils) using a Cell 

Dyn 3600 with automated 50-sample loader and vet-package software (Abbot 

Laboratories, Abbot, IL, USA). The a neutrophil:lymphocyte ratio was calculated for 

each sample using the Cell Dyn differential analysis. 

Statistical Analysis 

All repeated continuous data were analyzed by restricted maximum likelihood 

ANOVA using the MIXED procedure of SAS (v.9.1.3, SAS Inst. Inc., Cary, NC, 

USA). A linear, mixed model with the fixed effects of sex (heifer or bull), sampling 

time, and the interaction of sex x time was fitted. The ante-regression covariance 

structure for the within-subject measurement was used. Repeated data were tested for 

normality of the residuals by evaluating the Shapiro-Wilk statistic using the Univariate 

procedure of SAS (v.9.1.3, SAS Inst. Inc., Cary, NC, USA). Data that were not 

normally distributed were either log or root transformed before mixed model analysis. 

Pair-wise differences were performed at each time using a sliced-effect multiple 

comparison approach with a Tukey-Kramer adjustment. Rectal temperature was 

measured in 1-min intervals and heart rate in 5-sec intervals, but data were averaged 

over 10-min intervals to define the febrile and physiological responses. The acute 

response interval from -2 to 10 h was analyzed for rectal temperature and heart rate. 

Least squares means (±SEM) are reported throughout. A treatment difference of P ≤ 

0.05 was considered significant, and 0.05 < P ≤ 0.10 was considered to be a tendency.  
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Results and Discussion 

The results of this study indicate that Brahman heifer and bull pro-

inflammatory cytokines and peripheral leukocyte populations are altered following an 

i.v. bolus dose of CRH.  The CRH likely acted both peripheral and centrally. For 

example, central effects included increased cortisol concentrations from 0.5 to 2.5 h 

following CRH challenge (Figure 4.1). A similar increase in circulating cortisol 

following CRH has been previously reported in other studies using exogenous CRH 

challenges in cattle (Carroll et al., 2007; Curley, Jr. et al., 2008; Gupta et al., 2004). 

Cortisol concentrations were lower in heifers than bulls (Table 1), especially at 2 h 

following the CRH challenge. High baseline and greater cortisol responses to stressors 

could be an indication of down regulation of glucocorticoid-receptors and other 

receptors that regulate cellular immunity located in the hypothalamus (Burton et al., 

2005; Elenkov et al., 1999; Webster and Sternberg, 2004). In contrast to our findings, 

newly weaned Angus heifers tended to have greater circulating cortisol concentrations 

than bulls following an endotoxin challenge, but no sexually dimorphic responses to 

proinflammatory cytokines were observed (Carroll et al., 2009a). Likewise, cortisol 

was greater in newly weaned Angus heifers than bulls after transportation and 

commingling (Arthington et al., 2003a). Cattle in the current study were purebred 

Brahman and were not newly weaned; therefore, it is possible that the breed, 

physiological state, and pre-stimulation of the HPA axis influence the sexually 

dimorphic adrenal cortical response to CRH. Heifers from the same breed, age group 

and herd also had less cortisol than bulls treated with endotoxin (Chapter III). These 

cattle were also transported two days before the CRH treatment. It is possible that 

habituation of continued stressors could decrease pituitary and adrenal output over 

time (Curley et al., 2008; Knights and Smith, 2007; Lay, Jr. et al., 1996). Holstein 

steers transported for 10 h had less ACTH secretion after a 0.5 µg/kg CRH challenge 

than steers that were not transported, which indicated that the anterior pituitary gland 

was less sensitive to the CRH challenge after stress (Knights and Smith, 2007). 

Brahman bulls in this study may have reacted differently to the transportation and 
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handling than heifers prior to the challenge, which may explain the difference in 

adrenal cortical secretion after the CRH challenge. More research is needed to 

determine whether transportation or other stressors before CRH challenges influence 

sexually dimorphic cortisol responses in cattle.  

 Following the observed increase in circulating cortisol concentrations from 0.5 

to 2.5 h, increases in pro-inflammatory cytokines were observed from 3 to 3.5 h 

following CRH challenge (Figure 4.2). Heifers had greater (P < 0.01) IL-6 and IFN-γ 

concentrations from 3 to 3.5 h, and greater TNF- at 3.5 h, than bulls. Twenty-four 

hours after the CRH challenge, bulls had elevated IL-6 concentrations compared with 

heifers (Figure 4.2A; P < 0.01). This increase in proinflammatory cytokines may be as 

a result of both peripheral direct effects and indirect central effects of the CRH 

challenge. The indirect effects of CRH may have been influenced by glucocorticoid 

secretion. Heifers had less cortisol secretion but more cytokine secretion than bulls, 

suggesting that bull cytokine release following CRH challenge was suppressed by the 

indirect effects of circulating cortisol. It is well documented that glucocorticoids 

suppress many cytokines, including IL-6, TNF-α and IFN-γ (Almawi et al., 1996; 

Munck and Naray-Fejes-Toth, 1994; Wiegers and Reul, 1998).  Similarly to current 

findings, mouse model and ex vivo research have also shown that glucocorticoids can 

enhance the immune system by causing up-regulation of cytokine receptors and also 

by acting synergistically with cytokines such as IL-6 to induce acute phase protein 

production by hepatic cells (Wiegers et al., 1995; Wiegers and Reul, 1998). Therefore, 

sexually differential secretion of cortisol may have influenced the differential release 

of cytokines, and we speculate that the proinflammatory cytokine regulation by 

cortisol was more prevalent in bulls.  In humans exposed to a psychosocial stressor, 

women had lesser of a cortisol response than men. Moreover, in humans, 

dexamethasone inhibited endotoxin-induced cytokine secretion to a lesser degree in 

women than men, suggesting that glucocorticoid sensitivity is greater among men 

(Rohleder et al., 2001). Likewise, women‟s IL-6 and TNF- plasma concentrations 
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before and after a psychosocial stressor were greater than cytokine concentrations in 

men (Prather et al., 2009).  

Heifers might not only be less sensitive to glucocorticoids, but more 

responsive to peripheral CRH as well. Peripheral CRH has been shown to increase the 

proinflammatory effects in rodent models of inflammation (Karalis et al., 1997). 

Lymphocytes and monocytes have CRH receptors and CRH can act as an autocrine or 

paracrine proinflammatory cytokine (Karalis et al., 1997). Likewise human mast cells 

have CRH receptors and can secrete CRH, IL-6, the chemokine IL-8, and TNF-α 

(Kempuraj et al., 2004; Theoharides et al., 2004).  The degree of the cytokine response 

observed in the present study after CRH suggests that CRH may have directly 

stimulated leukocytes and to a greater degree in heifers than bulls.  

Corticotropin-releasing hormone, glucocorticocoids, cytokines, and 

chemokines can influence the migration of leukocytes in and out of the periphery. A 

decrease in peripheral leukocytes by 1 h following CRH was observed among heifers 

and by 2 h among bulls (Figure 4.3 A). Heifers also had less total leukocytes (P < 

0.05, Table 1) but a greater neutrophil:lymphocyte ratios (P < 0.05) than bulls. This is 

similar to our findings (Chapter III) in heifers and bulls from the same herd and age 

group challenged with endotoxin. Neutrophils do not express CRH receptors; 

therefore, CRH had indirect effects on bull neutrophil percentages in the 

periphery(Murray et al., 2001). Elevated glucocorticoid from stress can result in 

gradual and chronic down regulation of L-selectin (CD62L), an important adhesion 

molecule expressed on neutrophil surfaces. This down regulation is associated with 

neutrophilia and increased susceptibility to infection (Goulding et al., 1998; Weber et 

al., 2001). Glucocorticoids also stimulate the release of new neutrophils from bone 

marrow stores and these neutrophils are not always matured neutrophils (Terstappen et 

al., 1990; Weber et al., 2001). In the present study, heifers had higher percentages of 

neutrophil:lymphocyte ratios than bulls (Table 1: P < 0.05), but all cattle had a 

decrease in 1 to 5 h after CRH, but N:L ratios were above baseline at 6 to 8 as well as 

24 h after CRH (Figure 4.3 B). 
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Cattle did not display extreme changes in heart rate and rectal temperature, 

despite the fact that a cortisol response was elicited.  There was a trend (P = 0.10) for 

bulls to have increased heart rate at 2 h and a lower (P < 0.05) heart rate than heifers 

from 4.5 to 6 h following the CRH challenge (Figure 4.4). Intracerebral ventricular 

(i.c.v.) administration of CRH increased rat heart rates and cardiac output whereas i.v. 

delivery of CRH decreased blood pressure followed by reflex tachycardia because of 

vasodilation of certain vascular beds (Coste et al., 2002; Knights and Smith, 2007). 

Centrally administered CRH may elicit a stronger sympathetic nervous system 

response than peripheral CRH, which was administered in the current study. Likewise, 

core body temperature can also be influenced by centrally administered CRH (Rowsey 

and Kluger, 1994), but rectal temperatures were not influenced by the peripheral CRH 

challenge in the present study. Among rats, CRH seems to mediate increased core 

body temperature among exercised animals but not sedentary rats (Rowsey and 

Kluger, 1994). The cattle in the present study were placed in stanchions allowing for 

limited movement; therefore, dramatic changes in heart rate and rectal temperature 

from the CRH administration may have been overshadowed by the animal‟s inability 

to respond to the stressor by a full, “flight” reaction.  

Conclusions 

Results from this study demonstrate that sexually dimorphic cortisol, cytokine 

and leukocyte responses to CRH exist among Brahman cattle. Heifers had less 

circulating cortisol but more circulating cytokine and neutrophil percentage, which 

suggests heifers are less sensitive to glucocorticoids than bulls. Likewise, CRH may 

have acted directly on certain leukocytes and mast cells to cause the greater secretion 

of pro-inflammatory cytokines. The sexual dimorphic features of Brahman cattle 

responses to CRH suggest inherent sexual differences in HPA function and regulation 

of the immune system. Therefore, during stressful periods (i.e., weaning, 

transportation, feedlot induction), different managerial practices for heifer and bull 

calves may need to be considered. For example, because bulls may be more sensitive 

to stress, they might be more susceptible to immunosuppression from stress, this 
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requiring more prophylactics or intervention methods than heifers during stressful 

periods. 
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Table  4.1. Overall measurements for Brahman heifer and bulls after an i.v. bolus 

dose of CRH.   Mean (±SE) measurements of the overall (all time periods) sex 

interaction for heifers and bulls.  IL, interleukin; TNF, tumor necrosis factor; IFN, 

interferon; N:L , neutrophil to lymphocyte ratio. 

  

    P-values 

Variable Unit Heifers Bulls Sex Time Sex x Time 

Cortisol ng/mL 28.82 ± 2.77 31.16 ± 2.53 0.17 <0.01 0.58 

Heart rate bpm 97.7 ± 1.91 87.07 ± 1.93 <0.01 0.29 0.71 

Rectal temperature ºC 39.1 ± 0.03 38.9 ± 0.03 0.01 <0.01 0.34 

IL-6 pg/mL 115.8 ± 30.5 56.9 ± 30.5 0.17 <0.01 <0.01 

IFN-γ pg/mL 14.9± 2.21 7.6 ± 2.20 0.02 <0.01 <0.01 

TNF-α pg/mL 20.1± 3.08 17.0 ± 3.09 <0.01 0.02 1.0 

Total leukocytes no. x 10
6
/mL 8.8± 0.31 9.9.6 ± 0.31 0.04 0.48 0.93 

N:L ratio 0.82 ± 0.1 0.53 ± 0.1 <0.01 0.06 0.91 
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Figure 4.1. Circulating cortisol change from baseline of Braman 

heifers and bulls after an i.v. bolus dose of CRH.    Mean (±SE) of. Cortisol 

difference from baseline (6 heifers = solid-circle, 6 bulls = open-circle)  following an 

i.v. bolus-dose challenge with bovine corticotropin-releasing hormone (CRH; 0.5 

μg/kg body weight) at 0 h. *Denotes P < 0.05. 
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Figure 4.2. Circulating cytokines of Braman heifers and bulls 

after CRH. Mean (±SE) of. cortisol, A. IL-6 and B. IFN-γ and C. TNF-α 

serum concentrations of Brahman cattle (6 heifers = solid-circle, 6 bulls = 

open-circle)  following an i.v. bolus-dose challenge with bovine 

corticotropin-releasing hormone (CRH; 0.5 μg/kg body weight) at 0 h. 

*Denotes P < 0.05, 
#
P < 0.10.  
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Figure 4.3. Total leukocytes and neutrophil :lymphocyte ratios of 

Brahman heifers and Bulls after an i.v. bolus dose of CRH.  Mean (±SE) 

A. total leukocytes and B. neutrophil percentage of 12 Brahman cattle (6 

heifers=solid-circle, 6 bulls=open-circles) following an i.v. bolus-dose challenge with 

bovine corticotropin-releasing hormone (CRH; 0.5 μg/kg body weight) at time 0, 

dashed line. *Denotes  P < 0.05. 
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Figure 4.4. Heart rate and rectal temperatures of Brahman heifer and 

bulls after an i.v. bolus dose of CRH . Mean (±SE) A. heart rate (beats per 

minute, bpm) of 9 Brahman cattle (4 heifers=solid-circle, 5 bulls=open-circle) and B. 

rectal temperature of 12 Brahman cattle (6 heifers=solid-circle, 6 bulls=open-circle) 

following an i.v. bolus-dose challenge with bovine corticotropin-releasing hormone  

(CRH; 0.5 μg/kg body weight) at 0 h. *Denotes P < 0.05, **P < 0.01, #P < 0.10. 
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CHAPTER V 

INNATE IMMUNE RESPONSES OF TEMPERAMENTAL OR CALM 

BRAHMAN CATTLE AT 24, 48, AND 96 HOURS AFTER A TRANSPORTATION 

PERIOD 

Abstract 

The objective was to investigate measures of cellular innate immune responses 

in calm and temperamental Brahman bulls in response to handling and transportation. 

Sixteen Brahman bulls (344± 36.6 d of age; 272 ± 45.5 kg BW) classified as either 

calm (n = 8) or temperamental (n = 8) were loaded onto a trailer, transported to a 

novel facility for 4 h, rested 16 h overnight. They were then were transported 4 h and 

were returned to the original facility. Blood samples were collected just before (time 

0) and at 24, 48, and 96 h after initial loading for analysis of innate immune and blood 

measurements. Leukocyte counts did not differ (P > 0.05) among cattle before or after 

transportation but neutrophil:mononuclear cell ratios were greater in temperamental 

bulls compared to calm bulls at 24 h. At 24 h, expression of neutrophil β2-integrin and 

lymphocyte L-selectin were decreased among all bulls compared with 0 h (P < 0.01). 

At 48 h, calm bulls had elevated neutrophil β2-integrin expression, and phagocytic and 

oxidative burst activity compared with temperamental bulls (P < 0.05). At 48 h, the 

supernatant fraction collected from whole blood stimulated with lipopolysaccharide 

(LPS) had greater tumor necrosis factor-α (TNF-α) concentrations than the other time 

points (P < 0.05), but no temperament effect was observed (P > 0.05). At 96 h 

however, supernatant TNF-α concentrations were lower in all cattle (P < 0.05) than at 

0 h. In addition, transportation increased neutrophil phagocytosis, oxidative burst, and 

cell adhesion molecule expression 96 h after-transportation, and the effect was more 

pronounced in calm bulls. These data suggest that neutrophils from calm bulls are 

more likely to resist microbial invasion at 96 h after transportation than neutrophils 

from temperamental bulls. 
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Introduction 

Transportation stress contributes to the incidence of bovine respiratory disease 

complex (BRDC) or “shipping fever” in cattle (Duff and Galyean, 2007; Galyean et 

al., 1999; Loerch and Fluharty, 1999). Identifying cattle that may be more susceptible 

to stressors and subsequently have altered innate immune responses when they arrive 

at the feedlot might decrease the effect of sickness after transport. Not all cattle that 

are infected are treated for BRDC. For example, pulmonary histopathology from 

feedlot cattle revealed that although only 35% of cattle were treated for BRDC, at 

slaughter 72% had pulmonary lesions indicative of BRDC (Gardner et al., 1999); 

therefore, not all cattle displayed signs of morbidity although they were infected.  

Bull calves that were classified as temperamental did not show signs of 

sickness to the same degree as calm cattle after a lipopolysaccharide (LPS) challenge, 

even though they displayed similar pro-inflammatory cytokine, interleukin-6, tumor-

necrosis-factor-α (TNF-α) and interferon-γ responses to calm or intermediate bulls 

(Burdick et al., 2010b; Hulbert et al., 2009). Temperamental cattle are more 

responsive to stressors and have an altered catecholamine and cortisol response to 

stress compared with calm cattle (Burdick et al., 2010a; Curley et al., 2008).  This 

differential stress response among temperamental cattle vs. calm cattle might influence 

innate immune responses required for prevention of BRDC after transportation and 

entry into the feedlot. Therefore, the objectives of this study were to examine cellular 

immune responses of calm and temperamental cattle 24, 48, and 96 h after exposure to 

handling, transportation, and exposure to a novel environment. 

  Materials and Methods 

Animals and housing 

The experiment was conducted in March 2010. All procedures involving the 

use of live animals were reviewed and approved by the Texas Tech University Animal 

Care and Use Committee. Sixteen pure-bred Brahman bulls (average age = 344 ± 36.6 

days; average body weight = 272 ± 45.5 kg) from the Texas AgriLife Research 

Center‟s herd in Overton, TX were transported to the Texas Tech University Burnett 
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cattle facility in New Deal, TX  25 days before the experiment. Bulls were provided 

access to water and were fed ad libitum a diet that consisted (% DM-basis) of 42% 

cracked corn grain, 25% alfalfa hay, 15% cottonseed hulls, 9% cottonseed meal, 4% 

cane molasses, 2% tallow, and 3% mineral and vitamin premix that met or exceeded 

NRC recommendations. 

Brahman bulls were selected at 28 d before to weaning from a pool of 59 bulls 

and classified as either calm or temperamental using scoring methods as described 

previously (Burdick et al., 2010a; Curley, Jr. et al., 2006). Briefly, the temperament 

score consisted of an average of exit velocity and approach score. The exit velocity 

was obtained by using two infrared sensors (FarmTek Inc., North Wylie, TX) to 

measure the time it took a calf to traverse a distance of 1.83 m after exiting a working 

chute, and velocity was calculated by dividing that distance (m) by the time (s). An 

approach score was assigned to each calf based on interactions with a trained observer 

when calves were separated into groups of 3-5 calves per pen. The observer scored 

temperament on a scale of 1, as approachable, docile, or calm to 5, as aggressive and 

flighty (Burdick et al., 2010a; Curley et al., 2008). 

 Previous experience from our laboratory indicated that flow-cytometry assays 

needed biological control samples to account for daily changes in fluorescence 

measurement settings; therefore, 8 Holstein heifers (approximately 1 year old) were 

sampled from a commercial dairy  before collection of the Brahman bull samples and 

were used as biological controls. The heifers were locked in self-locking stanchions, 

haltered for less than 1 min while peripheral blood was collected from the jugular 

vein. 

Transportation 

The “transportation period” (Figure 5.1) was defined as the duration from 

when cattle were loaded onto the trailer, transported for 4 h a distance of 298 km, 

unloaded off the trailer at the West Texas A&M feedlot facility in Canyon, TX, rested 

for a 16 h period at this novel facility, loaded back onto the trailer, transported on a 

return trip for 4 h, and unloaded off the trailer at the Texas Tech University Burnett 

Center. Whole blood (9 mL, heparin) was collected via jugular venipuncture just 
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before  (0 h), on return to home facilities (24 h), as well as at 48 h and 96 h after the 

start of the initial transportation. Cattle were moved in groups of 4 to 5 within their 

respective temperament groups through the chute and briefly restrained with a halter 

to collect blood samples and measure body weight. It took 5.3 ± 1.45 min from the 

time research personnel entered the pen to when the last blood sample was collected 

from bulls in each group.  

Blood collection and analysis 

Blood was placed on ice immediately after collection. Within 1 h after 

collection, blood samples were analyzed for hematocrit, total leukocyte counts, and 

differentiation analyses of neutrophils and mononuclear cells using a Cell Dyn 3700 

with automated 50-sample loader and vet-package software (Abbot Laboratories, 

Abbot, IL). In addition, the neutrophil:mononuclear cell ratio was calculated. Plasma 

was collected after centrifugation at 1,250 x g and stored at -80ºC until analyzed for 

cortisol, glucose, urea N, and haptoglobin concentrations. All plasma samples were 

analyzed in duplicate. Circulating concentrations of cortisol were determined using a 

commercially available competitive-binding Chemiluminescence-ELISA kit 

(Searchlight- Aushon BioSystems, Inc. Billerica, MA). The intra-assay variations were 

less than 10% and inter-assay variation was less than 15% for the cortisol assay. 

Serum glucose and urea nitrogen were analyzed by commercially available enzymatic, 

colorimetric kits (Stanbio Laboratory, Boerne, TX) and intra- and inter-assay 

variations were <3.5% and 6.5%, respectively, for both kits.   Plasma haptoglobin 

concentrations were determined by measuring haptoglobin/hemoglobin complex by 

the estimation of differences in peroxidase activity (Makimura and Suzuki, 1982; 

Arthington, 2003). Results were expressed in arbitrary units resulting from the 

absorption reading x 100 at 450 nm. The inter- and intra-assay variations were <2 and 

9.5% for control serum. 

Phagocytosis and oxidative burst capacity of phagocytes 

The simultaneous phagocytic and oxidative burst capacities of peripheral blood 

phagocytes in response to an enteropathogenic Escherichia coli (E. coli) isolated from 
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the spleen of a septicemic calf was analyzed.  The E. coli cells were  grown overnight 

in tryptic soy broth and quantified by serial dilution and spread-plating on tryptic soy 

agar.  The bacteria were heat-killed at 60
o
C for 30 min, washed, and re-suspended at 

10
9
 colony forming units and incubated for 2 h under constant agitation at room 

temperature with an equal volume of 100 µg/mL propidium iodide (Invitrogen, 

Carlsbad, CA). Killed, propidium iodide-labeled bacteria were washed twice and 

resuspended at 10
9
 colony-forming units/mL in 1X PBS. Bacteria were aliquoted into 

1-mL volumes and stored at -80
o
C.   Two-hundred microliters of whole blood from 

each animal was incubated in an ice bath for 15 min. Forty microliters of a 100 µM 

working concentration of dihydrorhodamine (Invitrogen, Carlsbad, CA) and 40 µL of 

the fluorescently-labeled E. coli were added to each sample, vortexed thoroughly, and 

then placed in a 38.5C water bath and incubated for 10 min.  After completion of 

incubation, the samples were placed in an ice bath for 5 min. Erythrocytes were 

hypotonically lysed, washed, and  analyzed by dual-color flow cytometery using a 

Cell Lab Quanta SC flow cytometer (Beckman Coulter, CA).  Using Flow-cytometer 

analysis software (QuantaSC MPL, Beckman Coulter, Fullerton, CA), neutrophils and 

monocytes were gated on the scatter-plot of electric volume X side scatter. Cells 

producing both oxidative burst and phagocytosis (OB+PG+) were then gated using the 

FL-1 by FL-3 scatter-plot. The OB+PG+ percent and geometric mean fluorescence 

intensity for FL-1 and FL-3 were analyzed.  

Determination leukocyte adhesion molecules 

Two hundred microliters of whole blood were incubated at a final dilution of 5 

µg/mL of anti-bovine CD62L (monoclonal antibody IgG1-isotype made in mouse; 

VMRD, Pullman, WA) or 2.5 µg/mL of anti-bovine CD18 (the β2-integrin chain of 

CD11a, b and c heterodimers; monoclonal antibody IgG1-isotype made in mouse; 

VMRD, Pullman, WA) for 1 h in an ice bath. Erythrocytes were hyptonically lysed 

and then washed once with 1X PBS. The leukocyte pellet was re-suspended in 

flourescin-labeled secondary antibody at a 1:400 dilution (F(ab‟)2 antimouse 

IgG:FITC; AbD Serotec Raleigh, NC). Samples were incubated on ice for 1 h. 

Samples were then washed once using 1X PBS and then analyzed by single-color flow 



 Texas Tech University, Lindsey Eve Hulbert, December 2010 

54 

 

cytometry. Using the flow-cytometer analysis software neutrophils, monocytes, and 

lymphocytes were gated on the scatter-plot diagram of electric volume X side scatter. 

The total geometric mean fluorescence intensity (FL-1) for L-selectin or beta-integrin 

was analyzed for the three cell types.  

 Whole blood LPS stimulation 

Whole blood was diluted 1:5 with RPMI 1640 (Invitrogen, Carlsbad, CA) 

containing 1% ANTI-antibiotics (GIBCO Antibiotic-Antimycotic, Invitrogen, 

Carlsbad, CA). Whole blood was stimulated at a final concentration of 1 µg/mL of 

LPS (E. coli O111:B4; Sigma-Aldrich, St. Louis, MO). Samples were incubated for 24 

h in a humidified 5% CO2 chamber. The cell culture plates were centrifuged for 10 

min at 1,200 x g at 4ºC. Supernatant fluid was collected and stored in -40ºC freezer 

until analyzed for TNF-α using a commercially available ELISA (DY2279E; R&D 

Systems Minneapolis, MN). Standards were diluted in RPMI with 10% pooled bovine 

plasma and 1% antibiotics. The sensitivity of this assay was 125 pg/mL.  

Statistical analysis 

Before  statistical analysis, all flow-cytometry data from bulls were divided by 

the daily mean dairy heifer data to account for daily variation because of flow-

cytometry settings. Thus, all flow cytometry data are presented as the percentage of 

daily heifer means. Data were analyzed by restricted maximum likelihood ANOVA 

using the MIXED procedure of SAS (v.9.2, SAS Inst. Inc., Cary, NC, USA). A linear, 

mixed model with the fixed effects of temperament (calm or temperamental), 

sampling time, and the interaction of temperament x time was fitted. The ante-

regression covariance structure for the within-subject measurement was used. 

Repeated data were tested for normality of the residuals by evaluating the Shapiro-

Wilk statistic using the UNIVARIATE procedure of SAS (v.9.1.3, SAS Inst. Inc., 

Cary, NC, USA). Data that were not normally distributed were log-transformed before 

to mixed model analysis. Pair-wise differences were performed at each time using a 

sliced-effect multiple comparison approach with a Tukey-Kramer adjustment. Least 
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squares means (±SEM) are reported throughout. A treatment difference of P ≤ 0.05 

was considered significant, and P ≤ 0.10 was considered a trend.  

Results  

Cattle BW and plasma biochemical measures 

Cattle BW decreased after transportation (-4.1 ± 0.66 kg; P < 0.01), but no 

temperament differences were observed (P > 0.10). Blood hematocrits among cattle 

did not differ (P > 0.10; Table 1) between temperament groups or by sampling time. 

Prior to transportation and at 48 h, circulating cortisol concentrations among 

temperamental bulls were elevated when compared to calm bulls (P < 0.01; Figure 5.2 

A). Likewise, plasma glucose was elevated among temperamental bulls at 0 and 48 h 

(P < 0.05; Figure 5.2 B). Plasma haptoglobin concentrations were greatest before 

transportation (Table 1; P < 0.01), and lowest at 96 h. Likewise, plasma urea nitrogen 

was greater before transportation and decreased in all bulls at 96 h (P < 0.05; Table 1). 

Leukocyte counts, differentials, and adhesion molecule expression 

Increased neutrophil:mononuclear cell ratio was observed at 24 h after 

transportation (P < 0.01; Table 1). In addition, temperamental bulls had greater 

neutrophils at 24 h than calm bulls (P < 0.05; Figure 5.3). Neutrophil β2-integrin 

decreased at 24 h in all bulls (P < 0.01; Table 5.2); however, at 48 h, neutrophil β2-

integrin in temperamental bulls tended (P = 0.06; Figure 5.4 A) to be less than that of 

calm bulls. At 96 h, neutrophil β2-integrin and L-selectin were greater than all other 

sampling times (P < 0.01; Table 5.2).  Moreover, at 96 h, calm bulls had greater 

geometric mean fluorescence intensities of neutrophil L-selectin than temperamental 

bulls (P < 0.05; Figure 5.4 B).  

Phagocytic and oxidative burst capacities in response to an E. coli 

All bulls had increased percentage of active neutrophils at 24 h (P < 0.01; 

Table 2), but percentage of neutrophil activity returned to baseline within 48 h. Calm 

bulls displayed increased OB+PG+ neutrophil percent at 96 h when compared with 

either temperamental bulls (P < 0.05;  Figure 5.5 A) or the other sampling times (P < 
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0.05;  5A). At 48 h, neutrophil oxidative burst decreased in both temperament groups 

(P < 0.01; Table 5.2). Similar to OB+PG+ neutrophil percent, neutrophils from calm 

bulls had more oxidative burst activity (P < 0.05; Figure 5.4 B) and more 

phagocytosis activity (P < 0.05; Figure 5.4C) at 96 h.  

TNF-α from LPS stimulated whole blood 

Whole blood cultured with LPS from E. coli 0111:B4 for 24 h caused an 

increase in the secretion of TNF-α (P < 0.01; Table 5.1). Temperament of cattle did 

not influence the secretion of TNF-α following transportation (P > 0.10). Whole blood 

culture secretion of TNF-α increased at 48 h relative to 0 h (P < 0.01; Table 1); 

however, at 96 h TNF-α secretion was decreased compared with 0 h (P < 0.01; Table 

1).   

 Discussion 

Previous studies indicated that temperamental Brahman cattle had greater 

circulating cortisol and epinephrine concentrations than calm cattle before and after 

transportation (Burdick et al., 2010a; Oliphint, 2006). Most research on effects of 

cattle temperament on immunity has focused on humoral or adaptive immunity 

(Burdick et al., 2009; Burdick et al., 2010b; Fell et al., 1999; Oliphint, 2006), although 

many components of the innate immune system, such as phagocytic cells, are altered 

after transportation (Buckham Sporer et al., 2007; Earley et al., 2010).  For example, 

lymphocyte IgM production decreased in temperamental steers following ex vivo 

ConA stimulation (Oliphint, 2006). In contrast, circulating IgM concentration was 

greater among temperamental cattle, although no in vitro lymphocyte proliferation, 

IFN-γ production, or natural killer cell activity differences were reported among 

temperamental and calm cattle (Fell et al., 1999).  Mitogen-stimulated lymphocyte 

proliferation was reduced among Bos indicus steers for 6 d following transportation 

for 72 h, suggesting that they may be more vulnerable to infection during this time 

(Stanger et al., 2005). Belgian blue x Freishan bulls had altered neutrophil gene 

expression after transportation for 9 h (Buckham Sporer et al., 2007; Buckham Sporer 

et al., 2008). Temperamental animals may be chronically stressed (Burdick et al., 
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2010a; Curley et al., 2008; King et al., 2006).  Consequently, they may have altered 

innate immune function after stressful situations, such as transportation. Therefore, 

this study was designed to study the effects of handling, transportation, and exposure 

to a novel environment as well as differentiate the influence of cattle temperament on 

cellular innate immune responses. Although commingling and social dominance 

structure reorganization are major contributors to the stress response of cattle when 

entering a feedlot, we sought to remove this from the stress-equation to better 

understand the effects of only handling, transportation, and exposure to a novel 

environment. Cattle were returned to their home pens to determine whether and when 

the immune responses would return to baseline values following the stressor.  

Cattle BW decreased by less than 5 kg after the transportation and blood 

hematocrits did not change. Hematocrit reflects both the splenic response to stress and 

degree of dehydration (Fazio and Ferlazzo, 2003).  Therefore, it is  not likely that 

dehydration played a role in cellular immune functions in the current study. An 

addition, because hematocrit did not change, the changes in whole blood and plasma 

measurements were not caused by haemoconcentration (Lomborg et al., 2008). 

Average daily gain was decreased in temperamental Bos Indicus cattle compared with 

calm cattle after entering the feedlot (Voisinet et al., 1997); however, the bulls in the 

current study were returned to the home pens they were acclimated to rather than left 

in the novel environment.  Therefore, the bulls should have been able to recover from 

the potential stressors used in the current study.  

Circulating haptoblobin concentrations were greatest before to transportation, 

and a gradual decrease in haptoglobin concentrations in all bulls was observed 

following transportation. This was also observed among beef calves, where at 

weaning, a high amount of haptoglobin was observed, followed by a gradual decrease 

24 and 72 h following transportation (Arthington et al., 2003a).  In contrast to the 

current and Arthington et al.‟s (2003a) findings, other studies have indicated an 

increase in cattle haptoglobin concentrations after transport from very low baseline 

concentrations (Lomborg et al., 2008; Murata and Miyamoto, 1993). The influence of 

baseline haptoglobin concentrations on its release or sequester in response to stressors 
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needs further investigation as the effect of stress on haptoglobin concentrations in 

cattle is complex.  

Although temperament did not influence hematocrit and BW changes, 

circulating cortisol and glucose concentrations among temperamental bulls were 

elevated compared with calm bulls, especially before the transportation period. 

Elevated cortisol concentrations  was also observed among temperamental Brahman 

bulls before transportation in a previous study (Burdick et al., 2010a). We observed a 

decrease in plasma cortisol and glucose among bulls following transportation, 

especially at 48 h. Furthermore, calm bulls had lower cortisol concentrations than 

temperamental bulls at this time. Glucocorticoids influence the number of leukocytes 

and percentages of neutrophils in the peripheral circulation (Madsen et al., 2002). 

Although the number of peripheral leukocytes did not change after transportation, an 

increase in the neutrophil:mononuclear cell ratio was observed at 24 h. In addition, 

greater concentrations of neutrophils among the temperamental bulls than calm bulls 

were observed at 24 h. Other researchers have reported peripheral neutrophilia after 

transportation of cattle, which has been suggested as an indicator of a stress response 

(Blecha et al., 1984; Buckham Sporer et al., 2007; Gupta et al., 2007; Murata et al., 

1987). The neutrophilia observed in the temperamental bulls at 24 h indicates that 

these bulls were likely more stressed than the calm bulls. The changes in neutrophil 

percentages in the periphery are a result of changes in a surface adhesion molecules 

and release of new neutrophils into the periphery from bone marrow (Burton et al., 

1995; Burton et al., 2005).  

One anti-inflammatory action of glucocorticoids is to down-regulate neutrophil 

L-selectin and β2-integrin expression on blood neutrophils (Burton et al., 1995). 

Adhesion molecules play a critical role in leukocyte adhesion to epithelium and 

migration from peripheral circulation into sites of infection (Tempelman et al., 2002). 

We observed a decrease in neutrophil β2-integrin and lymphocyte L-selectin 

expression at 24 h, the same period of increased neutrophil:mononuclear cell ratio. L-

selectin interacts with carbohydrate moieties on glycoproteins and glycolipids of 

vascular endothelium, allowing the neutrophil to roll along the blood vessel walls and 

acting as “surveillance” for inflammatory signals. The β2-integrin adhesion molecules 
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(especially CD11b for neutrophils and CD11a for lymphocytes), allow for hyper-

adhesion and subsequently, transmigration through vascular endothelium to the site of 

inflammation (Arnaout, 1990; Burton et al., 1995). The dysfunction of this adhesion 

processes can lead to chronic and even fatal infections (Burton et al., 1995).  

Glucocorticoids act directly on bovine leukocytes, causing down-regulation of L-

selectin and β2-integrins (Weber et al., 2004). The decreased adhesion molecules at 24 

h were likely due to elevated glucocorticoids (Perkins et al., 2001). This anti-

inflammatory effect at this stage may not be beneficial to cattle, especially after 

entering a feedlot, when these animals are more likely to be exposed to novel 

microbes. 

The cattle in this study had the opportunity to return to their home pens and 

potentially “recover” from the stress of handling, transportation, and exposure to a 

novel environment. It was not until 96 h that neutrophil and monocyte β2-integrin 

expression increased in all bulls above pre-transportation amounts.   Bulls transported 

for 9 h displayed this compensatory effect where a depression in neutrophil L-selectin 

gene expression was observed at 4.5 h into a 9 h transport, followed by a greater peak 

at 9.75 h (Buckham Sporer et al., 2007). Likewise dairy bulls injected with 

glucocorticoids had down-regulated neutrophil L-selectin followed by a rebound 

above baseline measures when glucocorticoids were removed (Tempelman et al 2002).  

Adhesion molecules were not the only measurement to reveal a compensatory 

effect at 96 h. All cattle had decreased phagocytic neutrophil activity at 48 h; however, 

at 96 h, calm bulls had more active neutrophils with greater phagocytosis and 

oxidative burst responses to E. coli than temperamental bulls. Temperamental bulls 

had been reported to have greater baseline cortisol and are more reactive to 

environmental stressors (Burdick et al., 2010a; Curley et al., 2008; King et al., 2006). 

Therefore, it is conceivable that the neutrophils from temperamental bulls may not 

display a compensatory effect because of constitutively or stress-induced 

concentrations of circulating glucocorticoids. 

The immunologic and pathologic effetcs of the compensatory effect observed 

in the present study needs further examination. A paradox exists with respect to the 

neutrophil; although neutrophils are imperative for the control and elimination of 
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many pathogens during an inflammatory response, they can also damage host tissues 

by rapidly degranulating and releasing proteolytic enzymes and reactive oxygen 

species (Buckham Sporer et al., 2007). Without their regulation during inflammation, 

neutrophils can damage surrounding host tissue and worsen the pathogenesis of 

infectious disease (Buckham Sporer et al., 2007; Burton et al., 2005). Additionally, if 

apoptosis is not properly induced, necrotic neutrophils will worsen inflammation by 

activating macrophages.  

Macrophages and monocytes are the primary producers of TNF-α in whole 

blood stimulated with LPS (Carstensen et al., 2005; Finch-Arietta and Cochran, 1991).  

A temperament affect was not observed in TNF-α concentrations in LPS-stimulated 

whole blood. Rather, among all bulls, an increase in TNF-α concentrations 48 h after 

transport followed by a decrease at 96 h was observed. Research results have indicated 

that stress generally suppresses TNF-α in LPS-stimulated whole blood (Carstensen et 

al., 2005; Kusnecov and Rossi-George, 2002). The stress of weaning caused pigs to 

have suppressed TNF-α secretion 48 h after weaning (Carstensen et al., 2005). 

Glucocorticoids could be a major factor in suppression as LPS-stimulated whole blood 

cultures from humans had decreased TNF-α secretion after blood was cultured with 

dexamethasone (Finch-Arietta and Cochran, 1991). In fact, blood collected from 

human patients with low TNF-α responses in LPS-stimulated whole blood associated 

with intensive care surgery had more incidences of infection and mortality (Heagy et 

al., 2003). The initial increase in TNF-α concentrations observed in whole blood 48 h 

after transportation suggests that during this time period bulls might be less prone to 

infection.  Nonetheless, at 96 h, TNF-α was suppressed among all bulls. Thus, at 96 h, 

bulls could be more vulnerable to infection, especially temperamental bulls because 

they also had decreased neutrophil function at 96 h. 

Handling and transport involve the interaction of cattle with humans, and this 

interaction likely influences the stress response of temperamental animals more than it 

does calm cattle. Calm bulls display more sickness behaviors during an endotoxin 

challenge than temperamental bulls (Burdick et al., 2010b); therefore, calm bulls are 

more likely to display clinical signs of sickness and be treated after entering a feedlot. 

Temperamental cattle may not display sickness because they are reacting to humans 
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and other novel stressors. Simple behavior observation is the most widely used 

measure for evaluating stress and sickness in cattle in commercial feedlots (Grandin, 

1997; Von Borell, 2001). The temperamental phenotype may be detrimental because 

these cattle may be more likely to become infected due to deficiencies in neutrophil 

function; however, if temperamental cattle do not display clinical signs of disease they 

are less likely to be identified and will remain infected. Temperamental steers have 

decreased feedlot performance, growth, and carcass merit (Behrends et al., 2009; King 

et al., 2006; Voisinet et al., 1997).  Therefore, if these animals are identified before 

feedlot induction, they can be provided with extra care to reduce stress during and 

after transport and handling, which in turn, might prevent some of the undesirable 

growth and carcass characteristics that others have observed. Prevention could include 

exposing cattle to novel situations before feedlot induction. Previous housing and 

experience influences the stress and immune responses of cattle (Grandin, 1997). For 

example, cattle that were housed in individual tie-stalls rather than in corrals had 

greater cortisol concentrations after transport and less responsive leukocyte 

glucocorticoid receptor activity (Odore et al., 2010).   Temperamental cattle might 

need to be handled in smaller groups, loaded first and unloaded last. In addition, they 

might have different energy requirements, nutritional needs, and antibiotic treatment 

needs after feedlot induction. 

Conclusion 

Results from the present study indicate that temperamental bulls have more 

neutrophils present in the periphery, but neutrophil function is less than that in calm 

bulls following transportation. There is some indication that monocyte activity in 

temperamental bulls is greater than in calm bulls, but more research on monocyte and 

macrophage activity in these bulls is needed because the LPS whole blood stimulation 

did not indicate differences between temperamental groups. Overall, there seems to be 

an initial suppression followed by a compensation of neutrophil activity after 

transportation in calm bulls. When exposed to stressors, temperamental cattle might 

require special management practices to reduce and prevent stress before and after 

transportation.  
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Temperament Time relative to start of transportation, h

Item Calm Temperamental SEM P-value 0 24 48 96 SEM P-value

Hematocrit % 32.5 33.6 0.5 0.13 33.6 33.7 32.9 32.1 0.7 0.37

Cortisol, ng/mL 27.9 48.7 4.3 <0.01 49.2 39.9 31.9 32.2 6.1 0.15

Glucose mg/dL 100.6 116.4 2.1 <0.01 119.1 106.6 102.9 105.4 3.1 <0.01

Haptoglobind 5.9 5.6 0.4 0.6 7.9a 6.0b 5.01b,c 4.0c 0.3 <0.01

BUN mg/dL 9.4 8.7 0.5 0.39 10.3a 8.8a,b 9.11a,b 7.89b 0.7 0.03

WBC x106/mLe 11.7 12.5 0.5 0.24 12.1 13.2 11.1 12.0 0.6 0.14

N:M ratiof 0.38 0.32 0.06 0.06 0.28a 0.52b 0.36a 0.30a 0.09 <0.01

TNF-a, pg/mLg 659.2 625.3 75.0 0.75 716a 560a 998b 295c 106 <0.01

a,b,cMeans with different superscripts within an item and across time of study differ, P < 0.05. 
dMeans of optical density x 100
eTotal leukocyte counts. fNeutrophil to mononuclear cell ratio. 
gAmount of tumor necrosis factor–α in supernatant of whole blood stimulated with 1μg/mL of 

Lipopolysacharride

Table 5.1. Whole blood measurements of calm and temperamental bulls before 

(time 0 h) and after transportation.   
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 Table 5.2. Flow cytometric neutrophil function of calm and temperamental bulls 

before (time 0 h) and after transportation.    

 
a,b,c

Means with different superscripts within an item and across time of study differ, P < 0.05. 
1
Flow cytometric geometric mean fluorescence intensities (GMFI) for bull data were divided by the 

average daily geometric mean of control heifers x 100 to account for daily changes in settings. OB= 

oxdative burst; PG= phagocytosis; %OB+PG+= percentage of neutrophils that were OB and PG 

posititve. 

  

Temperament Time relative to start of transportation, h

Item Temp Calm SEM P-value 0 24 48 96 SEM P-value

β2-integrin, GMFI 1 76.8 85.0 8.7 0.23 74.3a 50.4b 65.8a 133.1c 12.3 <0.01

L-selectin, GMFI 103.7 117.4 11.7 0.41 103.4a 108.3a 92.1a 138.2b 16.5 0.28

%OB+PG+ 108.0 117.2 3.5 0.07 105.1a 123.34b 99.1a 122.7b 4.9 <0.01

OB, GMFI 122.1 130.4 7.2 0.42 122.8a 130.9a,c 98.9b 152.5c 10.1 0.01

PG, GMFI 80.79 87.38 3.3 0.16 91.6a 82.8a,b 84.1a,b 77.8b,c 4.6 0.23
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Figure 5.1. Timeline of transportation period and sampling of calm 

and temperamental bulls. *Cattle were moved into the chute area in 

groups of 4 to 5 and were weighed and blood was sampled. After the time 

0 sample, cattle were loaded on to the truck. For the 24 h sample, cattle 

were unloaded in groups and blood was sampled before they were returned 

to home pens.  

  
 

  



 Texas Tech University, Lindsey Eve Hulbert, December 2010 

65 

 

C
o

rt
is

o
l,
 n

g
/m

L

0

10

20

30

40

50

60

70

80
Calm

Temperamental

**

*

Time after transportation, h

0 24 48 72 96

G
lu

c
o
s
e
, 
m

g
/d

L

80

90

100

110

120

130

140

**

**

A. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2. Circulating concentrations of cortisol and glucose of calm and 

temperamental bulls before (0 h) and after transportation period. Astericks indicate 

time periods when calm bull means were different from temperamental bull means 

(Time x Temperament effect P < 0.05), *P < 0.05, **P< 0.05.  
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Figure 5.3. Neutrophil:Lymphocyte ratio of calm and temperamental 

bulls before (0 h) and after transportation period. Asterick indicates time 

period when calm bull means were different from temperamental bull means.  Time x 

Temperament effect *P < 0.05.  
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Figure 5.4.  Neutrophil adhesion molecule expression

a
 (A. B2-integrin 

B. L-selectin) of calm and temperamental bulls before (0 h) and after 

transportation period. 
a
Flow cytometric geometric means are expressed in 

percentage of daily control animal averages. Bull data were divided by the average 

daily geometric mean of control heifers x 100 to account for daily changes in settings. 

Astericks indicate time periods when calm bull means were different from 

temperamental bull means Time x Temperament effect *P < 0.05, 
#
P < 0.10.  
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Figure 5.5. Neutrophil oxidative burst and phagocytosis response to E. Coli of 

calm and temperamental bulls after transportation. Flow cytometric geometric 

means are expressed in percentage of daily control animal averages. Bull data were 

divided by the average daily geometric mean of control heifers x 100 to account for 

daily changes in settings. aAmount of neutrophils (measured originally as percentage) 

expressing both oxidative burst (OB+) and phagocytosis (PG+). A. Amount of active 

neutrophils (both Phagocytosis and oxidative burst). B. Amount of oxidative burst that 

active neutrophils produced C. Amount of Phagocytosis that neutrophils engulfed.  

Calm bull means were different from temperamental bulls at time period  

(Time*Temperament effect), *P < 0.05, **P < 0.01. Astericks indicate time periods 

when calm bull means were different from temperamental bull means. Time x 

Temperament effect *P < 0.05, *P < 0.01. 
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CHAPTER VI 

THE EFFECTS OF EARLY WEANING ON INNATE IMMUNE RESPONSES 

OF HOLSTEIN CALVES 

Abstract 

The objectives of this study were to compare innate immune responses of 

calves weaned early (EW; n = 23; weaned at 23.7 ± 0.5 d of age) to conventionally-

weaned calves (CW; n = 20; weaned at 44.7 ± 0.5 of age). All calves were fed 3.8 L of 

colostrum within 12 h of birth and were subsequently fed milk replacer twice daily. 

The weaning process began by withdrawal of the evening milk-replacer feeding. Milk 

was fully withdrawn, and the calf was considered “completely weaned” when a calf 

consumed 900 g of calf starter for two consecutive d. Blood samples were collected 

from all calves at 24, 27, 31, 45, 48, 52 and 66 d of age. Early weaned calves took a 

variable amount of time to completely wean from milk replacer; therefore, data were 

also analyzed comparing calves grouped by latency to completely-weaned (Fast = 1 to 

5 d; Intermediate = 6 to 8 d; Slow = 15 to 17 d). Slow-EW calves weighed less than 

the either the Fast- or Intermediate-EW calves before initiating weaning. At 27 days of 

age, circulating neutrophils were greater among EW than CW calves. Moreover, Fast-

EW calves had less neutrophils:mononuclear cell ratios at 45 d of age than other EW 

calves (P < 0.05). Slow calves had lower TNF-α concentrations from whole blood 

stimulated with endotoxin 3 and 7 days after weaning compared with Fast- and 

Intermediate- EW calves (P < 0.05). All EW calves had decreased neutrophil L-

selectin at day 27  and increase neutrophil L-selectin at 31 d of age (P < 0.01). At 31 d 

of age, neutrophil β2-integrin was the greatest among the Fast-EW calves (P < 0.05). 

All EW calves had decreased neutrophil oxidative burst on d 3 and 21 (P < 0.01).  

Three days after CW calves were weaned, they had higher neutrophils, hemotcrit 

percentages and circulating cortisol than EW calves (P < 0.05). In addition, 3 d after 

CW calves were weaned, they had decreased neutrophil and oxidative burst responses 

to E coli (P < 0.05). Calves that are lighter in BW around 24 d of age may not be 

suitable candidates for this type of early weaning program. 
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Introduction 

Feed and labor costs could be greatly decreased if dairy calves are weaned 

from milk replacer at a younger age (Owen and Larsen, 1982; Kehoe et al., 2007).  

Thirty-percent of dairies in the US wean calves at 42 d of age or less; however, the 

average age at weaning in the U.S. is 58.8 d (Kehoe et al., 2007). When calves had 

early access to a calf starter, ruminate development occurred before 3 wk of age as 

calves had sufficient rumen bacterial populations (Anderson et al., 1987) and utilized 

volatile fatty acids (Martin et al., 1959). These data suggest that weaning could 

potentially be initiated in calves as early as 3 wk of age; however Kehoe et al. (2007) 

observed decreased ADG in calves weaned at 3 wk of age when compared with calves 

weaned at 6 or 7 wk. 

Changes in feeding strategies, including weaning, can be a potential stressor to 

calves. Previous research has evaluated BW gain, ruminate development, blood 

glucose concentrations, blood urea N concentrations, and fecal and respiratory scores 

as indicators of health when evaluating various weaning strategies. It is  not known, 

however, whether age at weaning influences the innate immunological response to 

weaning in dairy calves. It is conceivable that if weaning dairy calves does decrease 

innate immune defenses regardless of age, then weaning at an earlier age may provide 

better immunity to disease because passively derived humoral immunity will be 

greater. Therefore, the objective of this experiment was to determine the influence of 

weaning during either the 4
th

 or 7
th

 week of age on innate immune responses of 

Holstein calves. 

Materials and Methods 

Animals and housing 

The experiment was conducted in March 2010. All animal procedures were 

reviewed and approved by the Texas Tech University Animal Care and Use 

Committee. Forty-five Holstein, bull calves (24 to 48 h after birth) were purchased 

from 2 local commercial dairies over a 7-d period. All calves were fed 3.8 L of pooled 

colostrum from each dairy within 12 h of birth.  All calves were transported 
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approximately 60 km to the Hilmar Cheese Calf Research Facility at Texas Tech 

University in New Deal, TX., and calves were housed with straw-bedding in 

commercial polyethylene calf hutches (Agri-Plastics, Tonawanda, NY).  

Feeding and weaning strategy 

Before assigning calves to weaning strategy treatments all calves were fed on a 

DM% basis, 227 g of a 20% protein/ 20% fat milk replacer (Herd Maker, Land 

O‟Lakes Animal Protein Co., Shoreview, MN) twice-daily at 0800 and 1600 h.  After 

the first week all calves were offered ad libitum access to a calf starter (Table 1) and 

water for the remainder of the study.  The quantity of calf starter was adjusted daily 

for approximately a 15% refusal.  Twenty-four days after the first group of calves 

were acquired, all calves were randomly allotted to 1 of 2 weaning strategy treatments.  

The treatments were Early-weaned (EW; n = 23; weaned at 23.7 ± 0.5 d of age) or 

Control calves (CW; n = 22; weaned at 44.7 ± 0.5 d of age). Calves began the weaning 

process by restricting the intake of milk replacer by 50% by withdrawing the 1600 h 

feeding.  From d 24 to 45 of age, CW calves continued to be fed milk replacer twice 

daily.  Calves were designated as “completely weaned” when they consumed 900 g of 

calf starter (as-fed basis) for two consecutive days.  Calves were individually weighed 

and body weight was recorded at arrival, 24, 45 and 66 d of age. 

Blood collection and analysis 

Nine milliliters of peripheral blood were collected via jugular venapuncture 

immediately before assignment of treatments (24 d of age) , as well as 27, 31, 45, 48, 

52 and 66 d of age. Samples had to be collected into 2 blocks on separate days to 

accommodate logistics of running the immune function assays. The block (A or B) 

was randomly assigned to calves within their treatment (Block A: EW, n = 12 CW n = 

10; Block B: EW, n =11, Control=10).  Blood was collected into 2 vacutainers (6 mL 

and 3 mL) containing heparin and immediately placed on ice. Within 1 h after 

collection, the 3-mL vacutainers from each calf was analyzed for hematocrit, total 

leukocyte counts and differentiation analyses of neutrophils and mononuclear cells 

using a Cell Dyn 3700 with automated 50-sample loader and vet-package software 
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(Abbot Laboratories, Abbot, IL, USA).  The neutrophil:mononuclear (N:M) cell ratio 

was calculated. The Cell Dyn settings did not distinguish between lymphocytes and 

monocytes therefore the N:M ratio was determined rather than the 

neutrophil:lymphocyte. Plasma was collected after centrifugation at 1250 x g and 

stored at -80ºC until analyzed for cortisol, glucose, urea nitrogen and haptoglobin 

concentrations. All plasma samples were analyzed in duplicate. Circulating 

concentrations of cortisol were determined using a commercially available 

competitive-binding Chemiluminescence-ELISA kit (Searchlight- Aushon 

BioSystems, Inc. Billerica, MA). The intra assay variations were less than 10% and 

inter assay variation were less than 15% for the cortisol assay. Plasma haptoglobin 

concentrations were determined by measuring haptoglobin/hemoglobin complex by 

the estimation of differences in peroxidase activity (Makimura and Suzuki, 1982; 

Arthington, 2003). Results were expressed in arbitrary units resulting from the 

absorbtion reading @ 450 nm x 100; the intra- and inter- variation were <2%.   

Phagocytosis and oxidative burst capacity of phagocytes 

The simultaneous phagocytic and oxidative burst capacities of peripheral blood 

phagocytes in response to enteropathogenic Escherichia coli isolated from the spleen 

of a septicemic calf was analyzed.  The E. coli was grown overnight in tryptic soy 

broth and quantified by serial dilution and spread-plating on tryptic soy agar.  The 

bacteria were heat-killed at 60
o
C for 30 min, washed, and re-suspended at 10

9
 colony-

forming units and incubated for 2 h under constant agitation at room temperature with 

an equal volume of 100 µg/mL propidium iodide (Invitrogen, Carlsbad, CA). Killed, 

propidium iodide labeled bacteria were washed twice and re-suspended at 10
9
 colony-

forming units/mL in 1X PBS. Bacteria were aliquotted into 1-mL volumes and stored 

at -80
o
C.   Two-hundred microliters of whole blood the 6 mL vacutainer for each 

animal was incubated in an ice bath for 15 min. Forty microliters of a 100 µM working 

concentration of dihydrorhodamine (Invitrogen, Carlsbad, CA) and the fluorescently-

labeled E. coli was added to each sample, vortexed thoroughly, then placed in a 

38.5C water bath and incubated for 10 min.  Following  incubation, the samples were 

placed in an ice bath for 5 min. Erythrocytes were hypotonically lysed, washed, and 
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the leukocytes analyzed by dual-color flow cytometery using a Cell Lab Quanta SC 

flow cytometer (Beckman Coulter, Fullerton, CA).  Using flow-cytometer analysis 

software (QuantaSC MPL Beckman Coulter), neutrophils were gated on the scatter-

plot of electric volume x side scatter. Neutrophils that were positive for both oxidative 

burst (OB+) and phagocytosis (PG+) were then gated using the FL-1 by FL-3 scatter-

plot. Neutrophil OB+PG+ percentage and geometric mean fluorescence intensity for 

FL-1 and FL-3 were analyzed.  

Determination leukocyte adhesion molecules 

Two-hundred microliters of whole blood from the 6 mL vacutainer of each 

animal was incubated in an ice bath for 1 h at a final dilution of 5 µg/mL of anti-

bovine CD62L (monoclonal antibody IgG1-isotype made in mouse; VMRD, Pullman, 

WA) or 2.5 µg/mL of anti-bovine CD18 (the β2-integrin chain of CD11a, b and c 

heterodimers; monoclonal antibody IgG1-isotype made in mouse; VMRD, Pullman, 

WA). Erythrocytes were hyptonically lysed and then rinsed once. The leukocyte pellet 

was re-suspended in flourescin-labeled secondary antibody at a 1:400 dilution (F(ab‟)2 

antimouse IgG:FITC; AbD Serotec Raleigh, NC). Samples were incubated on ice for 

another 1 h. After incubation, samples were washed once using 1 X PBS and then 

analyzed by single-color flow cytometry. Using the flow-cytometer analysis software, 

neutrophils were gated on the scatter-plot diagram of electric volume x side scatter. 

The total geometric mean fluorescence intensity of the neutrophil population (FL-1) 

for L-selectin or β2-integrin was analyzed.  

Whole blood LPS stimulation 

Whole blood was diluted 1:5 with RPMI 1640 (Invitrogen, Carlsbad, CA) 

containing 1% ANTI-antibiotics (GIBCO™ Antibiotic-Antimycotic, Invitrogen, 

Carlsbad, CA). Whole blood was stimulated at a final concentration of 1 µg/mL of 

LPS (E. coli O111:B4; Sigma-Aldrich, St. Louis, MO). Samples were incubated for 24 

h in a humidified 5% CO2 chamber. The cell culture plates were centrifuged for 10 

min at 1200 x g at 4ºC. The supernatant fraction was collected and stored in -40ºC 

freezer until analyzed for TNF-α using a commercially available ELISA (DY2279E; 
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R&D Systems Minneapolis, MN). Standards were diluted in RPMI with 10% pooled 

bovine plasma and 1% antibiotics. The sensitivity of this assay was 125 pg/mL.  

Statistical analysis 

Data were analyzed in two separate sets: 1) EW calf weaning (24 to 45 d of 

age) and 2) CW calf weaning (45 to 66 d of age). For all data sets, baseline 

measurements taken immediately before assigning weaning strategy treatments were 

used as a covariate in all statistical models. If  the covariate was not significant, it was 

removed from the model.  For all metabolic and immune response data, excluding data 

analyzed by flow-cytometery, a linear, mixed model with the fixed effects of time, 

treatment, and the interactions of treatment x time and block x treatment x time was 

fitted.  The random effect was calf tested within treatment x block.  

To account for daily variation in to flow cytometry settings, before statistical 

analyzing all the flow-cytometry data, the data from EW calves in data set 1 were 

divided by the block mean from the CW calf data. For data set 2, data from CW calves 

were divided by the block mean from EW calves that completely weaned within 5.9 ± 

0.3 days.   All flow cytometry data are presented as the percentage of respective calf 

means. The fixed effects of time and the interaction of time x block were fitted. The 

random effect was calf nested within block. 

An additional analysis was performed on the EW calf data for data set 1. Early 

weaned calves were classified according to the latency of the calf to be fully weaned 

(removal of all milk replacer after consumption of 900 g starter on two consecutive 

days). Early weaned calves were separated into 3 discrete groups including: 1 to 5 

days (Fast); 6 to 8 days (Intermediate); and 15 to 17 days (Slow) to completely wean. 

All non-flow-cytometery data were fitted to a linear model with the fixed effects of 

group (Fast, Intermediate, or Slow), time, and the interactions of group x time, group x 

time x block.  Again, all flow-cytometry data for the EW group were first divided by 

the block mean from the CW calf data to account for daily variation in flow 

cytometery settings.  A linear model with the fixed effects of group, time, and the 

interactions of group x time and group x time x block was fitted. 



 Texas Tech University, Lindsey Eve Hulbert, December 2010 

75 

 

All data were analyzed by restricted maximum likelihood ANOVA using the 

MIXED procedure of SAS (v.9.2, SAS Inst. Inc., Cary, NC, USA). The ante-

regressive (1) covariance structure for the within-subject measurement was used for all 

models. Repeated data were tested for normality of the residuals by evaluating the 

Shapiro-Wilk statistic using the UNIVARIATE procedure of SAS (v.9.1.3, SAS Inst. 

Inc., Cary, NC, USA).  Data that were not normally distributed were log-transformed 

before mixed model analysis. Pair-wise differences were performed at each time using 

a sliced-effect multiple comparison approach with a Tukey-Kramer adjustment. Least 

squares means (±SEM) are reported throughout. A treatment difference of P ≤ 0.05 

was considered significant, and P ≤ 0.1 was considered a trend. 

 Results 

Performance 

Two CW calves died and were removed before analyzing data. Before 

assigning treatments, all EW calves had similar BW, ADG, milk replacer intake, and 

calf starter intake to CW calves (P > 0.10; Table 1). Although EW calves were eating 

more calf starter than CW calves by 45 d of age (P < 0.01; Table 2), they were 

consuming less total Mcal of ME (P < 0.01; Table 2) and were more efficient at 

utilizing ME for BW growth than CW calves (P < 0.01; Table 2). Slow-EW calves 

(15 to 17 days to completely wean) weighed less than the either the Fast- or 

Intermediate- EW calves prior to weaning (P < 0.05; Table1) and at day 45 d of age (P 

< 0.01; Table 2). After CW calves were weaned, they tended (P = 0.09; Table 3) to 

have lesser ADG than EW. In contrast, CW calves consumed more Mcal of ME daily 

per kg of metabolic BW during the period immediately following their weaning (P < 

0.01; Table 3).  All other performance data will be reported in a separate manuscript 

(Cobb et al., 2010). 

Blood measurements 

There were no treatment x time, group x time, treatment, or group effects for 

total leukocyte counts from 24 to 45 d of age (P > 0.10; Table 6.4). All calves had a 

decrease in total leukocyte counts at 27 d of age (P > 0.01; Table 6.4).  
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Neutrophil:mononuclear cell ratios were elevated among all EW calves at 27 d of age 

compared with CW calves (log-transformed P = 0.05;  Figure 6.1 A). Slow-EW and 

Intermediate-EW calves had greater G:M at 45 d of age when compared to Fast-EW 

calves (log-transformed P < 0.01; Figure 6.1B). The CW calves had greater N:M 

ratios when than EW calves  on 48 d of age, which was 3 days after they were weaned. 

(Log-transformed P = 0.05; Figure 6.2). At 52 d of age, all calves had decreased N:M 

ratios (P <0.05; Table 6.6), and at 66 d of age, all calves had decreased hematocrits (P 

<0.01; Table 6.6).  

There were no treatment x time, group x time, treatment, or group effects for 

cortisol concentrations at 24 d to 45 of age (P > 0.10; Table 6.4); however, all calves 

(CW and all EW) had increased cortisol at 31 and 45 d of age (P < 0.01; Table 6.4). 

On days 48 and 66 of age, circulating cortisol was greater among CW calves than for 

EW calves (P = 0.05; Figure 6.3).  

Hematocrit percents were less in CW calves than in EW calves at 31 d of age 

(P < 0.05; Figure 6.4A). Fast- and Slow-EW calves had lower hematocrits than 

Intermediate-EW calves 45 d of age (P < 0.05; Figure 6.4 B). On 48 and 52 d of age, 

which was 3 and 7 d after CW calves were weaned, CW had greater hematocrits than 

EW calves (P <0.05;  Figure 6.5). 

TNF-α secretion in LPS-stimulated whole blood 

There was no treatment x time or treatment effects for TNF-α concentrations in 

the supernatant fraction from LPS-stimulate whole blood between EW and CW from 

24 to 45 days of age (P > 0.10; Table 6.2); however, all calves had gradual increases 

in TNF-α concentrations over time (P < 0.01;  Figure 6.6A). Slow-EW calves had 

lower TNF-α concentrations at 27 and 31d of age when compared to Fast- and 

Intermediate-EW calves (P < 0.05; Figure 6.6B). All calves had decreased TNF-α 

concentrations at 48 d of age, 3 d after CW calves were weaned (P < 0.01; Table 6.6). 

There was no block effect for TNF-α concentrations on 48 d of age (data not shown; P 

> 0.10). 
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Neutrophil adhesion molecule expression 

 The EW calves had decreased neutrophil L-selectin at 27 d of age, 3 d after 

EW calves were weaned, but they had increased neutrophil L-selectin at 31 d of age (P 

< 0.01; Table 4). When EW calves were grouped on their latency to completely wean, 

neutrophil L-selectin was decreased only among the Fast- and Slow-EW calves at 27 d 

of age (P < 0.01;  Figure 6.7 A).  Neutrophil β2-integrin was elevated in Fast-EW 

calves at 31 d of age, which was 7 d after they were weaned (P < 0.05;  Figure 6.7 B). 

There were no changes in neutrophil adhesion expression among CW after they were 

weaned at 45 d of age (P > 0.10; Table 6.7). 

Neutrophil phagocytosis and oxidative burst in response to E. Coli 

Among all EW calves, the percentage of OB+PG+ neutrophils increased on 27 

d of age, which was 3 d after initiating weaning, but was decreased on 45 d of age (P 

< 0.01; Table 5). All EW calves had decreased neutrophil OB intensity at 27 and 45 d 

of age (P < 0.01; Table Figure 6.5).  There were no changes in neutrophil PG intensity 

in EW calves after they were weaned (P > 0.10; Table Figure 6.5). Furthermore, at 24 

to 45 d of age, there were no differences in neutrophil oxidative burst or phagocytic 

response to the E. coli between Fast-, Intermediate- and Slow-EW calves (P > 0.10; 

data not shown). Similarly to EW calves, the percentage of OB+PG+ neutrophils and 

the intensity of the OB were decreased among CW calves on 48 d of age, which was 3 

d after CW calves were weaned (P < 0.05; Figure 6.6); however, CW calves also had 

a decrease neutrophil PG intensity at 48 d of age, which was 3 d after they were 

weaned, followed by an increase at 52 d of age (P < 0.01; Figure 6.7). 

Discussion 

Earlier weaning of dairy calves may decrease labor and feed costs; therefore, 

the objective of this study was to determine the effects of weaning during either the 4
th

 

or 7
th

 week of age on innate immune responses of Holstein calves. Before assigning 

weaning treatments, there were no differences in BW, ADG, milk intake, or starter 

intake. There was no difference in ADG between EW and CW calves from 24 to 45 d 

of age. Early weaned calves consumed more starter than CW calves during this period. 
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Average daily gains tended to be less for CW calves after they were weaned at 45 d of 

age when compared with EW calves. The greater ADG of EW calves during this 

period was likely associated with the greater starter intakes, but also due to a greater 

efficiency because EW calves actually consumed less Mcal of meta ME per unit of 

metabolic BW during this period.  

When EW calves were grouped according to their latency to completely wean, 

Slow-EW calves were lighter than either Intermediate- or Fast-EW calves at 24 d of 

age. Nonetheless, neither ADG nor daily Mcal of ME intake per kilogram of metabolic 

BW were different among the groups of EW calves from 24 to 45 d of age. These data 

indicate that the Slow-EW calves were slower to wean because they were lighter at the 

initiation of weaning, but they were consuming a similar amount of energy when 

expressed per kg of metabolic BW. Because the fact that calves were completely 

weaned at a fixed intake of starter regardless of metabolic BW, the Slow-EW calves 

were over 40 d old when they were completely weaned. Therefore, the additional 

stressor of having the remaining milk bottle withdrawn occurred 1 week after either 

the Fast- or Intermediate-EW calves had their remaining milk replacer withdrawn. In 

contrast to the EW calves, CW calves were much less variable for latency to wean, as 

most of the CW were consuming sufficient starter by the time weaning was initiated at 

45 d of age. The CW calves experienced a more “abrupt” weaning, whereas many of 

the EW calves experienced a “step-down” weaning. 

There were many similarities in innate immune responses following weaning, 

regardless of age at weaning. Three days after initiating weaning N:M ratios were 

increased in both EW and CW calves. Total leukocytes counts did not suggest that the 

change in the ratio was a result of infection. Peripheral neutrophilia is commonly 

observed following many stressors, including weaning (Buckham Sporer et al., 2007; 

Gupta et al., 2007; Murata et al., 1987). Fast-EW calves had lower N:M ratios at 31 

and 45 d of age than either Intermediate- or Slow-EW calves. Fast-EW calves already 

had milk completely withdrawn when these samples were taken; therefore, they may 

have experienced the stressor sooner and had already coped with the stressor. Other 

researchers have reported decreased neutrophils percentages in circulation from 

Holstein calves from birth to 42 d of age (Mohri et al., 2007).  



 Texas Tech University, Lindsey Eve Hulbert, December 2010 

79 

 

In addition to altered N:M ratios following weaning, both EW and CW calves 

had less neutrophils phagocytizing and producing an oxidative burst to an E. coli 3 d 

after weaning. Furthermore, the intensity of the oxidative burst was decreased in EW 3 

d after weaning. In contrast, CW calves tended to have a decrease in the intensity of 

phagocytosis 3 days after they were weaned. These data are similar to Lynch et al.,‟s 

(2010) findings, where beef calves that were abruptly weaned from dams and milk had 

decreased percentages of neutrophil phagocytosing 2 days after weaning followed by a 

return to pre-weaning percents 7 d after weaning. In that study, however, weaning had 

no effects on the percentage of neutrophils producing oxidative burst (Lynch et al., 

2010). The effect that stressors have on neutrophil phagocytosis and oxidative burst 

responses is complex and likely dependent on the severity,  longevity of the stressor 

and how quickly the animal is able to acclimate to the stressor. For example, when 

Brahman heifers were challenged with an intravenous bolus of bovine corticotropin 

releasing hormone (CRH; 0.5 µg/kg BW), both the phagocytic and oxidative burst 

capacities of neutrophils were acutely suppressed (Chapter IV). In addition, when 5 

month old Holstein calves were exercised and subjected to cold stress, neutrophils 

produced less superoxide (Henricks et al., 1987).  In contrast, no differences in either 

neutrophil phagocytosis or oxidative burst capacities were observed when Holstein 

bulls calves were challenged with hydrocortisone (Pang et al., 2009). Weaning stress, 

regardless of age, in Holstein calves suppressed neutrophil phagocytic and oxidative 

burst capacities transiently, and within 7 d of weaning had returned to pre-weaning 

activities. 

In addition to changes in N:M ratio and neutrophil phagocytosis and oxidative 

burst responses following weaning, hematocrit percentages were also influenced by 

weaning, regardless of age at weaning. Hematocrits were greater among EW calves 

than CW calves at 27 days of age, which was 3 d after EW calves were weaned. 

Similarly to EW calves, CW calves also had higher hematocrits when compared with 

EW calves 3 and 7 d after they were weaned. The increased hematocrit percentages 

were likely due to the reduction of water intake from milk replacer; however, the 

changes in hematocrits were within the normal range for Holstein calves; therefore, 

these calves were not considered dehydratated (Moonsie-Shageer and Mowat, 1993).   
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Plasma concentrations of the acute-phase protein, haptoglobin, were not 

influenced by weaning strategy; however, plasma concentrations of haptoglobin 

among all calves were higher from 24 to 45 d of age and subsequently decreased 

linearly from 45 to 66 d of age, which suggests that calves were generally less stressed 

at that age (Arthington et al., 2003a). Plasma cortisol concentrations during these 

periods further indicate that all calves were generally less stressed after 48 d of age.     

Circulating cortisol is the most commonly measured value to assess the stress 

response of animals (Von Borell, 2001). There was no difference between EW and 

CW calves in plasma concentrations of cortisol from 24 to 45 d of age; however, CW 

calves had greater plasma cortisol concentrations at 48 and 66 d ofage, which were 3 

and 21 days after they were weaned, respectively. The higher plasma cortisol 

concentrations in CW calves after weaning could be due to the fact that they 

experienced a more abrupt weaning than all EW calves or there were “pre-

programming” carry-over affects on the responsiveness of the hypothalamo-pituitary-

adrenal axis. Data on the influence of weaning on plasma cortisol concentrations are 

equivocal. Higher plasma concentrations of cortisol were reported by some 

(Arthington et al., 2003b; Carroll et al., 2009a; Loberg et al., 2008), with no changes 

reported by others (Hickey et al., 2003; Lefcourt and Elsasser, 1995).     

An anti-inflammatory action of glucocorticoids is to down-regulate the 

expression of L-selectin and β2-integrin on circulating neutrophils (Burton et al., 

1995). Adhesion molecules play a critical role in leukocyte adhesion to vascular 

endothelium and migration from peripheral circulation into sites of infection 

(Tempelman et al., 2002). L-selectin interacts with carbohydrate moieties on 

glycoproteins and glycolipids of vascular endothelium, allowing the neutrophil to roll 

along the blood vessel walls, acting as “surveillance” for inflammatory signals. 

Neutrophil L-selectin expression was decreased among EW calves at 27 d of age, 

which was 3 d after weaning was initiated. No changes in adhesion molecule 

expression were observed after CW calves were weaned. In agreement with the 

current findings, neutrophil L-selectin expression from beef calves was decreased 2 

days after abrupt weaning and isolation from their dam (Lynch et al., 2010).  Similar 

to the EW calf neutrophil L-selectin in the current study, the down-regulated L-
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selectin expression among the beef calves in Lynch et al.‟s study was transient and 

returned to pre-weaning values within 7 d of weaning. In the present sudy, when EW 

calves were grouped by latency to be completely weaned, only the Fast- and Slow-EW 

calves had reduced L-selectin expression at 27 d of age. Both transportation in 

Holstein bull calves (Buckham Sporer et al., 2007) and parturition in Holstein cows 

(Weber et al., 2001) decreased the expression of L-selectin on neutrophils. In contrast, 

neutrophil L-selectin expression was not altered when Holstein bull calves were either 

challenged with hydrocortisone or castrated (Pang et al., 2009). The reason why 

Intermediate-EW calves did not have decreased L-selectin expression in the current 

study is not known. 

Unlike neutrophil L-selectin expression, the expression of β2-integrin was not 

suppressed during weaning. The β2-integrin adhesion molecules allow for hyper-

adhesion and subsequently, transmigration through vascular endothelium to the site of 

inflammation (Arnaout, 1990; Burton et al., 1995). If cells are unable to increase 

integrins and migrate to inflammatory sites, then chronic and even fatal infections can 

occur (Burton et al., 1995; Lee and Kehrli Jr, 1998). Stress and glucocorticoids or their 

analogues decreased β2-integrin expression on neutrophils (Burton et al., 1995).  

Expression of LPS-induced β2-integrin on neutrophils from dairy cows was decreased 

by in vitro stimulation combination of glucocorticoid and catecholamine analogues 

(Diez-Fraile et al., 2000). Similarly, β2-integrin expression on neutrophils decreased 

with increasing doses of dexamethasone (Filep et al., 1997). In Brahman bulls, β2-

integrin expression on neutrophils was decreased 24 h after initiating a repeated 

handling and transportation stress; however, 72 h later, β2-integrin expression was 

increased (Chapter V). In the current study, neutrophil β2-integrin was increased in 

Fast-EW calves 31 of age, which was 7 d after initiating weaning. Compensatory or 

rebound effects on neutrophil molecule expression were observed in cattle following 

stressors. Holstein bull calves transported for 9 h had depressed neutrophil L-selectin 

gene expression at 4.5 h after transport followed by a greater peak at 9.75 h (Buckham 

Sporer et al., 2007). Similarly, Holstein bull calves injected with glucocorticoids had 

down-regulated neutrophil L-selectin followed by a rebound above baseline measures 

when the corticoid was removed (Tempelman et al., 2002). The exact immunological 
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significance of the elevated β2-integrin expression on neutrophils of Fast-EW calves is  

not known, but it is conceivable that these calves would be more resistant to infection 

at this time period. 

There was no difference between EW and CW in the secretion of TNF-α from 

whole blood cultures stimulated with LPS at any age; however, when EW-calves were 

grouped by latency to completely wean, Slow-EW calves had decreased secretion of 

TNF-α at 27 and 31 d of age compared to other EW calves. Monocyte-derived cells 

are the primary producers of TNF-α in whole blood stimulated with LPS (Carstensen 

et al., 2005; Finch-Arietta and Cochran, 1991). Stress, including weaning in pigs, 

generally suppresses TNF-α in LPS-stimulated whole blood (Carstensen et al., 2005; 

Kusnecov and Rossi-George, 2002). Human patients with low whole blood TNF-α 

responses had greater morbidity and mortality following surgery (Heagy et al., 2003). 

Therefore, Slow-EW calves might have an impaired ability to activate an 

inflammatory response and recruit effector leukocytes to sites of infection. 

Conclusion 

Weaning is a stressful event for calves at any age and could decrease resistance 

to disease. Weaning caused transient neutrophilia and suppressed neutrophil 

phagocytic and oxidative burst responses in all calves independent of age at weaning. 

All calves had increased plasma concentrations of cortisol and haptoglobin from 24 to 

45 d than from 45 to 66 d of age, suggesting that older calves are generally less 

stressed. Expression of neutrophil L-selectin was only suppressed in EW calves and 

the temporal response was similar to the observed neutrophilia and suppressed 

neutrophil phagocytic and oxidative burst responses, returning to baseline expression 

within 7 d after weaning. Slow-EW calves weighed less before initiating early 

weaning, and they secreted less of the pro-inflammatory cytokine, TNF-α in LPS-

stimulated whole blood. Early-weaned calves and furthermore, EW-lightweight calves 

had more innate immune responses suppressed during weaning; however, the 

immunological results in the current study in context of resistance to disease are  not 

known because EW calves likely had greater humoral protection from passively 

derived immunoglobulins.  
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Table 6.1. Baseline performance data for Control and Early weaned 

calves, as well as Early weaned calves grouped by latency to be 

completely weaned
1 

 
a,b,c

 means differ, P <0.05. 
1
 Latency to be completely weaned was confirmed when milk replacer was completely 

withdrawn after 2 consecutive days of consuming 900 g of calf-starter as-fed basis. 

Early-weaned calves were grouped into three categories: Fast (1 to 5 d), Intermediate 

(6 to 8 d), and Slow (15 to 17 d). 
2
 23.7 ± 0.5 d of age 

3
 Intake was the total dry matter (milk replacer or starter) consumed from birth to the 

start of the early weaning process (23.7 ± 0.5 d of age). 
4
Total Mcal was measured on a dry matter basis of milk replacer and starter 

consumption from birth until the start of the early weaning process (23.7 ± 0.5 d of 

age).  

Treatment Early-weaned calves1

Item CW EW P-value Fast Intermediate Slow P-value

n 20 23 - 8 9 6 -

Birth BW, kg 41.4 ±1.17 42.1 ±1.25 0.71 43.4 ±2.09 41.54 ±1.97 38.69 ±2.41 0.36

BW at age 24 d, kg2 46.7 ±1.09 46.0 ±1.04 0.60 48.7 ±1.77a 46.3 ±1.63a,b 41.7 ±2.04b,c 0.05

ADG 0 to 24 d, kg/day 0.10±0.01 0.10±0.01 0.75 0.11±0.01 0.10±0.01 0.07±0.02 0.29

Milk intake3, kg 8.8 ±0.02 8.8 ±0.02 0.67 8.8 ±0.2 8.8 ±0.2 8.8 ±0.2 0.36

Starter intake, kg 2.4 ±0.27 2.7 ±0.29 0.45 3.3 ±0.5 2.3 ±0.47 2.4 ±0.57 0.26

Total Mcal4 51.5 ±0.92 52.5 ±0.86 0.43 54.5 ±1.56 51.33 ±1.47 51.6 ±1.8 0.31

Mcal/(d / BW0.75) 0.14±0.004 0.15±0.003 0.35 0.15±0.007 0.14±0.007 0.15±0.008 0.54
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Table 6.2. Performance data from 24 to 45 days of age for Control and 

Earlyweaned calves as well as Early-weaned calves grouped by latency to be 

completely weaned
1 

 
a,b,c

 means differ, P <0.05. 
1
 Control calves (CW) were not weaned and fed milk replacer twice daily. Latency to 

be completely weaned was confirmed when milk replacer was completely withdrawn 

after 2 consecutive days of consuming 900 g of calf starter As-fed. Early weaned 

(EW) calves were grouped into three categories: Fast (1 to 5 d), Intermediate (6 to 8 

d), and Slow (15 to 17 d). 
2
 44.7 ± 0.5 days of age 

3
 Intake was the total dry matter (milk replacer or starter) consumed from 23.7 to 44.7 

± 0.5 d of age. 
4
Total Mcal was measured on a dry-matter basis of milk replacer and starter 

consumption from 23.7 to 44.7 ± 0.5 d of age. 

 

 

  

 Treatment  Early-weaned calves
1
 

Item CW EW P-value  Fast Intermediate Slow P-value 

n 20 23   8 9 6  

Full wean age, days - 33.7 ±0.8 -  29.5 ±0.9
a
 33.3 ±0.8

b
 40.0 ±1.0

c
 0.01 

Days to full wean - 8.5 ±0.7 -  4.4 ±0.3
a
 7.2 ±0.3

b
 15.8 ±0.3

c
 0.01 

BW at 45 d, kg
2 

59.8 ±1.27 58.4 ±1.18 0.42  61.9 ±1.88
a
 59.1 ±1.78

a
 52.5 ±2.18

b
 0.01 

ADG
 
24 to 45 d, kg

 
0.28±0.01 0.27±0.01 0.35  0.28±0.02 0.27±0.02 0.23±0.02 0.20 

Milk intake, kg
3 

8.8 ±0.2 3.2 ±0.2 0.01  2.3 ±0.4
a
 3.3 ±0.3

b
 4.2 ±0.4

b
 0.01 

Starter intake, kg 12.3 ±0.7 15.6 ±0.7 0.01  19.0 ±1.0
a
 15.2 ±1.0

b
 11.7 ±1.2

c
 0.01 

Total Mcal
4
 82.8 ±1.7 65.0 ±1.6 0.01  70.8 ±2.1

a
 84.4±2.0

b
 58.1 ±2.5

c
 0.01 

Mcal/(d/BW
0.75

) 0.20±0.003 0.16±0.002 <0.01  0.17±0.006 0.16±0.005 0.15±0.006 0.17 
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Table 6.3. Performance data from 45 to 66 d5 of age for Control and 

Early weaned calves
1
  

 

 
1
 Weaning was initiated in Control calves (CW) at 44.7 ± 0.5 d of age while 

Earlyweaned (EW) calves at 33.7±1.08 d of age.  
2
 at 65.7±0.5 days of age 

3
Latency to be completely weaned was confirmed when milk replacer was completely 

withdrawn after 2 consecutive days of consuming 900 g of calf starter as-fed basis. 
4
 Intake was the total dry matter (milk replacer or starter) consumed from 23.7 to 44.7 

± 0.5 d of age. 
5
Total Mcal was measured on a dry matter basis of milk replacer and starter 

consumption from 44.7 to 65.7 ± 0.5 to d of age. 

 

 Treatment 

Item CW EW P-value 

n 20 23 - 

BW at 66 d, kg
2 

73.9±1.6 74.5±1.5 0.28 

ADG 42 to 63 d 0.31±0.02 0.35±0.02 0.07 

Days to full wean
3
 1.4±0.8 8.5±0.7 <0.01 

Total milk intake
4
, kg 1.3±0.15 - - 

Starter intake, kg 29.6±1.1 35.8±1.0 <0.01 

Total Mcal
4
 99.0±3.7 112.0±3.7 <0.01 

Mcal/(d/BW
0.75

) 0.16±0.003 0.13±0.003 <0.01 
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Table 6.4. Peripheral blood measurements for all 43 calves from 24 to 45 d of 

age
1
.  

 
a,b,c

 means differ, P  < 0.05.
 

1
 Age was 23.7 to 44.7 ± 0.5 d of age 

2
 Baseline measures (age 24 d) served as a covariate in the models therefore least 

squared mean differences are only compared between d 27, 31, and 45. 
3
The total circulating leukocyte count 

4
Neutrophil:mononuclear cell ratio 

5
Tumor necrosis factor–α secreted from whole blood stimulated with 1 µg/mL 

lipopolysaccharide for 24 h 

 

 

 Age, d  P-value 

Item 24
2
 27 31 45 SEMp  Time Trt Trt x Time 

WBC
3
, no. X 10

6
/mL 8.1 7.8

a
 8.6

b
 8.4

b
 ±0.3  0.01 0.92 0.25 

N:M
4
 0.6 0.5 0.51 0.44 ±0.05  0.69 0.25 0.19 

Hematocrit, % 32.6 32.6
a
 32.2

a
 30.2

b
 ±0.3  <0.01 0.23 0.13 

Cortisol, ng/mL 24.3 22.7
a
 35.2

b
 40.3

c
 ±2.9  <0.01 0.31 0.59 

TNF-α
5
, pg/mL 1132.7 1362.8

a
 1669.0

b
 2104.3

c
 ±110.4  <0.01 0.48 0.40 

Haptoglobin o.d.x100 1.99 1.88 1.72 1.94 ±0.3  0.47 0.19 0.85 
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Table 6.5. Flow-cytometric neutrophil function of Early-weaned calves
1
 (n = 23). 

 
a,b,c

 means differ, P  < 0.05. 

1
All flow cytometric measures are presented as the percentage of Control calf day and 

block means.  
2
 Baseline measures (age 24) served as a covariate in the models therefore least 

squared mean differences are only compared between 27, 31, 45 d of age.  
3
L-selectin, β2-integrin, oxidative burst (OB) and phagocytosis (PG) were originally 

measured as geometric mean fluorescence intensity.  
4
 Originally measured as the percentage of total neutrophils that produced both 

oxidative burst and phagocytosis (OB+PG+).  

  

  Age
2
, d  P-value 

 Item 24
2
 27 31 45 

 
Time 

   L-selectin, GMFI
3
 95.1 ±13.3 71.2 ±9.2

a
 123.3 ±11.1

b
 104.9 ±11.7

b,c
  0.01 

   β2-integrin, GMFI 91.5 ±8.2 91.1 ±8.6 109.3 ±8.8 89.8 ±4.3  0.15 

   % OB+PG+
4
 100.8 ±1.7 103.5 ±1.7

a
 100.2 ±1.3

a,b
 96.2 ±1.7

b
  0.01 

   OB, GMFI 94.6 ±3.7 80.2 ±3.2
a
 97 ±4.5

b
 89.1 ±3.3

b
  <0.01 

   PG, GMFI 97.7 ±6.0 107 ±7.3 109.6 ±6.5 100.9 ±4.1  0.34 
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Table 6.7. Peripheral blood parameters for all 43 calves from 45 to 66 days of 

age
1
.
 
 

 
a,b,c

 means differ, P  < 0.05.
 

1
 Control calves (CW) were weaned at 44.7 ± 0.5 d of age. Early-weaned (CW) calves 

were weaned at 23.7 ± 0.5 d of age. 
3
 Total circulating leukocyte count. 

4
Neutrophil:mononuclear cell ratio. 

5
Tumor necrosis factor–α secreted from whole blood stimulated with 1 µg/mL 

lipopolysaccharide for 24 h. 

  

 Treatment  Age, d  P-value 

Item CW EW SEMp  45 48 52 66 SEMp  TRT Time TRT*Time 

n 20 17   37 37 37 37      

WBC
3
, no. x 10

6
/mL 8.2 8.0 ±0.4 

 
8.3

 a
 8.5

a
 8.2

a
 7.5

b
 ±0.3 

 0.60 0.04 0.47 

N:M
4
 0.46 0.38 ±0.03 

 
0.42

 a
 0.42

a
 0.34

b
 0.50

c
 ±0.04 

 0.06 0.02 0.04 

Hematocrit, % 29.3 28.0 ±0.4 
 

30.3
 a
 29.6

a
 28.5

a
 27.9

b
 ±0.3 

 0.03 <0.01 0.21 

Cortisol, ng/mL 22.3 19.9 ±1.7  38.7
 a
 14.8

 b
 12.6

 b
 18.3 ±1.9  0.46 <0.01 0.40 

TNF-α
5
, pg/mL 1766 1853 ±122 

 
2150

a
 1026

b
 2020

a
 2042

a
 ±200.1 

 0.44 0.05 0.07 

Haptoglobin o.d.x100 1.46 1.35 ±0.11  2.27
 a
 1.66

 a
 1.56

 a
 0.99

 b
 ±0.13  0.59 <0.01 0.13 
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Table  6.8. Flow cytometric neutrophil function of Control weaned calves (n=20)
1 

 

a,b
 means differ, P  < 0.05. 

1
All flow cytometric measures are presented as the percentage of Early weaned calf 

day and block means. Data from the Slow-EW calves was excluded before calculating 

the day and block means for the Early weaned calves.  
2
L-selectin , β2-integrin, oxidative burst (OB) and phagocytosis (PG) were originally 

measured as geometric mean fluorescence intensity.  
3
 Originally measured as the percentage of total Neutrophils that produced both 

oxidative burst and phagocytosis (OB+PG+).  
  

  Time relative to age
2
, d  P-value 

  45 48 52 66  Time 

   L-selectin, GMFI
2
 111.2±11.3 96.3±11.8 112.2±11.8 108.2±11.8  0.67 

   β2-integrin, GMFI 106.7±7.6 116.1±10.8
 
 100.5±10.8

 
 95.4±8.1  0.22 

   % OB+PG+
3
 106.0±1.3

a
 99.9±1.3

b
 101.6±1.4

b
 101.1±1.3

b
  <0.01 

   OB, GMFI 
120.9±6.2 109.7±6.3 117.2±6.3 113.8±6.3 

 
0.30 

   PG, GMFI 108.6±4.5 97.2±5.5 106.0±5.9 99.4±4.1  0.06 
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Figure 6.1. A) Neutrophil:mononuclear cell ratios from 24 to 45 days of 

age for A) Control (CW) and Early weaned (EW) calves and B) EW 

calves grouped by latency to completely wean
1 

 

*
Treatment x Time effect Log-transformed P < 0.05. 

1
Control calves (CW) were not weaned and fed milk-placer twice-daily. Latency to be 

completely weaned was confirmed when milk replacer was completely withdrawn 

after 2 consecutive days of consuming 900 g of calf-starter as-fed basis. Early-weaned 

calves were broken up into three categories: Fast (1 to 5 d), Intermediate (6 to 8 d), 

and Slow (15 to 17 d). 
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Figure 6.2.  Neutrophil:Mononuclear cell ratios from 45 to 66 days of age for 

Control (CW) and Early weaned (EW) calves
1 

**
Treatment x Time effect P < 0.01.

 

1
Control calves were weaned by removal of 50% of milk replacer at 44.7  ± 0.5 d of 

age (indicated by white arrow) while 17 calves began the weaning process at day 23.7 

± 0.5 d of age and were completely weaned in within 5.9 ± 0.3 d. Completely weaned 

was confirmed when milk replacer was completely withdrawn after 2 consecutive days 

of consuming 900 g of calf-starter as-fed basis. 
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Figure 6.3.  Plasma cortisol concentrations 45 to 66 days of age for 

Control (CW) and Early weaned (EW) calves
1
 

*
Treatment x Time effect P < 0.05. 

1
Control calves were weaned by removal of 50% of milk replacer at 44.7  ± 0.5 d of 

age (indicated by white arrow) while 17 calves began the weaning process at day 23.7 

± 0.5 d of age and were completely weaned in within 5.9 ± 0.3 d. Completely weaned 

was confirmed when milk replacer was completely withdrawn after 2 consecutive days 

of consuming 900 g of calf-starter, as-fed basis. 
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Figure 6.4.  A. Hematocrit percentages from 24 to 45 d of age for A) 

Control (CW) and Early weaned (EW) calves and B) Early weaned 

calves grouped by latency to completely wean
1 

*
Treatment (or Group) x Time effect P < 0.05. 

1
Control calves were weaned by removal of 50% of milk replacer at 44.7  ± 0.5 d of 

age (indicated by white arrow) while 17 calves began the weaning process at d 23.7 ± 

0.5 d of age and were completely weaned in within 5.9 ± 0.3 days. Completely weaned 

was confirmed when milk replacer was completely withdrawn after 2 consecutive days 

of consuming 900 g of calf-starter, as-fed basis. 
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Figure 6.5.  Hematocrit percentage at  45 to 66 days of age for Control 

(CW) and Early weaned (EW) calves
1
 

Treatment x Time SLICE effect *P < 0.05; **P < 0.01. 
1
Control calves were weaned by removal of 50% of milk replacer at 44.7±0.5 d of age 

(indicated by white arrow) while 17 calves began weaning process at d 23.7±0.5 d of 

age and were completely weaned in within 5.9±0.3 d. “Completely weaned” was 

defined as when milk replacer was completely withdrawn after 2 consecutive days of 

900 g of calf-starter consumption, as-fed basis.  
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Figure 6.6. A. Tumor necrosis factor-α secretion  from LPS-stimulated 

whole blood from 24 to 45 days of age for  A) Control (CW) and Early 

weaned (EW) calves and B) Early weaned calves grouped by latency to 

completely wean
1 

*Treatment x Time effect P < 0.05. 
1
Control calves were weaned by removal of 50% of milk replacer at 44.7  ± 0.5 d of 

age (indicated by white arrow) while 17 calves began the weaning process at d 23.7 ± 

0.5 of age and were completely weaned in within 5.9 ± 0.3 d. Completely weaned was 

confirmed when milk replacer was completely withdrawn after 2 consecutive d of 

consuming 900 g of calf-starter, as-fed basis. 
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Figure 6.7. Neutrophil adhesion molecule expression
1
 from 24 to 45 

days of age for Early weaned calves grouped by latency to completely 

wean.
2
 A) Neutrophil L-selectin and B) Neutrophil β2-integrin 

**
Treatment x Time effect P < 0.01. 

1 
Adhesion molecules were measured originally by the geometric mean fluorescence 

of FL-1, but data are presented as a percentage of the Control calves day and block 

means. 
2
Control calves were not weaned and fed milk-placer twice-daily. Latency to be 

completely weaned was confirmed when milk replacer was completely withdrawn 

after 2 consecutive days of consuming 900 g of calf-starter, as-fed basis. Early-weaned 

calves were broken up into three categories: Fast (1 to 5 d), Intermediate (6 to 8 d), 

and Slow (15 to 17 d). 
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CHAPTER VII 

INNATE IMMUNE RESPONSES OF HOLSTEIN DAIRY CALVES FED MILK 

REPLACER ONCE VS. TWICE DAILY BEFORE AND AFTER WEANING 

Abstract 

The objectives of this study were to determine the effects of switching Holstein 

calves to once-a-day feeding during the 4
th

 week of life (24 ± 0.5 d of age; once-fed n 

= 22; twice-fed n = 20) on innate immune responses and also evaluate whether there 

were any carry-over effects when the calves were weaned during the 7
th

 wk of life. 

Whole blood was taken just before the change in feeding strategy (age 24 d) as well as 

27, 31, 45, 48, 52 and 66 d of age and was plasma analyzed for circulating cortisol, 

haptoglobin, total leukocyte counts, neutrophil:mononuclear cells, and hematocrit 

percent. Whole blood was also stimulated with lipopolysachharide (LPS) for 24 h and 

supernatant tumor necrosis factor-α (TNF-α) concentration analyzed. Neutrophil L-

selectin and β2-integrin were analyzed via flow cytometry. Simultaneous neutrophil 

phagocytic and oxidative burst responses to a heat-killed Escherichia coli were 

quantified via dual-color flow cytometry. Once-fed calves tended (P = 0.07) to have 

more circulating neutrophils on d 27, greater (P = 0.07) expression of L-selectin on 

neutrophils on d 31 and 45, and greater (P = 0.06) intensity of phagocytosis on d 45. 

Once-fed calves secreted less TNF-α concentration when whole blood cultures were 

stimulated with LPS at 45 d of age when compared with Twice-fed calves (P < 0.05), 

and this tended (P = 0.09) to persist through the post-weaning period. There were no 

differences in immune parameters after weaning between the pre-weaning feeding 

strategies (P > 0.10). Consolidating calf milk replacer into one feeding during the 4
th

 

week of life was likely a mild and acutely stressor, as evidenced by transient 

neutrophilia in the absence of suppressed functional capacities of neutrophils. Future 

research should address the mechanism and immunological significance of the 

persistent decreased TNF-α response in Once-fed calves.  
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Introduction 

Feeding dairy calves milk or milk replacer twice daily is labor intensive. One 

feeding strategy to decrease labor inputs is to feed calves twice daily for the first 2 to 3 

weeks of age, then to consolidate the milk into one feeding until weaning. Galton and 

Brakel (Galton and Brakel, 1976) reported a 39% decrease in labor when calves were 

fed according to this protocol. Moreover, calves fed once daily performed as well as 

calves fed twice daily. Feed intake, body weight gain, body composition, feed 

efficiency, and morbidity did not differ between calves fed once vs. twice daily 

(Ackerman et al., 1969a; Ackerman et al., 1969b; Galton and Brakel, 1976; Kehoe et 

al., 2007). 

Changes in feeding strategies, including frequency and composition can be 

perceived as a stressor by animals. This perceived stress could potentially modulate 

the innate immune system, increasing the likelihood of disease. No research has 

determined the influence of changing feeding frequency to once-a-day feeding on the 

innate immune response of pre-weaning dairy calves. Therefore, the objectives of this 

study were to determine the effects of switching Holstein calves to once a day feeding 

during the 4
th

 wk of life on innate immune responses and also evaluate whether there 

were any carry-over effects when the calves were weaned during the 7
th

 wk of life.    

Materials and Methods 

Animals and housing 

The experiment was conducted from March to April 2010. All animal 

procedures were reviewed and approved by the Texas Tech University Animal Care 

and Use Committee. Forty-two Holstein, bull calves (24 to 48 h after birth) were 

purchased from two local commercial dairies over a 7-d period. Seventeen additional 

bull calves purchased from the same farms at the same times were also used in this 

study, were weaned early (at 24 + 0.5 d of age; Chapter VI) and were used as controls 

during the weaning stage of this experiment. All calves were fed 3.8 L of pooled 

colostrum from each dairy within 12 h of birth and all calves were transported 
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approximately 60 km to the Hilmar Cheese Calf Research Facility at Texas Tech 

University in New Deal, TX. Calves were housed with straw-bedding in commercial 

polyethylene calf hutches (Agri-Plastics, Tonawanda, NY).  

Feeding and weaning strategies 

Before assignment to feeding strategy treatments,all calves were fed 227 g as-

fed basis of a 20% protein/ 20% fat milk replacer (Herd Maker, Land O‟Lakes Animal 

Protein Co., Shoreview, MN) twice daily at 0800 and 1600 h.  After the first week, all 

calves were offered ad-libitum access to a calf starter and water for the remainder of 

the study.  The quantity of calf starter was adjusted daily for approximately a 15% 

refusal.  Twenty-four days after the first group of calves were acquired (24 ± 2.3 d of 

age; 47.6 ±4.1 kg BW), all calves were completely randomized to 1 of 2 feeding-

strategy treatments: Once-fed (n = 22) and Twice-fed (n = 20). Once-fed calves on this 

day were given 454 g As-fed of the milk replacer at the 0800 h feeding, while Twice-

fed calves had no changes to the feeding regime discussed previously.  

Once-fed and Twice-fed calves were all weaned 21 d after treatment 

enrollment (at 45 ± 2.3 d of age). Early-weaned calves were weaned 21 d earlier (24 ± 

2.3 d of age) as described in Chapter VI Weaning began by restricting the intake of 

milk replacer by 50% by withdrawing the 16:00 h feeding for Twice-fed calves and 

decreasing the Once-fed calves 0800 h feeding to 227 g (as-fed basis) of the milk 

replacer. Calves were completely weaned when they consumed 900 g of calf starter 

(as-fed basis) for two consecutive days.  Calves were individually weighed recorded at 

arrival, 24, 31, 45, 52, and 66 ± 2.3 d of age. 

Blood collection and analysis 

Nine millitiers of peripheral blood were collected via jugular venapuncture 

immediately before assignment of treatments (age 24 ± 2.3 days), as well as 27, 31, 

45, 48, 52 and 66 ± 2.3 d of age. Samples had to be collected into 2 blocks on separate 

days to accommodate logistics of running the immune function assays. The block (A 

or B) was assigned randomly to calves within their treatment (n = 10 Twice-fed and n 
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= 11 Once-fed per block). Blood was collected into 2 vacutainers (6 mL and 3 mL) 

containing heparin and immediately placed on ice. Within 1 h after collection, the 3-

mL vacutainers from each calf was analyzed for hematocrit, total leukocyte counts and 

differentiated analyses of neutrophils and mononuclear cells using a Cell Dyn 3700 

with automated 50-sample loader and vet-package software (Abbot Laboratories, 

Abbot, IL). In addition, the neutrophil:mononuclear cell ratio (N:M) was calculated. 

Plasma was collected after centrifugation at 1200 x g and stored at -80ºC until 

analyzed for cortisol, glucose, urea nitrogen and haptoglobin concentrations. All 

plasma samples were analyzed in duplicate. Circulating concentrations of cortisol 

were determined using a commercially available competitive-binding 

Chemiluminescence-ELISA kit (Searchlight- Aushon BioSystems, Inc. Billerica, 

MA). The intra-assay variation was less than 10%, and inter assay variation were less 

than 15% for the cortisol assay. Serum glucose and urea nitrogen were analyzed by 

commercially available enzymatic, colorimetric kits (Stanbio Laboratory, Boerne, TX) 

and intra- and inter-assay variation for these assays were <5% and 7%, respectively.   

Plasma haptoglobin concentrations were determined by measuring 

haptoglobin/hemoglobin complex by the estimation of differences in peroxidase 

activity (Makimura and Suzuki, 1982; Arthington, 2003). Results were expressed in 

arbitrary units resulting from the absorption reading at 450 nm x 100. The intra- and 

inter- variation were <2.   

Phagocytosis and oxidative burst capacity of neutrophils 

The simultaneous phagocytic and oxidative burst capacities of peripheral blood 

neutrophils in response to an enteropathogenic Escherichia coli isolated from the 

spleen of a septicemic calf was analyzed. The E. coli was grown overnight in tryptic 

soy broth and quantified by serial dilution and spread-plating on tryptic soy agar.  The 

bacteria were heat-killed at 60
o
C for 30 min, washed, and resuspended at 10

9
 colony 

forming units and incubated for 2 h under constant agitation at room temperature with 

an equal volume of 100 µg/mL propidium iodide (Invitrogen, Carlsbad, CA). Killed, 
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propidium iodide-labeled bacteria were washed twice and resuspended at 10
9
 colony-

forming units/mL in 1X PBS. Bacteria were aliquoted into 1 mL volumes and stored at 

-80
o
C. Two-hundred µL of whole blood from 6 mL vacutainer per animal was 

incubated in an ice bath for 15 min. Forty µL of a 100 µM working concentration of 

dihydrorhodamine (Invitrogen) and the fluorescently-labeled E. coli was added to each 

sample, vortexed thoroughly, and then placed in a 38.5C water bath and incubated for 

10 min. After completion of incubation, the samples were placed in an ice bath for 5 

min. Erythrocytes were hypotonically lysed, washed, and the leukocytes analyzed by 

dual-color flow cytometery using a Cell Lab Quanta SC flow cytometer (Beckman 

Coulter, Fullerton, CA).  Using Flow-cytometer analysis software (QuantaSC MPL, 

Beckman Coulter), neutrophils were gated on the scatter-plot of electric volume x side 

scatter. Cells that were positive for both oxidative burst (OB+) and phagocytosis 

(PG+) were then gated using the FL-1 by FL-3 scatter-plot. The OB+PG+ cell 

percentage and geometric mean fluorescence intensity of the FL-1 and FL-3 were 

analyzed for oxidative burst and phagocytosis, respectively.   

Determination neutrophil leukocyte adhesion molecules 

Two hundred microliters of whole blood from the 6 mL vacutainer for each 

animal was incubated at a final dilution of 5 µg/mL of anti-bovine CD62L 

(monoclonal antibody IgG1-isotype made in mouse; VMRD, Pullman, WA) or 2.5 

µg/mL of anti-bovine CD18 (the β2-integrin chain of CD11a, b and c heterodimers; 

monoclonal antibody IgG1-isotype made in mouse; VMRD, Pullman, WA) for 1 h in 

an ice bath. Erythrocytes were hyptonically lysed and then rinsed once. The leukocyte 

pellet was re-suspended in flourescin-labeled secondary antibody at a 1:400 dilution 

(F(ab‟)2 antimouse IgG:FITC; AbD Serotec Raleigh, NC). Samples were incubated on 

ice for another hour. Samples were then washed once using 1X PBS and then analyzed 

by single-color flow cytometry. Using the flow-cytometer analysis software 

neutrophils were gated on the scatter-plot diagram of electric volume x side scatter. 
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The total geometric mean fluorescence intensity (FL-1) for L-selectin or β2-integrin 

was analyzed for the three cell types.  

Whole blood LPS stimulation 

Whole blood was diluted 1:5 with RPMI 1640 (Invitrogen) containing 1% 

ANTI-antibiotics (GIBCO™ Antibiotic-Antimycotic, Invitrogen). Whole blood was 

stimulated at a final concentration of 1 µg/mL of LPS (E. coli O111:B4; Sigma-

Aldrich, St. Louis, MO) Samples were incubated for 24 h in a humidified 5% CO2 

chamber. The cell culture plates were centrifuged for 10 min at 1,200 x g at 4ºC. The 

supernatant fraction was collected and stored in -40ºC freezer until analyzed for TNF-

α using a commercially available ELISA (DY2279E; R&D Systems Minneapolis, 

MN). Standards were diluted in RPMI with 10% pooled bovine plasma and 1% 

antibiotics. The sensitivity of this assay was 125 pg/mL.  

General statistical analysis 

All data were analyzed by restricted maximum likelihood ANOVA using the 

MIXED procedure of SAS (v.9.2, SAS Inst. Inc., Cary, NC, USA). The ante-

regressive (1) covariance structure for the within-subject measurement was used for all 

models. Repeated data were tested for normality of the residuals by evaluating the 

Shapiro-Wilk statistic using the UNIVARIATE procedure of SAS (v.9.1.3, SAS Inst. 

Inc., Cary, NC, USA).  Data that were not normally distributed were log-transformed 

before mixed model analysis. Pair-wise differences were performed at each time using 

a sliced-effect multiple comparison approach with a Tukey-Kramer adjustment. Least 

squares means (±SEM) are reported throughout. A treatment difference of P ≤ 0.05 

was considered significant, and P ≤ 0.10 was considered a trend.  

Statistical analysis for the acute effects of Once vs. Twice a day 

feeding 

Data to test the acute effects of Once vs. Twice daily feeding included data 

from 24, 27, 31 and 45 ± 2.3 d of age. Baseline measurements taken immediately 
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before assigning feeding strategy treatments (d 24) were used as a covariate in all 

statistical models. For this model, only the data from Once-fed and Twice fed calves 

were used. For all metabolic and immune response data, excluding data analyzed by 

flow cytometery, a linear, mixed model with the fixed effects of treatment, time, and 

the interactions of treatment x time and block x treatment x time was fitted.  The 

random effect was calf tested within treatment x block.  

Before statistical analyzing all the flow-cytometry data, the data from the 

Once-fed calves were divided by the block mean of the Twice-fed calves data to 

account for daily variation resulting from flow cytometry settings. All flow cytometry 

data for the Once-fed calves are presented as the percentage of Twice-fed calves 

means. The fixed effects of time and the interaction of time x block was fitted. The 

random effect was calf nested within block. 

Statistical analysis for carry-over effects on weaning 

Data that were used to test the carry-over effects of Once vs. Twice-fed on 

innate immune responses at weaning  included measures from 45, 48, 52 and 66 ± 2.3 

days of age.   For all metabolic and immune response data, excluding data analyzed by 

flow-cytometery, a linear, mixed model with the fixed effects of treatment, time, and 

the interactions of treatment x time and block x treatment x time was fitted.  The 

random effect was calf tested within treatment x block. For these analyses, data 

collected from calves that had been early weaned were used as daily biological 

controls. 

Prior to statistical analyzing all the flow-cytometry data, the data from the 

Once-fed and Twice fed calves were divided by the block mean from the Control calf 

data (early weaned) to account for daily variation due to flow cytometry settings. All 

flow cytometry data for the Once-fed and Twice-fed calves are presented as the 

percentage of Control calves means. The fixed effects of time and the interaction of 

time x block was fitted. The random effect was calf nested within block. 
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Results 

Performance 

No differences (P < 0.10) in performance between Once-fed and Twice-fed 

calves were observed before and after the feeding strategy change and results will be 

reported in another manuscript (Ballou et al., 2011). All calves consumed enough calf 

starter to have milk replacer completely removed at 2 ± 0.8 d after the weaning 

process was initiated on d 45 ± 2.3 d of age (P > 0.10). 

Acute effects of once vs. twice a day milk replacer 

There were no treatment or treatment x time effects for peripheral total 

leukocyte counts, hematocrit percentages, cortisol concentrations, or haptoglobin 

concentrations. Among all calves, peripheral total leukocytes and cortisol 

concentrations were greater on 31 and 45 d of age (P < 0.01; Table 7.1). 

Neutrophil:mononuclear cell ratios and plasma haptoglobin concentrations decreased 

with increasing age in all calves (P < 0.01; Table 7.1). At 27 days of age, N:M ratios 

tended (P = 0.09;  Figure 7.1) to be greater among Once-fed than from Twice-fed 

calves. 

Tumor necrosis factor-α concentrations from LPS-stimulated whole blood 

increased with increasing age (P < 0.01; Table 7.1), and were lower from Once-fed 

calves than Twice-fed calves at 45 d of age (P < 0.05; Figure 7.2). 

There was a tendency (P = 0.07) for neutrophils from Once-fed calves to 

express more L-selectin on 31 and 45 d of age (Table 7.2). No differences in either 

neutrophil β2-integrin expression or oxidative burst responses were observed between 

Once-fed and Twice-fed calves; however, Once-fed calves tended (P = 0.06) to have 

greater neutrophil phagocytosis intensity at 45 days of age (Table 7.2). 

Previous feeding strategy effects on weaning 

There were no significant treatment or treatment x time effects for peripheral 

total leukocyte counts, N:M ratios, hematocrit percents, cortisol concentrations, or 
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haptoglobin concentrations. After weaning, all calves had decreased total leukocyte 

counts (P < 0.01; Table 7.3) and hematocrits (P < 0.01; Table 7.3) on 52 and 66 d of 

age. Neutrophil: mononuclear cell ratios were increased (P < 0.05; Table 7.3) at 66 d 

of age in all calves, whereas plasma haptoglobin and cortisol concentrations (P < 

0.01; Table 7.3) were decreased.  

Twice-fed calves had greater (P < 0.05) TNF-α from whole blood stimulated 

with LPS compared with Once-fed at day 45 of age, which was immediately before 

weaning (Figure 7.3). In addition, there was a treatment tendency (P = 0.09) for Once-

fed calves to secrete less TNF-α than Twice-fed calves during the post-weaning period 

(Figure 7.3).  All calves had decreased TNF-α concentrations 3 d after weaning (P < 

0.01; Table 7.3), but this was not associated with weaning because the Early weaned 

calves also secreted less TNF-α on that day. 

There were no treatment x time or treatment effects on neutrophil adhesion 

molecule expression between Once-fed and Twice-fed calves after weaning (P > 

0.10); however, all calves had increased β2-integrin expression 3 days after weaning 

(P < 0.01; Table 7.4). In addition, all calves had a decrease in the percentage of 

neutrophils that produced both OB and PG 3 d after weaning (P < 0.01; P < 0.01; 

Table 7.4 ). 

 Discussion 

Consolidating milk replacer feedings into one feeding during the 4
th

 wk of age 

would decrease labor and material costs; therefore, the objectives of this study were to 

determine the effects of switching Holstein calves to once a day feeding during the 4
th

 

wk of life on innate immune responses and also evaluate any carry-over effects when 

the calves were weaned during the 7
th

 week of life. In agreement with other data 

(Ackerman et al., 1969a; Ackerman et al., 1969b; Galton and Brakel, 1976; Kehoe et 

al., 2007), no differences in performance were observed between treatments. 

Additional data on calf performance are reported in a companion manuscript. Once-

fed calves consumed the similar amounts of starter as Twice-fed calves, and it took 
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less than 3 d to completely wean all calves from milk replacer. Therefore, weaning 

was a similar experience for all calves and was an abrupt weaning of milk replacer.  

Three days after Once-fed calf milk replacer was consolidated into one 

feeding, N:M cell ratios tended to be greater than for Twice-fed calves. Total 

leukocytes counts did not suggest that the change in the ratio was a result of infection. 

Once-fed calves were likely acutely stressed, as peripheral neutrophilia is commonly 

observed in cattle following many types of stressors (Buckham Sporer et al., 2007; 

Gupta et al., 2007; Murata et al., 1987). In addition, increased N:M ratios are 

commonly observed immediately following weaning stress (Chapter VI). Furthermore, 

a transient increase in N:M was also observed among all calves when they were 

weaned in the current study.  

In addition to changes in circulating leukocyte proportions, functional 

capacities of neutrophils are responsive to stress including suppression in phagocytic 

and oxidative burst capacities, as well as adhesion molecule expression (Buckham 

Sporer et al., 2007; Burton et al., 2005). However, the type and intensity of the stressor 

likely plays a role in the effect it has on the functional response of neutrophils 

(Sorrells and Sapolsky, 2007b). The change in feeding frequency during the 4
th

 wk of 

life did not have an effect on neutrophil phagocytic or oxidative burst responses to an 

E. coli, which suggests the stress associated with the change in feeding frequency was 

either acute or less intense than other stressors. Pang et al. (2009) observed no changes 

in neutrophil phagocytic or oxidative burst capacities when Holstein bull calves were 

acutely challenged with hydrocortisone. Furthermore, there was no change in 

neutrophil phagocytic or oxidative burst capacities when Holstein bull calves were 

castrated (Pang et al., 2009). These data suggest that acute stress might not impair 

neutrophil phagocytic and oxidative burst capacities. In contrast, exposing 5-wk-old 

Holstein calves to exercise and cold stress (Henricks et al., 1987) or weaning Holstein 

(Chapter VI) and beef (Lynch et al., 2010) calves caused a transient decrease in the 

phagocytic and oxidative burst capacities of neutrophils. Taken together with the 

current data, Once-fed calves were able to cope with the change in feeding frequency 
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rather rapidly as evident by a lack of suppression of neutrophil phagocytic and 

oxidative burst capacities 3 d after consolidating to once a day feeding. 

Further supporting that Holstein calves were able to rapidly cope with the 

change in the frequency of feeding during the 4
th

 wk of life is that neutrophil L-

selectin was not suppressed. At 31 and 45 d of age Once-fed calves actually expressed 

more L-selectin on their neutrophils. Moreover, at 45 d of age the phagocytic intensity 

of neutrophils from Once-fed calves was higher than for Twice-fed calves. Neither 

intravenous challenge with hydrocortisone nor castration caused changes in neutrophil 

expression of L-selectin; however, parturition stress in Holstien cows caused a 

decreased neutrophil L-selctin expression (Weber et al., 2001). Additionally, when 

Holstein bull calves were transported, neutrophil L-selectin expression was decreased 

4.5 h after transport; however, 9.75 h after transport L-selectin expression was greater 

than baseline (Buckham Sporer et al., 2007). These data suggest that mild or acute 

stressors do not or only transiently suppress neutrophil L-selectin expression and that 

neutrophils may be “primed” following this type of stress. Current data suggest that 

the mild stress of switching from twice a day feeding to once a day feeding during the 

4 wk of life stimulated neutrophil L-selectin expression. Further supporting that a mild 

stress increases expression of adhesion molecules on neutrophils is the observation 

that 3 d after weaning all calves had higher expression of β2-integrin. The exact 

immunological significance of the elevated adhesion molecule expression following a 

mild stressor is not known, but it is conceivable that it is a compensatory mechanism 

that might improve resistance to disease. 

At 45 d of age, which was 21 days after consolidating to one feeding in the 

Once-fed calves, secretion of TNF-α from whole blood cultures stimulated with LPS 

was decreased in the Once-fed calves. Furthermore, during the post-weaning period 

there was a tendency for a carry-over effect, whereas Once-fed calves continued to 

secrete less TNF-α from whole blood cultures. This response is not likely associated 

with the stressor of switching to once a day feeding because of the 21 d latency until 

the response was evident as well as its persistency into the post-weaning period. In 
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pigs, TNF-α secretion from whole blood cultures stimulated with LPS decreased by 

61.7% two days after weaning (Carstensen et al., 2005). Light weight, early weaned 

Holstein bull calves had decreased secretion of TNF-α at 3 and 7 d after initiating 

weaning, but had returned to concentrations not different than non-weaned control 

calves by d 21 after weaning (Chapter VI). In human surgical patients, low whole 

blood TNF-α responses were associated with greater morbidity and mortality (Heagy 

et al., 2003). The immunological significance of the lower TNF-α response by Once-

fed calves is  not known, but it is conceivable that these calves may have decreased 

ability to activate an acute phase response and recruit effector cells to sites of 

infection. It is tempting to speculate on the mechanism underlying the lower TNF-α 

secretion in Once-fed calves. Early life experiences, either in utero or during the 

neonatal period, can influence a physiological response later in life. This phenomenon 

was coined “pre-programming” {Dörner G., 1975 895 /id. It is not known whether 

feeding frequency early in life can have persistent effects on the pro-inflammatory 

responsiveness of leukocytes to pathogen-associated molecular patterns; this is an area 

that warrants further research. 

Implications 

Consolidating calf milk replacer into one feeding during the 4
th

 wk of life was 

likely a mild and acutely stressor as evident by transient neutrophilia in the absence of 

suppressed functional capacities of neutrophils. Switching to once-a-day feeding may 

actually improve resistance of disease during the pre-weaning period because of 

greater neutrophil expression of L-selectin and intensity of phagocytosis. Once-fed 

calves did not have acute suppression of TNF-α secretion from whole blood cultures, 

but 21 d after changing the feeding frequency, they were persistently lower through 

the end of the study. The underlying mechanisms and resistance to disease 

implications of this are  not known.  
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Table 7.1. Daily means of blood measurements of all calves (n = 42) after Once-

fed calves had milk replacer consolidated into one feeding
1
.  

 
1
Calves were fed 227 g milk replacer twice daily until 24 ±0.5 days of age. After 24 d 

of age 22 calves (Once-fed) had the evening milk feeding withdrawn and all 454 g of 

milk, replacer was fed in the morning whereas Twice-fed (n=20) had no change in 

feeding strategy. 
2
 Data for 24 d of age was used as a covariate in the model, therefore comparisonsons 

between LS means were only made for d 27, 31, and 45 of age.  
3
Circulating white blood cell counts. 

4
Neutrophil:mononuclear ratios in peripheral blood. 

5
Whole blood was stimulated with 1 µg/mL of lipopolysacharride (LPS) for 24 h and 

the supernatant was analyzed for tumor-necrosis factor-alpha (TNF-α).  
  

 1 

 Time relative to age, d  P-value 

Item 24
2
 27 31 45  Time Trt Trt*Time 

WBC
3
, no. x 10

6
/mL 7.2±0.27 7.3±0.35

a
 8.2±0.34

b
 8.5±0.33

b
  0.02 0.68 0.78 

N:M
4
 0.66±0.06 0.55±0.04 0.51±0.06 0.44±0.04  0.86 0.41 0.30 

Hematocrit, % 32.6±0.30 32.7±0.30
a
 32.1±0.29

a
 30.1±0.40

b
  <0.01 0.80 0.14 

Cortisol, ng/mL 27.2±2.9 25.2±3.0
a
 37±3.6

b
 39.7±3.0

b
  <0.01 0.13 0.96 

Haptoglobin o.d.x100 2.11±0.17 1.93±0.18
a
 1.61±0.11a,b 1.52±0.1

b,c
  0.02 0.28 0.92 

TNF-α
5
, pg/mL 1134±105 1378±118

a
 1590±106

a
 1961±123

b
  <0.01 0.14 0.06 
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Table 7.2. Neutrophil means
1
 of blood measurements of Once fed

2
 calves after 

they had milk replacer consolidated into one feeding. 

 
 1

All flow cytometric measures are presented as the percentage are presented as a 

percentage of Twice-fed calf day and block means.  
2
 After age 24 samples were taken, Once fed calves had evening milk replacer feeding 

consolidated into one morning feeding. Age 24 served as a covariate in the model.  
3
L-selectin, β2-integrin, oxidative burst (OB) and phagocytosis (PG) were originally 

measured as geometric mean fluorescence intensity.  
4
 Originally measured as the percentage of total Neutrophils that produced both 

oxidative burst and phagocytosis (OB+PG+).  

 

  

  Time relative to age, d 
 

 Item 24
2
 27 31 45 P-value  

   L-selectin, GMFI
3
 76.4±12.5 76.3±16.8 105.8 ±10.2 105.8±12.7 0.07 

   β2-integrin, GMFI 83.7±8.0 96.1±8.0 102.8±8.0 92.3 0.67 

   % OB+PG+
5
 101.7±1.9 102.5±1.9 100.8±1.9 102.2±1.9 0.17 

   OB, GMFI 102.9±4.2 94.1±4.2 100.4±4.2 102.5±4.2 0.18 

   PG, GMFI 107.3±3.5 109.9±3.5 104.5±3.3 114.3±3.5 0.06 

 1 
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Table 7.3. Daily means of blood parameters of all calves
1
 (n = 42) after weaning. 

 

 1
Calves were fed 227 g milk replacer twice daily until 24 ±0.5 d of age. After 24 d of 

age (indicated  by black arrow), 22 calves (Once-fed) had the evening milk feeding 

withdrawn and all 454 g of milk, replacer was fed in the morning whereas Twice fed 

(n = 20) had no change in feeding strategy. 

 
2
Circulating white blood cell counts 

3
Neutrophil:mononuclear ratios in circulating blood 

4
Whole blood was stimulated with 1µg/mL of lipopolysacharride (LPS) for 24 h and 

the supernatant fraction was analyzed for tumor-necrosis factor-alpha (TNF-α).  
  

 Time relative to age, d  P-values 

Item 45 48 52 66  Time Trt Trt*Time 

WBC
3
, no. x 10

6
/mL 8.4±0.31 8.7±0.32 8.2±0.26 7.8±0.39  0.18 0.92 0.58 

N:M
4
 0.46±0.04

a,b
 0.48±0.05

b
 0.40±0.04

a
 0.54±0.06

b
  0.04 0.92 0.65 

Hematocrit, % 30.2±0.4
a,b

 30.7±0.3
a
 29.3±0.3

b
 28.3±0.5

c
  <0.01 0.49 0.11 

Cortisol, ng/mL 38.7±3.3
a
 19.8±2.3

b
 12.8±1.4

b
 21.4±3.0

b
  <0.01 0.16 0.72 

Haptoglobin o.d.x100 1.56±0.13
a
 1.53±0.13

a
 1.70±0.13

a
 1.06b±0.13

b
  <0.01 0.85 0.53 

TNF-α
5
, pg/mL 1978±151

a
 1109±178

b
 1708±172

c
 1782±164

c
  <0.01 0.07 0.09 

 1 
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Table 7.4. Neutrophil means of flow cytometry
1
 measurements of all calves after 

weaning
2
. 

 
 a,b,c

 means differ, P <0.05. 
1
All flow cytometric measures are presented as the percentage are presented as a 

percentage of control calf day and block means.  
2
 Weaning began after 45 d of age samples were taken by removal of 50% of milk 

replacer.  
3
L-selectin, β2-integrin, oxidative burst (OB) and phagocytosis (PG) were originally 

measured as geometric mean fluorescence intensity.  
4
 Originally measured as the percentage of total Neutrophils that produced both 

oxidative burst and phagocytosis (OB+PG+).  

 

 

  

  Time relative to age, d  P-values 

 Item 45 48 52 66  Time Trt Trt*Time 

 L-selectin, GMFI
3
 94.9±8.8 94.0±8.1 102.5±7.8 91.6±9.1  0.87 0.16 0.56 

β2-integrin, GMFI 101.6±4.3
 a
 119.4±4.3

b
 100.9±7.5

a
 101.9±6.3

a
  0.03 0.63 0.58 

 % OB+PG+
4
 105.0±1.0

 a
 99.8±0.7

b
 101.5±0.8

c
 101.3±0.6

c
  <0.01 0.80 0.90 

OB, GMFI 118.0±4.0
 a
 108.3±4.6

b
 118.2±4.6

c
 112.6±4.8

a,c
  0.03 0.75 0.81 

PG, GMFI 112.6±2.8
 a
 98.9±3.5

 b
 112.2±3.8

a
 101.2±3.5

b
  <0.01 0.21 0.61 

 1 
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Figure 7.1. Acute effects
1
 on change in feeding strategy for 

Neutrophil:Monoculear cell ratios for Twice- and Once-fed calves. 

Treatment x Time effect Log-transformed *P <0.05; 
#
P<0.10. 

1
Calves were fed 227 g milk replacer twice daily until 24 ±0.5 d of age. After 24 days 

of age (indicated  by black arrow), 22 calves (Once-fed) had the evening milk feeding 

withdrawn and all 454 g of milk, replacer was fed in the morning whereas Twice-fed 

(n=20) had no change in feeding strategy. 
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Figure 7.2. Acute effects

1
 on change in feeding strategy for TNF-α secreted from 

LPS-stimulated whole blood
2
 for Twice- and Once-fed calves. 

Treatment x Time effect Log-transformed *P <0.05. 
1
Calves were fed 227 g milk replacer twice daily until 24 ±0.5 d of age. After 24 d of 

age (indicated  by black arrow), 22 calves (Once-fed) had the evening milk feeding 

withdrawn and all 454 g of milk, replacer was fed in the morning whereas Twice-fed 

(n=20) had no change in feeding strategy.  
2
Whole blood was stimulated with 1µg/mL of lipopolysacharride (LPS) for 24 h and 

the supernatant fraction was analyzed for tumor-necrosis factor-alpha (TNF-α).  
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Figure 7.3.  Weaning effects

1
 on calves fed milk replacer Once-daily or 

Twice daily
1
 for TNF-α secreted from LPS-stimulated whole blood for 

Twice- and Once-fed calves. 

 

Treatment x Time effect Log-transformed *P <0.05. Treatment effect P = 0.09.
 

1
Calves were fed 227 g milk replacer twice-daily until 24 ±0.5 d of age. After 24 d of 

age 22 calves (Once-fed) had the evening milk feeding withdrawn and all 454 g of 

milk, replacer was fed in the morning whereas Twice fed (n=20) had no change in 

feeding strategy. Weaning (as indicated by white arrow) was implemented by removal 

of 50% of milk replacer then calves were completely weaned when 900 g of starter 

was consumed for 2 consecutive days.  
2
Whole blood was stimulated with 1µg/mL of lipopolysacharride (LPS) for 24 h and 

the supernatant was analyzed for tumor-necrosis factor-alpha (TNF-α).  
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CHAPTER VIII  

FINAL CONCLUSIONS 

That’s What! 

Some “linkages” between stress and innate immunity were identified by this 

work. Results of these experiments revealed that linkages such as sex, age, and 

temperament of cattle influence how an animal responds to “stress” and subsequently, 

how stress will affect the innate immune system. These studies also help reveal that 

the stress and innate immune linkages are complex. Stress does not suppress innate 

immunity in cattle, rather an initial suppression of the immune system was observed, 

but in several instances, the innate immune system had a compensatory response, in 

which increased activity greater than pre-stress activity was observed. 

Whether this rebound effect is actually beneficial to cattle can be debated. A 

“neutrophil paradox” exists where these phagocytes need to function well enough to 

eliminate or control bacteria, but “friendly fire” from neutrophils can cause damage to 

surrounding tissue that is sometimes permanent (Van et al., 2002). In lung tissue, once 

remodeling occurs, the elasticity is compromised and therefore the animal‟s 

respiratory system is permanently damaged. Cytokines can exacerbate this damage by 

recruiting more phagocytes and lymphocytes to the site of infection (Elenkov and 

Chrousos, 2002).  

Heifer vs. bulls 

Cytokines dumped into the periphery can induce septic shock. Septecemia can 

be “simulated” after an endotoxin challenged, and heifers displayed a greater amount 

and longer sustained amount of TNF-α than bulls; at only time period bulls had greater 

IFN-γ than heifers. No animals in that study went into full septicemic shock, but bulls 

displayed more signs of distress than heifers after the endotoxin challenge. More 

research is needed to determine the long-term consequences of LPS. The questions 
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remains; after endotoxemia, will bulls have more chronic problems than heifers, 

especially problems related to respiratory function?  

 When heifers and bulls were challenged with CRH, interestingly a “surge” of 

pro-inflammatory cytokines was observed. Cortisol was greater among bulls after 

CRH, but heifers had greater concentrations of CRH-induced cytokines. This finding 

suggests that heifers may have a greater peripheral CRH-sensitivity of the innate 

immune system, but bulls have a greater CRH-sensitivity of the HPA axis.  Therefore 

bulls also could have greater cortisol responses as a result of stress.  

Temperamental bulls 

Temperamental bulls have fairly consistent elevated circulating cortisol; 

therefore, it was not surprising that although Calm bulls had a rebound neutrophil 

effect, this was not observed in bulls. As previously discussed, this neutrophil rebound 

effect may not be that beneficial for Calm bulls. Based on the data collected, it can be 

concluded that neutrophils would be better at eliminating pathogens in Calm bulls 

after transportation, but more data are needed to determine if this activation will cause 

greater damage to host-tissue. Producers might not be able to completely prevent 

Temperamental cattle from having an over-active stress response, but there may need 

some nutritional intervention “remedies” for these dramatic cattle before 

transportation. For example, providing with more electrolytes and supplementation of 

specific amino acids such as Tyrosine and magnesium may modify the HPA axis 

influencing the response to stress (Schaefer et al., 2001).  

Feeding Dairy calves 

Unlike temperamental Brahman beef cattle, not all types of cattle are stressed 

by production methods. A very positive outcome of these studies was that dairy calves 

are not very stressed by weaning and feeding methods. In addition, because these 

animals do not have a great stress response to the weaning and feeding methods, dairy 

calves can be weaned at an early age, with little consequence to innate immune 

function. Therefore, these studies help to dispel the assumption that feeding milk 
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replacer once-daily or weaning calves early will impinge the “welfare” of dairy calves. 

Therefore, dairy calf producers can save some costs from labor and milk-replacer by 

using once-daily feeding and early weaning strategies. 

One last thought 

Measuring “stress,” as mentioned previously, is definitely a tricky task; 

however, from this research there seems to be some kind of “order” to the severity of 

stress based on the innate immune system measures collected in this dissertation First, 

the neutrophil:lymphocyte (or neutrophil:monocyte ratio) seems to be the most 

sensitive response to stress. Second, it is possible that as the severity of stress 

increases, neutrophil oxidative burst is modified followed by neutrophil phagocytosis. 

Third, it is possible that neutrophil adhesion molecules are  altered. Finally, the last 

innate immune measure to become compromised by stress might be TNF-α secretion 

from LPS-stimulated whole blood. Of course, much more research is needed to 

confirm these findings, but if there is a relationship between the “severity” of stress 

and these changes in immune measures, it would help detect just how stressful a 

situation is for an animal.  
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APPENDICES 

A1. Rectal Probe placement 

Rectal probes consisted of an automated indwelling temperature logger (Tidbit 

®v2 Temp Logger UTB-001; Onset Corp., Pocasset, MA) that collected and stored 

rectal temperature in 1-min intervals (Reuter et al., 2010). The logger-holder with 

launched logger and probe were gently placed in the cattle rectum (See  1). The mount 

had liner placed on it. Tag cement and Vetwrap secure the mount to the tail. The Tail 

head arms prevented cattle from pulling the probe out of the rectum. The vetwrap 

should not be wrapped below the tabs, as it can roll and inhibit tail blood circulation.  

2 shows a Brahman bull with a placed rectal probe. Note that the tail is wrapped below 

the tabs.  

 

Figure A.1. Rectal probe parts and placement . 
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Figure A.2.  Brahman with Rectal probe and heart rate monitor 

placed. 

Heart rate 

The Polar RS400 monitor (Polar Electro Öy, Finland) was used to collect heart 

rate (1000 Hz, 5-sec intervals) and store data from a transmitter with two probes that 

were placed close to the sternum and the right scapula ( 2). Lubrex was a conductive 

cream that was used to keep the probes moistened and adhere to the animal‟s body.  

Heart rate monitors collect heart rate and store them on the logger by detection of the 

R to R interval Hz. Data were downloaded from the loggers into the Polar Electro 

software, then were exported into excel. 

Sickness scoring 

Sickness scoring for Chapter III was assessed by one trained observer, Dr. 

Randel. Behaviors were described in Chapter III. While four people were collecting 

samples from the cattle cathetars, Dr. Randel  quickly observed each animal and 

circled a score sheet that was placed on each animal‟s stall.  
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Table  A.1. Sickness score definitions. 

Score Description 

1 
Normal, alert, ears erect; head level or high, eyes open, standing, 

locomotor activity, responsive, performing maintenance behaviors 

2 
Calm but less alert, less activity, less responsive, standing or lying 

ventral, semi-lateral. 

3 
Lying, calm, head distended or tucked, less alert, signs of some mild 

respiratory problems (coughing, wheezing) 

4 
Clinical signs of sickness, respiratory problems, not responsive, head 

distended, lethargic. 

5 
All/most respiratory problems, mucus/foam. Head distended, not 

responsive- medical intervention required. 

 

Catheter blood collection  

Each stall during catheter placement had a pictorial diagram of how to collect 

blood (Figure A.3).  After blood was collected, serum samples were placed at room 

temperature for 30 minutes. Samples were centrifuged for 20 minutes at 1200 x g. The 

serum fraction was collected into 3 blue 1.7 microtubes, which were labeled S1= 

Sample 1 and by stall number. Lab Technicians, Jessica Carroll and Chun Fa Wu 

collected samples for the Chapter III and IV studies. Blood collected over EDTA was 

placed on ice immediately after collection. Lisa Caldwell collected plasma portions 

according to her protocol.  
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Figure A.3. Posted chart of the steps to collecting blood via catheter.  

 

3. Draw blood, break off plunger

- Put on cap, INVERT  5 TIMES, Place upright

1. Unplug catheter, keep closed w/ finger

2. Draw 5mL of waste, dislodge

6. Plug catheter

4. Administer 10 mL saline

5. Administer 5 mL heparin

OR

1       2                     3       

Use  adapter                   If no pull,

use  syringe
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Serum cytokine and cortisol analysis 

Serum samples from Chapter(s) III and IV were analyzed for cytokines via 

chemilllinescence via sandwich ELISA according to manufacturer‟s instructions 

(Searchlight Aushion Biosystems, MA). Cytokine standards were diluted in custom 

bovine diluents, which was formulated by the company and provided with the kits. 

Unknowns samples were diluted 1:2 with the custom diluents or cytokine assays. 

Interleukin-6 standards were diluted to 2000, 1000, 250, 62.5, 15.6, 3.9, and 1.95 

pg/mL. Interferon gamma was diluted to 1000, 500, 125, 31.3, 7.8, 2.0 and 1.0 pg/mL. 

Tumor necrosis factor-α was diluted to 5000, 2500, 625, 156.3, 39.1, 9.8 and 4.9 

pg/mL. Also, two wells were filled with equivalent diluents for „background” 

calcalution. A pooled serum control was used, however, this “pool” was the same pool 

used for cortisol, therefore it did not yield positive IL-6 concentrations. Samples were 

run in duplicate in order of time then stall number.  

Serum cortisol analysis 

Serum samples from Chapter(s) III and IV were analyzed for cortisol via 

competitive binding ELISA chemilllinescence according to manufacturer‟s 

instructions (Searchlight Aushion Biosystems, MA). Cytokine standards were diluted 

in the provided cortisol diluents provided by the kit. Unknowns samples were diluted 

1:10 with the cortisol diluents. Cortisol standards were diluted to 2400, 800, 266.7, 

88.8, 29.6, 9.9 and 3.3, as well as a “diluent only”. A pooled serum control was 

analyzed n each plate, which yielded a concentration of 50± and an intra-assay 

coefficitent of variation of X. Samples were run in duplicate at the same thaw cycle as 

cytokines and were ran in order of time period then stall number. 

Phagocytosis and oxidative burst capacity of phagocytes 

The simultaneous phagocytic and oxidative burst capacities of peripheral blood 

phagocytes in response to an enteropathogenic Escherichia coli (E. coli) isolated from 

the spleen of a septicemic calf was analyzed.  The E. coli cells were  grown overnight 
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in tryptic soy broth and quantified by serial dilution and spread-plating on tryptic soy 

agar.  The bacteria were heat-killed at 60
o
C for 30 min, washed, and re-suspended at 

10
9
 colony forming units and incubated for 2 h under constant agitation at room 

temperature with an equal volume of 100 µg/mL propidium iodide (Invitrogen, 

Carlsbad, CA). Killed, propidium iodide-labeled bacteria were washed twice and 

resuspended at 10
9
 colony-forming units/mL in 1X PBS. Bacteria were aliquoted into 

1-mL volumes and stored at -80
o
C.   Two-hundred microliters of whole blood from 

each animal was incubated in an ice bath for 15 min. Forty microliters of a 100 µM 

working concentration of dihydrorhodamine (Invitrogen, Carlsbad, CA) and 40 µL of 

the fluorescently-labeled E. coli were added to each sample, vortexed thoroughly, and 

then placed in a 38.5C water bath and incubated for 10 min.  After completion of 

incubation, the samples were placed in an ice bath for 5 min. Erythrocytes were 

hypotonically lysed, washed, and  analyzed by dual-color flow cytometery using a 

Cell Lab Quanta SC flow cytometer (Beckman Coulter, CA).  Using Flow-cytometer 

analysis software (QuantaSC MPL, Beckman Coulter, Fullerton, CA), neutrophils and 

monocytes were gated on the scatter-plot of electric volume X side scatter. Cells 

producing both oxidative burst and phagocytosis (OB+PG+) were then gated using the 

FL-1 by FL-3 scatter-plot. The OB+PG+ percent and geometric mean fluorescence 

intensity for FL-1 and FL-3 were analyzed.  

Determination leukocyte adhesion molecules 

Two hundred microliters of whole blood were incubated at a final dilution of 5 

µg/mL of anti-bovine CD62L (monoclonal antibody IgG1-isotype made in mouse; 

VMRD, Pullman, WA) or 2.5 µg/mL of anti-bovine CD18 (the β2-integrin chain of 

CD11a, b and c heterodimers; monoclonal antibody IgG1-isotype made in mouse; 

VMRD, Pullman, WA) for 1 h in an ice bath. Erythrocytes were hyptonically lysed 

and then washed once with 1X PBS. The leukocyte pellet was re-suspended in 

flourescin-labeled secondary antibody at a 1:400 dilution (F(ab‟)2 antimouse 

IgG:FITC; AbD Serotec Raleigh, NC). Samples were incubated on ice for 1 h. 
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Samples were then washed once using 1X PBS and then analyzed by single-color flow 

cytometry. Using the flow-cytometer analysis software neutrophils, monocytes, and 

lymphocytes were gated on the scatter-plot diagram of electric volume X side scatter. 

The total geometric mean fluorescence intensity (FL-1) for L-selectin or β2-integrin-

integrin was analyzed for the three cell types.  

 Whole blood LPS stimulation 

Whole blood was diluted 1:5 with RPMI 1640 (Invitrogen, Carlsbad, CA) 

containing 1% ANTI-antibiotics (GIBCO Antibiotic-Antimycotic, Invitrogen, 

Carlsbad, CA). Whole blood was stimulated at a final concentration of 1 µg/mL of 

LPS (E. coli O111:B4; Sigma-Aldrich, St. Louis, MO). Samples were incubated for 24 

h in a humidified 5% CO2 chamber. The cell culture plates were centrifuged for 10 

min at 1,200 x g at 4ºC. Supernatant fluid was collected and stored in -40ºC freezer 

until analyzed for TNF-α using a commercially available ELISA (DY2279E; R&D 

Systems Minneapolis, MN). Standards were diluted in RPMI with 10% pooled bovine 

plasma and 1% antibiotics. 


