
ABSTRACT 

Hodgson, Dellila Dee: Physiology of Poultry during Ventilation Shut Down (+) in Response to a 

Foreign Animal Disease Outbreak (Under the direction of Dr. Frank Edens, Dr. Kenneth E. 

Anderson, Dr. Kimberly Livingston and Dr. Rocio Crespo). 

 

The US Poultry Industry weathered two of the worst highly pathogenic avian influenza (HPAI) 

disease outbreaks in history in 2015 and in 2022. These outbreaks illustrated by the depopulation 

of  48 million commercial turkeys, ducks, and chickens both times, in fact 2022 may exceed 

these amounts with the final totals come in. These HPAI outbreak made its mark by illuminating 

a need for control measures pertaining to timely depopulation methods during an epidemic of 

pathogenic avian disease. Studies on different species of birds were conducted to determine the 

effectiveness and physiological responses to the procedure called Ventilation Shut-Down Plus 

(VSD+). The addition of heat was found to decrease the time to death and lower stress 

physiology markers in broilers. In 2019, the American Veterinary Medical Association included 

VSD+, in the depopulation decision tree as a method dependent upon resources and timeliness. 

Using data from the VSD+ studies, physiology parameters of 50-55 week old turkey hens and 6 

week old broiler breeders were examined in three phases. The simulation chambers and the 

whole house setting allowed for 17.1 ft3, which  approximates space-volume/hen under industry 

depopulation conditions for Turkeys. Brain activity was monitored by affixing 

electroencephalogram electrodes to four  non-anaesthetized birds to determine time of death 

(TOD) for each method. Cloaca temperatures were taken before and after the procedure. Blood 

was drawn pre- and post- VSDH to determine corticosterone (CORT), and blood chemistry 

parameters. Upon death, brain and liver tissue were collected and preserved in RNALater® to 

determine heat shock protein 70 (HSP70) mRNA expression. The analyses of the methods 

differences was accomplished using one-way ANOVA through JMP Pro 15, with an alpha of 

0.05. Weight did not appear to correlate with the time of death. Blood parameters were consistent 

with either alkalosis in VSD, VSDH or acidosis in VSDCO2.  HSP70 expression in the brain and 

liver for Phase 1 and 3 were not affected significantly, but in Phase 2 fluctuations were observed. 

Further studies are needed to observe the physiological relationships in successive time points to 

verify points of fluctuations and significance. VSD+ in the phase 2 portion of this study should 

be given more attention to better understand the physiological responses of commercial poultry 

species in response to Alternative Depopulation Methods in the Event of new Foreign Animal 

Disease Outbreaks.  
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CHAPTER 1: Literature Review 

1.1 Introduction 

Highly pathogenic avian influenza (HPAI) is a type of influenza in the class (H5-H7) named 

after the hemagglutinin protein of the virus and (N1-N9) named for the neuraminidase protein of 

the virus. The HPAI (H5N1) was found initially in the Guangdong province of China in geese in 

1996 ,. It had the nomenclature of Gs/Guangdong/1/96.  

The scientific community has been watching the Avian HPAI threat since 1996 and has noted the 

various Clades made through its frequent recombination’s through antigenic shifts (WHO, 2008). 

In 1997 the first bird-to-human transmission was made in Hong Kong, China, when eighteen 

people were infected with the HPAI virus through a bird-to-human transfection. The government 

of China decided to run a study to see the rate of infection for workers handling the depopulation 

of the infected birds. 

Eighteen people were found with the infection through a western blot protein analysis and in 

serum samples. Of these eighteen people, six died  (Bridges, et al., 2002). Between 2003-2005, 

there were sporadic outbreaks in Vietnam, Thailand, Cambodia, and Indonesia that were  

reported to the World Health Organization (WHO). All of the cases resulted from bird to human 

transfection (A/H5, 2005). In 2006, Nigeria in the northern part of Africa, experienced the largest 

outbreak of HPAI on a commercial farm with over 6000 birds infected. During that same year, 

the first human-to-human transmission occurred. It began in Thailand with an 11-year-old child 

who contracted the infection from a bird. 

The child’s mother and aunt took care of the sick child and became infected with the virus. The 

child died of the infection, but the mother and the aunt survived with treatment (Skeik and Jabr, 
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2008). In 2007, after the study of A/H5, (2005),WHO announced that the virus had a 60% 

fatality rate with 317 infected people from 2003-2005 and 191 deaths resulting from the 

infection. In 2014, the first bird-to-human infection was recorded in North America in Canada, 

which was reported to WHO (Skeik and Jabr, 2008). At this same time, the United States started 

its most extraordinary outbreak ever of HPAI. This outbreak began in December of 2014 and 

lasted through June 2015. The outbreak affected heavily the poultry industry, which had to 

euthanize over 48 million turkeys, ducks, geese, and chickens. Of these depopulated  birds, 7.4 

million were turkeys, and 37.5 million were chickens, with laying hens having the highest 

casualties. There was a 12% reduction in the availability of poultry and poultry products in the 

market with a total cost including control of the disease at 3.3 billion dollars (Green, 2015). 

The first step to controlling HPAI is detection of the virus, followed by depopulation. The USDA 

currently states that birds must be depopulated within 24-48 hours after confirmation of the 

disease. The type of depopulation method will depend on the type of bird and their housing 

(USDA, 2015). The most common type of depopulation method used was firefighter foam for 

floor-reared animals such as turkeys and broilers, and CO2 gas was used for laying hens due to 

their ability to jump out of the firefighter foam for floor-reared animals such as turkeys and 

broilers, and CO2 gas was used for laying hens due to their cage housing and their ability to 

jump out of the firefighter foam (Gurung, et al., 2018). In 2015, the stated protocol could not 

handle this outbreak, and the USDA was forced to include another method called Ventilation 

Shut Down (VSD) for the first time, which entails closing off whole houses of their ventilation 

and letting the flocks die of  hyperthermia. This method is considered extreme and is used only 

when other means of mass depopulation are unavailable (Green, 2015). 
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In 2015, when resources for foam became scarce and/or depleted, a proof of concept study was 

designed to compare the use of Ventilation Shut Down and alternative VSD methods. Three 

treatments were evaluated for effectiveness, VSD, VSD with supplemental heat (VSDH), VSD 

with carbon dioxide (VSDCO2) broiler breeders and turkey breeder hens. The results of these 

studies confirmed that VSD alone is not sufficient to meet the stringent requirements of flock 

depopulation standards of 100% lethality in commercial poultry species. In multi-level caged 

systems, VSDH and VSDCO2 did meet the standards in broiler breeders, but only VSDH was 

adequate for turkey breeder hens (Eberle-Krish, et al., 2018). 

This review will continue the evaluation of VSD+ on broiler breeders, and turkey breeders to 

elucidate how corticosterone, hsp70 , and blood data correlated with acute stressors resulting 

from the usage of various methods of mass depopulation of different species of commercial 

poultry. 

1.2 Avian Influenza as an example of a Notifiable disease 

The World Organization for Animal Health considers Avian Influenza and Newcastle disease 

notifiable foreign animal diseases, which are defined as follows,  “An important transmissible 

livestock to poultry disease believed to be absent from the United States and its territories that 

have potentially significant health or economic impact”(Eberle-Krish et al., 2018). The primary 

introduction of a notifiable disease into the United States is through bird migration patterns, 

contaminated animal products, and the transport of living diseased animals.  

In 2002, HPAI was found in a waterfowl park in Hong Kong, China. The realization that this 

virus was unique in transferring from waterfowl back into poultry and, therefore, an epizootic 

disease became a reality. It was evident that the waterfowl, which usually carries the low 
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pathogenic form of the virus (LPAI), were the reservoirs for the HPAI and because waterfowl 

travel the significant definable flyways, it could quickly spread and become a pandemic, 

especially if it crossed over into the human species (Prosser, et al., 2011). Shown in (Figure 1.1) 

is the migratory birds’ major flyways in 2005, which are associated with H5N1 outbreaks. Note 

the green line (East Atlantic Flyway) over China and how it dips into Africa, goes into Canada, 

then back into China. The green line matches with the history of the outbreak occurrences as 

they progressed. Then the Mississippi Americas flyway crosses over the East Atlantic Flyway, 

and the virus is spread into North America (Green, 2015). Once this notifiable disease becomes 

present, the potential of abrupt slowdown/stop of interstate commerce and international trade 

occurs. With over 230,000 farms located in the United States, most of these farms that can 

become impacted by the disease are found to be located in the  Midwest and the Southeast, are in 

a direct path of the migration patterns (Eberle-Krish et al., 2018); a notifiable outbreak could 

cripple the industry even with a small outbreak.   

The pathogenicity of HPAI begins with the hemagglutinin (HA) protein of the virus. This 

particular virus, H5, has multiple cleavage sites, which increases its pathogenicity. It can infect 

multiple organs due to its ability to cleave tissue proteases with its many cleavage sites. The 

virus seems to cause a systemic infection. It infects multiple organs after initial infection, 

followed by the shutting down of the hosts’ immune function. The virus begins by attaching to 

the epithelial cells of the trachea and the alveoli. The HA (hemagglutinin) functions to bind the 

virus to the target and deactivates the host antibodies. Perforin, which are glycoproteins from 

natural killer cells, are produced in cytotoxic T lymphocytes (CTL). HPAI suppresses perforin, 

thereby suppressing the hosts’ immune function. The NS (nonstructural) proteins process the 

mRNA of the virus and have resistance to TNF- (tumor necrosis factor-). They replicate and 
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evade the type 1 interferons. These nonstructural proteins also play a role in upregulating pro-

inflammatory cytokines while downregulating anti-inflammatory cytokines. The inflammation 

creates the cytolytic injury. The virus also upregulates TRAIL (tumor necrosis factor (TNF) 

related apoptosis-inducing ligand and PDZ disruption - which controls protein-ligand 

interaction domains in cell signaling, and they participate in many biological processes, 

including ion channel trafficking, neuronal development, and cell-cell junctions (Korteweg and 

Gu, 2008). Prevention of the disease starts with good biosecurity and proper personal protective 

equipment for those handling birds. Green (2015) describes in great detail how the disease was 

spread so quickly during the 2014-2015 outbreak. People, working to contain the disease, 

actually  spread the disease mechanically from farm to farm through personnel and equipment. 

Farms could not maintain the 24-48 hour depopulation regulation, and some had to wait seven 

days before depopulation could occur. The failure to depopulate within that window led to more 

stringent protocols being made state to state for those affected. Respirators were used during the 

depopulation, and no workers came down with HPAI through zoonotic transmission, although 

some workers did test positive for Human Influenza B during the outbreak. The policy states that 

once a bird is found to have the virus, one must avoid contact with the contaminated avian, 

making sure to not directly contact the bodily fluids coming from the mouth, nose, or cloaca. 

Everyone should wash their hands frequently. If workers show signs of sickness with ten days, 

they need to seek immediate medical attention (Bridges et al., 2002; Green, 2015). 

1.3 The Concept of Stress 

Throughout the developmental processes of living organisms, a highly conserved regulatory 

system (a stress response system) uses a broad spectrum of stressors (real or perceived) to initiate  

coping and/or  physiological recognition of the stressors as being threatening to the body’s 
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dynamic homeostatic process (Koutsos and Klasing, 2014; Smith and Vale, 2006; Taché and 

Brunnhuber, 2008). Fundamental to the ability of animals to respond to numerous stressors is the 

production of glucocorticoids in the adrenal cortex, which functions in the maintenance of both 

resting and stress-related responsiveness, which influences adaptive responses against stressors 

(Selye, 1956).   

One of the essential requirements of regulatory mechanisms resides in the control of the stress 

response. The regulatory mechanism should provide resistance to the wide range of stressors 

imposed upon the animal by inducing nonspecific responses to the physical environment. Much 

of our concept of stress management is directly related to the work of W. B. Cannon (Cannon, 

1932). Cannon’s views incorporated the importance of homeostasis concept and highlighted the 

mechanisms of this regulation. Cannon was able to translate the mechanisms of the homeostasis 

concept in mammals in terms which allowed avian physiologists to extend that concept into 

avian physiology. His ideas on maintaining homeostasis explained the concept in animals 

possessing adaptive mechanisms that enable them to muster their metabolic reserves to meet 

crises that threaten their survival. These mechanisms are made manifest in what we commonly 

call the responses of fright, flight, or fight. Later, Han Selye expanded the understanding of the 

homeostasis concept into a clearer understanding of stress physiology in all animals (Selye, 

1956)     

The expression of stress occurs in physiological and behavioral responses due to unpredictable 

demands placed on an organism (Del Giudice, et al., 2018). The activation of the stress response 

will be evident in physiological fluctuations such as cardiovascular tone, intermediate 

metabolism, and respiratory rate giving the bird a well-developed regulatory system to cope with 

various stressors (Smith and Vale, 2006). This neuroendocrine system consists of the 
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hypothalamic-pituitary-adrenal (HPA) axis and the locus caeruleus/norepinephrine-autonomic 

nervous system. The adrenal medulla and the sympathetic nervous system make up the 

physiological connection of the sympathetic-adrenal medullar axis (SAM). It is a crucial element 

in the bird’s physiological response to any stimulus of sufficient intensity to induce a stress 

response (Christensen, 1991). 

1.4 The SAM (sympathetic-adrenal medullary axis) 

The SAM facilitates the mechanism of action in returning the body to a basal homeostatic 

condition when activating or inactivating the adrenal (cortex and medulla) gland. The adrenal 

glands of birds differ from the adrenal glands of mammals in composition. Throughout the gland 

of birds, there is an intermingling of cortical and medullary tissues. The adrenal glands of birds 

each consist of three regions: the subcapsular layer, peripheral zone, and central zone (Hodges, 

1974). In poultry, the most studied and frequently used circulating hormone is corticosterone. 

Animal behavior and fear can be affected with early exposure to elevated stress hormone levels 

(Dixon, et al., 2016). 

A strong stimulus (stressor) has two effects on a living body. One outcome is specific, and the 

other is non-specific. The primary purpose of specific stress is to redistribute resources in order 

to maintain survival. A non-specific outcome occurs when diverse, stressful environments ensue 

persistently, causing  a consistent hormone release of catecholamine’s and glucocorticoids 

(Koutsos and Klasing, 2014). During all stress reactions, these non-specific responses are 

necessary in order that the body can call upon its reserves to either combat or flee the stressor. 

Furthermore, the modification by the body’s internal and external conditioning, due to the range 

of the adaptation, is a result of the non-specific and specific responses to stressors (Koutsos and 
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Klasing, 2014). Suppose the stressor remains continuously long and the SAM axis is activated. 

The SAM activation will increase corticotrophin-releasing hormone (CRH) from the 

hypothalamus to increase secretion of adrenocorticotrophic hormone (ACTH) from the anterior 

pituitary, which is followed by secretion of glucocorticoid from the adrenal cortex.  

For this thesis, the focus will be on short-term physiological responses to an acute stressor and its 

actions in poultry species and varieties. The question entertained herein will address the intensity 

of induced physiological responses to extreme environmental stressors over a short period of 

exposure.  

1.5 Acute Stress in the HPA Axis 

A discrete population of neuroendocrine corticotrophin-releasing hormone (CRH) neurons 

mediates activation of the HPA axis. The hypothalamus contains the paraventricular nuclease 

(PVN) that hosts these activating neuronal nuclei  (Antoni, 1986; Herman and Tasker, 2016). 

Structures found in peripheral tissues and the central nervous system make up the anatomical 

features in the HPA axis. The HPA axis is primarily regulated by high densities of 

corticotrophin-releasing factor (CRF) located within the paraventricular nucleus (PVN). The 

CRF functions as an on-off switch for activation of nonspecific physiological responses to a 

stimulus. Activation releases CRF into the hypophysial portal system and the anterior pituitary, 

where it binds to receptors on the pituitary corticotropes to induce the release of ACTH into 

circulation to target adrenocortical cells to secrete glucocorticoid hormone ACTH stimulates 

glucocorticoid release from the zona fasciculata in mammalian adrenal cortex. In avian species, 

glucocorticoid hormone release is mediated from adrenal cells also.   Histologically, the avian 

adrenal gland consists of intermingled cortical and medullary tissues with no definite cortex and 

medulla (Ghosh et al., 200l). Hodges (1974) reported three regions formed the cortical tissue of 
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chicken adrenal gland; subcapsular, peripheral and central zones. Glucocorticoid hormone is 

produced throughout the adrenal of the bird from cells deemed to be cortical cells.  This 

glucocorticoid (corticosterone in poultry) will produce a cascade event illustrated in the block 

diagram (Figure 1.2).  Acute stress results in behavioral, physiological, and immunological 

effects compounded as time if the offending  stressor persists.  The physiological effects become 

evident as the brain attempts to compensate for the impact of the stressor on body functions 

(Siegel, 1995). It does this by activating the hypothalamic adrenal axis (Smith and Vale, 2006). 

1.6 Glucocorticoid during acute stress 

In times of stress, glucocorticoids and adrenal medullary catecholamine’s activate the fight or 

flight response, mobilizing the energy and enhancing survival while inhibiting metabolic 

processes that are not necessary for survival in the moment. Glucocorticoids and catecholamine’s 

interact to regulate carbohydrates and support anti-inflammatory or pro-inflammatory effects 

(Szabo, et al., 2012). The prominent role played by glucocorticoids in activating and regulating 

the HPA axis is evident in the magnitude and length of time of induced stress responses (Smith 

and Vale, 2006). Physiological effects of glucocorticoid begin when the ligand binds to the 

glucocorticoid receptor (GR). The classification of GR is under the superfamily of nuclear 

hormone receptors. The GR will then bind with another GR, forming a homo-dimerization, 

before locating a specific promotor region in Af-1/tau-1/enh2 (Dieken and Miesfeld, 1992; 

Giguère, et al., 1986) gene DNA sequence that regulates the expression of GR through 

interactions with transcription factors  (Kwok, et al., 2007; Mangelsdorf, et al., 1995).  

Through a negative glucocorticoid feedback mechanism, the GR regulates gene transcription 

through protein-protein binding. It is becoming evident that regulation can also occur 

independently of the GR binding with the help of nuclear factor-B (NF-B) or with activating 
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protein 1 (AP1) and nuclear factor-2 (NF-2) (Smith and Vale, 2006). NF-B is a protein complex 

implicated in the control of cell survival, DNA transcription, and principally cytokine production 

(Koutsos and Klasing, 2014). AP1 acts as a modulator of the expression of various genes in 

response to biological and environmental stimuli such as oxidative stress and is involved in cell 

growth, differentiation, and survival. The activation of NF-2 allows it to bind to a specific 

antioxidant response element in the stress-induced genes promotor region. NF-2 can be linked to 

heat shock proteins in poultry by initiating phase I and II enzymes. These enzymes increase the 

hepatic expression of AP-1, NF-B, and HSP while reducing the expression of NF-2 (Orhan, et 

al., 2013; Sahin, et al., 2010). Under heat stress conditions in poultry, these transcription factors 

function in activating downstream transcription factors. 

1.7 Heat Shock Proteins 

The most well-known heat shock proteins (HSP) with extensive research are HSP27, HSP60, 

HSP70, and HSP90. These HSPs get their names from the proteins’ molecular weight. 

Construction of HSP begins with an N-terminal ATPase domain and ends with a C-terminal 

peptide-binding region. The small HSPs under 30 kilo Daltons in molecular weight whereas the 

larger HSPs can range up to 110 KD in weight (Beere, 2005). (Lomiwes, et al., 2014) observed a 

common structural feature in small HSP in that they have a conserved alpha-crystalline domain. 

Each HSP appears to have a specific role in cell preservation through the development of 

thermo-tolerance during instances of heat stress, thereby promoting cell survival. HSP27 

functions in the formation of stress-fibers due to actin polymerization after rapid phosphorylation 

during heat stress conditions (Rafiee, et al., 2006). 
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HSP60 and HSP70 work to prevent damage to cells by attaching to polypeptides to inhibit the 

polypeptides from miss-folding and repair any damage to the polypeptides (Hartl, et al., 1994; 

Hartl and Hayer-Hartl, 2002). HSP 27 and HSP70 is crucial in preserving protein  solubility in 

specific sectors of the cell (Voellmy and Boellmann, 2007) and preventing apoptosis in 

endothelial cells (Kabakov, et al., 2003). The various HSP90s function in the protection older 

proteins from degradation and repairing any damage due to errors in folding (Wegele, et al., 

2004).   Activation of HSP is a specific stress response of a cell or organism induced through 

changes in pH, temperature, electrical shock, and/or oxidative stress (Beere, 2005; Lomiwes, 

Farouk, Wiklund and Young, 2014). HSP has chaperone capabilities and protease functions that 

help preserve cellular proteins, which may become unfolded due to body temperature increase 

associated with a decrease in cellular function. HSP protects these proteins during a stress event 

from non-native proteins that may form due to the unfolding of cellular proteins (Samali and 

Orrenius, 1998). The many intracellular signaling pathways activated during a stress event 

allows the expression of HSP (Feder and Hofmann, 1999). The stress event causes a 

conformational change to GR that result in releasing HSP from the GR. This then activates GR 

allowing binding of glucocorticoid for transport into the nucleus and binding of the 

glucocorticoid to receptor sites on DNA.   The translocation of HSP to the nucleus using 

molecular chaperones called Heat Shock Transcription Factors (HSF) is a mechanism to 

maintain the functionality of the chromosomal DNA (Samali, et al., 1999). There are two main 

factors in chickens: HSF1, which acts as a thermal regulator for immediate stressors and HSF3, 

which is activated for chronic stressors (Cedraz, et al., 2017). Through the interaction of HSP 

with other chaperones, there is the maintenance of cellular integrity under stressful conditions. 
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Therefore, the activation pathways begin with a stress condition activating the HSF, which leads 

to the translocation of HSP’s into the nucleus, which binds to heat shock elements and triggering 

the final expression of the HSP (Morimoto, 1998) (Figure 1.3).  The documentation elucidating 

how heat stress increases the expression of HSP70, HSP90 was reported by Beaulieu and 

Costantini ( 2014) explained the value of these proteins as biomarkers in the evaluation of 

organismal cellular retention during stress conditions and protein denaturing. If repairing of the 

protein is unattainable, HSP70 will function in the transport of the damaged protein to a 

proteasome which then degrades the protein to its basic components (Malyshev, 2013). In 

chickens and other organisms, HSP70 is the most conserved protein in the HSP family and is a 

significant player in the adaptive response to heat stress. A study using broilers in an acute heat 

stress experiment correlated a higher response of HSP70 with better antioxidant defense 

(Stojadinovic, et al., 1995). HSP70 also plays a role in apoptosis inhibition by inhibiting 

cytochrome c/dATP-mediated caspase activation while allowing the formation of apoptosome 

components Apaf-1 oligomers, thereby suppressing the recruitment of caspase apoptosome 

complex (Beere, et al., 2000).  In this way, HSP70 potentially protects the cell in response to the 

injury through the hindrance of apoptosis and the strengthening of cell integrity. 

1.8 Thermoregulation 

If a human or other mammal is subjected to an ambient temperature that induces hyperthermia, 

specific responses would be vasodilation, decreased blood pressure, tachycardia, and sweating. If 

the animal is a chicken, peripheral vasodilation, decreased blood pressure, tachycardia, and 

tachypnea would occur as specific responses.  If there is prolonged exposure to high ambient 

temperature, which lies outside the zone of thermoneutrality, a series of neurological and 

hormonal changes occur during exposure to the high ambient temperature (Smith and Oliver, 
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1971, Edens, 1977). Blood catecholamine levels would increase along with a transitory 

hyperglycemia, creating a lower glucose stimulation threshold (Donaldson et al, 1991). 

Therefore, exposure of the animal to a sudden change in environmental conditions would create 

an acute stress response in that animal. The animal would need to reduce body heat, which is 

complicated by virtue of compensatory hyperthermia that often accompanies ambient 

temperature induced hyperthermia. Additionally, birds must increase both sensible and insensible 

heat loss mechanisms. Sensible heat loss can be described as a dry process through the use of 

conduction, convection and radiation, while insensible is heat loss via evaporation or through a 

wet mechanism, birds will use panting facilitating evaporation off the mist respiratory surfaces 

associated with the air sac system, tubules of the lungs, trachea, and the buccal cavity of the 

mouth and throat regions as an insensible heat loss method. Since birds do not sweet, they 

expose more un-feathered surface area by spreading and drooping the wings, thereby creating 

potential micro thermal in which hot air adjacent to the un-feathered surface dissipates heat 

allowing cooler air from the floor to circulate upward to replace the dissipated hot air. 

Behaviorally, the bird will burrow into the litter when available on the floor or dig to earthen 

floor under litter where the earth temperature is significantly less than above the litter, and this 

effectively induces conductive heat loss (sensible heat loss). The bird will also attempt 

evaporative cooling by panting, taking rapid shallow breaths, increasing water evaporation from 

the respiratory tract and the mouth (insensible heat loss). Hyperthermia will occur when basal 

heat production increases while the environmental temperature increases, followed by body 

temperature increase past the zone of thermoneutrality. The Vant’ Hoff effect occurs when the 

humidity (water vapor saturation) of the air is so high that the bird is unable to evaporate 

water/heat and therefore dies by hyperthermia/irreversible heat prostration (Figure 1.4). 
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1.9 Respiratory Response to High Ambient Temperature 

Hypoxia occurs when arterial oxygen tension, called partial pressure of oxygen (PaO2) levels in 

an organism's blood, drops below the physiologically required amounts to function in tissues, 

primarily in the brain. PaO2 in poultry normally ranges from 82 to 95 torr in domestic fowl, but 

one must keep in mind that PaO2 is rapidly modulated by blood pH, body temperature and 

respiratory rate.  Hypoxia can occur under five different scenarios: 

1. Affinity hypoxia due to failure of hemoglobin to release the oxygen into the tissue 

2. Anemic hypoxia is due to the reduction of hemoglobin ability to carry oxygen, thereby 

causing a reduction in oxygen; usually associated with red blood cell losses 

3. Circulatory hypoxia due to inadequate blood flow, no transport of oxygen to the tissues, 

usually by heart failure 

4. Hypoxemic hypoxia is due to insufficient oxygen reaching the blood, usually from being 

in high altitudes or in environments where O2 is reduced 

5. Histotoxic hypoxia is a failure in the utilization of oxygen in tissue due to a chemical.   

[see Hypoxia. (n.d.) Miller-Keane Encyclopedia and Dictionary of Medicine, Nursing, and Allied 

Health, Seventh Edition. (2003). Retrieved July 27, 2021, from https://medical-

dictionary.thefreedictionary.com/hypoxia] 

 

When an animal undergoes depopulation using gas or ventilation shut down, it will undergo 

acute hypoxemic hypoxia, due to pH decreasing and the blood becoming more acid and therefore 

more oxygen will be needed to saturate the blood. Temperature also causes a shift in the oxygen 

as it increases, dissociating oxygen from the hemoglobin and lowering oxygen delivery to the 

body tissues. The Bohr Effect can explain the dissociation of oxygen as hemoglobin percentage 

saturation increases and the partial pressure of O2 increases. (Figure 1.5) Depopulation with CO2 

causes CO2 to increase, pH level in the blood to decrease, and therefore an increase of hydrogen 

ions. The decrease in pH will cause a conformational change in the structure of hemoglobin, 

which decreases its affinity for oxygen and increases the affinity for CO2. When there are high 
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CO2 concentrations, the hemoglobin will release oxygen and bind to the CO2, shifting the curve 

to the right. When oxygen reduction occurs, transcription factor hypoxia-inducible factor (HIF) 

will regulate the homeostasis of oxygen in the organism. HIF-1 is a heterodimeric transcription 

factor consisting of a constitutively expressed β-subunit and an oxygen-regulated α-subunit. The 

HIF-1α and HIF-1β proteins both contain basic helix-loop-helix motifs that bind DNA and cause 

subunit dimerization (Ziello et al., 2007).  

The () subunit is oxygen-sensitive and includes HIF-, HIF-2(EPAS1), and HIF-3. The 

subunit is not oxygen sensitive and includes HIF-, HIF-1 (aryl hydrocarbon receptor nuclear 

translocator, ARNT1, ARNT2, and ARNT3. Activation of the HIF pathway occurs under 

hypoxic conditions to stabilize the HIF- subunit, attenuating the HIF- hydroxylation during 

limited oxygen. The activated HIF under stress initiates an adaptive response to hypoxia. It will 

either repress or activate specific genes. These genes regulate vascular tone, angiogenesis, 

cellular metabolism, cell proliferation, the production of red blood cells (erythropoiesis), 

autophagy responses, and finally, survival. During depopulation using VSD+ or with CO2, the 

animal is unable to go through erythropoiesis because death happens so quickly and mature red 

blood cells will not be released. 

1.10 Blood Parameters 

Blood parameters are a proven tool in understanding how avian physiological changes under 

different stressors or diseases. Avian blood plasma electrolytes can elucidate the health and 

physiological status at the moment of sampling. In this thesis, the blood parameters were 

analyzed using an iStat1 with CG8+ cartridges and has been used in many current poultry studies 

(Martin et al., 2010, Schaal et al., 2016; Van Goor et al.; Wang et al., 2018; Rowland et al., 
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2019). The CG8+ cartridges analyze 13 blood biochemical and vital gas parameters (iStat1, 

2006) that are essential in understanding the individual bird’s homeostatic status.  This review 

addresses each of the measured blood parameters in the context of development of acute heat 

distress. The CG8+ cartridge allows direct measurement of all the parameters directly except Hb, 

HCO3, TCO2, sO2, and BE, which uses calculations to determine amounts (i-STATR1, 2006). 

1.10.1 Blood pH 

The blood pH is a measure of acid-base reactions involving H+ ions. It acts in a feedback 

reaction and is paramount in regulating energy turnover through metabolic processes 

(Olanrewaju et al., 2006). During acute heat stress, a bird will increase its respiratory rate, and 

this will cause the blood pH to increase (Powell, 2015). The pH is also greatly influenced by 

contributing blood gas parameters such as pvCO2 and pvO2, which explains fluctuations of blood 

pH and the acid-base status (Scanes, 2015).  

1.10.2 Partial pressure of carbon dioxide (pvCO2 mm Hg) 

The respiratory component of acid-base balance is pCO2 (partial pressure of carbon dioxide), 

which measures CO2 dissolved in the blood. The use of pCO2 along with pH is a common way to 

assess acid-base balance. An increase respiratory rate and body temperature will cause 

hyperthermia and decrease pvCO2. A decrease in pvCO2 will change the acid-base balance and 

lead to respiratory alkalosis (Raup and Bottie, 1990; Macari et al., 1994). It has been shown that 

panting caused by heat stress decreased pvCO2; therefore, pvCO2 can be manipulated through 

breathing patterns (Scanes, 2015). Hypoventilation has also been shown to decrease birds’ pvCO2 

levels by inducing respiratory acidosis (Raghav et al., 2015). Siegal et al., 1974 also noted that 

during heat stress in broilers, pCO2 was reduced.  
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1.10.3 Partial pressure of oxygen (pvO2 mm Hg) 

There is a strong correlation between  pvO2 and pH and is inversely correlated to pvCO2. A study 

looking at short term flight in birds did not show an increase in pvO2, but exercising poultry on 

treadmills observed an increase in pvO2 probably because of increased respiration (Butler et al., 

1977; Gleeson and Brackenbury, 1984)  

1.10.4 Bicarbonate ion (HCO3
-
 mmol/L) 

Hydrogen carbonate or bicarbonate (HCO3
-
) acts as a fundamental buffer in the circulatory 

system and is an integral parameter determining the bird’s acid-base status (Reece et al., 2015). 

A physiological shift can be determined using HCO3
-
  to measure how a bird approaches the 

alkalosis state as HCO3
-
  increases or an acidosis state as HCO3

-
  decreases (Harris, 2009). The 

conversion of available carbon dioxide with water into carbonic acid (H2CO3) is completed with 

an enzyme carbonic anhydrase (Scanes, 2015). With the dissociation of carbonic acid forming 

hydrogen carbonate (HCO3
-
) and hydrogen ions (H+) in a feedback loop, the individual can 

maintain the blood acid-base environment (Scanes, 2015). Carbonic anhydrase activity, with the 

use of  a -adrenergic agonist and increased blood ferrous levels, has been shown to increase 

during a hypoxic state (Igbo et al., 1994; Glombitza et al., 1996; Wu et al., 2007). It has also 

been observed in broilers that during heat stress, HCO3
-
  is reduced (Siegel et al., 1974). 

1.10.5 Total concentration of carbon dioxide (TCO2 mmol/L) 

TCO2 (total carbon dioxide) was measured using an i-STAT 1, and the plasma was calculated 

from pH and pCO2. TCO2 is a measure of carbon dioxide that exists in several states: CO2 in 
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physical solution or loosely bound to proteins, HCO3
-
  or CO3

-2 ions, and carbonic acid (H2CO3). 

Hydrogen carbonate ions make up all but approximately 2 mmol/L of the total carbon dioxide of 

plasma. Using TCO2 as a measurement electrolyte profile is valuable chiefly to evaluate HCO3 

concentration. TCO2 and HCO3
-
  are useful in assessing acid-base imbalance (with pH and 

pCO2) and electrolyte imbalance.  

1.10.6 Base excess (BE mmol/L) 

Base excess of the extracellular fluid is defined as the titratable base concentration minus the 

titratable acid concentration when titrating the average intracellular fluid (plasma plus interstitial 

fluid) to an arterial plasma pH of 7.40 at pCO2 of 40 mm Hg at 37°C. Excess base concentration 

in the average ECF remains virtually constant during acute changes in pCO2 and reflects only the 

non-respiratory component of pH disturbances (iSTAT, 2006).   

1.10.7 Saturation of oxygen on hemoglobin (sO2 %) 

Hemoglobin saturation measures the percent saturation of the hemoglobin. Information assessing 

the measurement of hemoglobin saturation (SaO2) is similar to that obtained from a paO2 

measurement. Both are a measurement of the ability of the lung to deliver oxygen to the 

bloodstream (iSTAT, 2006).  

1.10.8 Glucose (Glu mg/dl) 

Glucose is an essential molecule that meets productive energy needs for cellular metabolism of 

poultry species (Reece et al., 2015). When there is excess circulating glucose, the bird will either 

store the excess as glycogen or undergo lipogenesis for storage in the liver or adipose tissues. 

Scanes (2015) determined that the expected average circulating glucose concentration in avian 
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species to be 15.4 mmol/L. Specifically, broiler-type chickens were shown to have a mean serum 

glucose concentration of 15.0 mmol/L (Soleimani and Zulkifli, 2010).   

1.10.9 Sodium (Na mmol/L) 

Sodium is another major blood electrolyte. Maintenance of blood sodium is a major function of 

the renal system and of the circulatory system.   Resorption of sodium along with chloride and 

water occurs in the coprodeum, rectum, and caeca along with the mammalian nephrons with their 

long loops of Henle deep within the medulla of the avian kidneys; reptilian nephrons do not 

concentrate urine (Tully et al., 2009). Hypernatremia, the elevation of circulating sodium, occurs 

during dehydration, hyperthermia, water deprivation, and salt toxicity in chickens (Harris, 2009; 

Arad et al., 1983). Hyperthermia followed by dehydration also occurs during elevated chloride in 

conjugation with sodium (Scanes, 2015). Acute heat stress has been implicated in causing 

hypernatremia. After an acute heat stress event in poultry, expect a decrease in not only sodium 

levels but also potassium levels with a rebounding effect (Borges et al., 2004)  

1.10.10 Potassium (K mmol/L) 

High potassium and blood calcium levels classically are exhibited clinically by measurements of 

cellular resting membrane potentials as they are elevated. High potassium levels with low blood 

calcium levels can have devastating effects on homeostasis due to an imbalance of normal 

physiologic threshold potentials. Low extracellular Potassium has the proclivity to lower 

membrane resting potentials, increasing energy demand followed by observable lethargy. A 

positive correlation with increasing potassium and iCa suggests that host adaptation is being 

made to avoid drastic changes of these two components of the avian blood (Venne et al., 2019). 

Heat stress will cause an increase in pH, which stimulates the excretion of potassium via the 
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kidney in an attempt to maintain homeostasis. If the heat exposure is extremely severe, blood 

potassium levels will be altered significantly. Decreased feed and water intake, as well as 

peripheral shunting of blood during heat stress, can make electrolyte imbalances worse (Scanes, 

2015)  

1.10.11 Ionized calcium (iCa mmol/L) 

As represented by the iSTAT1, ionized calcium is understood to characterize about 50% of total 

blood calcium in the plasma of birds (Reece et al., 2015). 1.5% of a bird’s body weight is 

calcium (Bolukbasi et al., 2005). Martin et al., 2010 found that iCa decreased in broiler breeders 

and correlated the decrease to clinical mobility of calcium tetany cases. This study suggested that 

a mild decrease in iCa is due to physiologic alkalosis when blood pH goes below 7.0 pH. When a 

bird is in a state of acidosis, when pH is above 7.0, osteoclasts activate, which transports Ca2+ 

and OH
-
 ions. This movement inhibits bone matrix formation and increases blood alkalinity, 

increasing iCa (Venne et al., 2019). Although another study involving the infusion of 

adrenocorticotropic hormone, a hormone associated with stress, did not affect the iCa values 

(Olanrewaju et al., 2006). To meet metabolic demands, calcium homeostasis is tightly regulated 

but will often have an observable change (Dacke, 1979).   

1.10.12 Percent packed cell volume  (Packed Cell Volume [PCV]) 

Compared to mammals, avian erythrocytes are smaller, nucleated and have mitochondria. An 

adult chicken erythrocytes have mean hemoglobin of 10.1% and a mean packed cell volume of 

44% when genders are combined (Scanes, 2015). The PCV parameter is directly measured on the 

iSTAT1 (iSTAT1, 2006). Generalized states of hypoxia increase hematocrit percentages in both 

quail and chicken models (Rosse and Walkmann, 1966) by what mechanism?   
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1.10.13 Hemoglobin (Hb g/dl) 

The hemoglobin parameter is derived from calculations on the iSTAT (iSTAT, 2006). 

Hemoglobin is directly responsible for oxygen binding to red blood cells while traversing the 

vasculature of the lungs, which then releases O2 in  peripheral tissues to support cellular 

metabolism. Hemoglobin comprises four protein subunits, tetrameric, and surrounds one heme 

unit of ferrous iron (Scanes, 2015). The chemical bond O2 makes with the heme unit ties up the 

most oxygen in circulation (Powell, 2015).  

1.11 Conclusion 

Poultry of variable ages and backgrounds will respond to heat stress differently (Wang et al., 

2018; Van Goor et al., 2016 and 2017; Rowland et al., 2019). One of the earliest in a series of 

heat stress trials was conducted at Iowa State University utilizing an advanced intercross line 

originally developed via the mating of commercial broiler-type (heat susceptible) birds and 

Egyptian Fayoumi (heat resistant) birds (Van Goor et al., 2016). Seven days post-heat treatment 

significantly increased pH, BE, HCO3
-
 TCO2, iCa, Hct Hb, and sO2 in the intercross line of 

commercial broiler X Egyptian Fayoumi laying chickens (Van Goor et al., 2016). These 

observations tend to support the concept that responsiveness to stressors has a genetic component 

which is supported by the work by Edens and Siegel (1974) who selected random bred lines for 

high and low corticosterone responses ACTH injections.  This study also provided evidence of 

decreased pCO2 and blood Glu after 7 days of heat treatment. 

 

 



  22 

 

1.12 References 

A/H5, W. C. o. t. W. H. O. C. o. H. I. 2005. Avian influenza A (H5N1) infection in humans. 

New England Journal of Medicine 353:1374-1385.  

Antoni, F. A. 1986. Hypothalamic control of adrenocorticotropin secretion: advances since the 

discovery of 41-residue corticotropin-releasing factor. Endocrine reviews 7:351-378.  

Beaulieu, M., and D. Costantini. 2014. Biomarkers of oxidative status: missing tools in 

conservation physiology. Conservation Physiology 2.  

Beere, H. M. 2005. Death versus survival: functional interaction between the apoptotic and 

stress-inducible heat shock protein pathways. The Journal of clinical investigation 115:2633-

2639.  

Beere, H. M., B. B. Wolf, K. Cain, D. D. Mosser, A. Mahboubi, T. Kuwana, P. Tailor, R. I. 

Morimoto, G. M. Cohen, and D. R. Green. 2000. Heat-shock protein 70 inhibits apoptosis by 

preventing recruitment of procaspase-9 to the Apaf-1 apoptosome. Nature cell biology 2:469-

475.  

Bridges, C. B., W. Lim, J. Hu-Primmer, L. Sims, K. Fukuda, K. Mak, T. Rowe, W. W. 

Thompson, L. Conn, and X. Lu. 2002. Risk of influenza A (H5N1) infection among poultry 

workers, Hong Kong, 1997–1998. The Journal of infectious diseases 185:1005-1010.  

Cannon, W. 1932. Wisdom of the body New York WW Norton & Company. Inc 1:52.  

Cedraz, H., J. G. G. Gromboni, A. A. P. Garcia, R. V. Farias Filho, T. M. Souza, E. R. d. 

Oliveira, E. B. d. Oliveira, C. S. d. Nascimento, C. Meneghetti, and A. A. Wenceslau. 2017. Heat 

stress induces expression of HSP genes in genetically divergent chickens. PLoS One 

12:e0186083.  

Christensen, N. J. 1991. The biochemical assessment of sympathoadrenal activity in man. 

Clinical Autonomic Research 1:167-172.  

Del Giudice, M., C. L. Buck, L. E. Chaby, B. M. Gormally, C. C. Taff, C. J. Thawley, M. N. 

Vitousek, and H. Wada. 2018. What is stress? A systems perspective. Integrative and 

Comparative Biology 58:1019-1032.  

Dieken, E., and R. Miesfeld. 1992. Transcriptional transactivation functions localized to the 

glucocorticoid receptor N terminus are necessary for steroid induction of lymphocyte apoptosis. 

Molecular and cellular biology 12:589-597.  

Dixon, L., N. Sparks, and K. Rutherford. 2016. Early experiences matter: a review of the effects 

of prenatal environment on offspring characteristics in poultry. Poultry Science 95:489-499.  

Donaldson, W. E., V. L. Christensen, and K. K. Krueger. "Effects of stressors on blood glucose 

and hepatic glycogen concentrations in turkey poults." Comparative Biochemistry and 

physiology. A, Comparative Physiology 100.4 (1991): 945-947. 

Eberle-Krish, K. N., M. P. Martin, R. D. Malheiros, S. B. Shah, K. A. Livingston, and K. E. 

Anderson. 2018. Evaluation of ventilation shutdown in a multi-level caged system. Journal of 

Applied Poultry Research 27:555-563.  



  23 

 

Edens, F.W. 1977. Physiological profile of heat prostration in chickens. Proceedings of the 

Southern Region Avian Environmental Physiology Bioengineering Study Group, Vol. 13, pp. 

34-53. 

Edens, F. W., and  H. S. Siegel.   1975. Adrenal responses in high and low ACTH response lines 

of chickens during acute heat stress. Gen. Comp. Endocrinol. 25:64-73. doi: 10.1016/0016-

6480(75)90040-4. 

  

Feder, M. E., and G. E. Hofmann. 1999. Heat-shock proteins, molecular chaperones, and the 

stress response: evolutionary and ecological physiology. Annual review of physiology 61:243-

282.  

Ghosh, A., S. W. Carmichael, and M. Mukherjee. 2001. Avian adrenal medulla: cytomorphology 

and function. Acta Biologica Szegediensis, 45:1-11.  

Giguère, V., S. M. Hollenberg, M. G. Rosenfeld, and R. M. Evans. 1986. Functional domains of 

the human glucocorticoid receptor. Cell 46:645-652.  

Green, J. L. 2015. Update on the highly-pathogenic avian influenza outbreak of 2014-

2015Congressional Research Service Washington, DC. 

Gurung, S., D. White, G. Archer, D. Styles, D. Zhao, Y. Farnell, J. Byrd, and M. Farnell. 2018. 

Carbon dioxide and nitrogen infused compressed air foam for depopulation of caged laying hens. 

Animals 8:6.  

Hartl, F.-U., R. Hlodan, and T. Langer. 1994. Molecular chaperones in protein folding: the art of 

avoiding sticky situations. Trends in biochemical sciences 19:20-25.  

Hartl, F. U., and M. Hayer-Hartl. 2002. Molecular chaperones in the cytosol: from nascent chain 

to folded protein. Science 295:1852-1858.  

Herman, J. P., and J. G. Tasker. 2016. Paraventricular hypothalamic mechanisms of chronic 

stress adaptation. Frontiers in endocrinology 7:137.  

Hodges, R. D. 1974. The adrenal glands. In: The histology of the fowl. pp. 464-474. Academic 

Press, London, United Kingdom. 

Kabakov, A. E., K. R. Budagova, A. L. Bryantsev, and D. S. Latchman. 2003. Heat shock 

protein 70 or heat shock protein 27 overexpressed in human endothelial cells during posthypoxic 

reoxygenation can protect from delayed apoptosis. Cell stress & chaperones 8:335.  

Korteweg, C., and J. Gu. 2008. Pathology, molecular biology, and pathogenesis of avian 

influenza A (H5N1) infection in humans. The American journal of pathology 172:1155-1170.  

Koutsos, E. A., and K. C. Klasing. 2014. Factors modulating the avian immune system. Pages 

299-313 in Avian Immunology Elsevier. 

Kwok, T., D. Zabler, S. Urman, M. Rohde, R. Hartig, S. Wessler, R. Misselwitz, J. Berger, N. 

Sewald, and W. König. 2007. Helicobacter exploits integrin for type IV secretion and kinase 

activation. Nature 449:862-866.  

Lomiwes, D., M. Farouk, E. Wiklund, and O. Young. 2014. Small heat shock proteins and their 

role in meat tenderness: A review. Meat science 96:26-40.  

https://pubmed.ncbi.nlm.nih.gov/164402/
https://pubmed.ncbi.nlm.nih.gov/164402/


  24 

 

Malyshev, I. 2013. A General Description of HSPs, The Molecular Structure of HSP70 and The 

HSP70 Cycle. Pages 1-13 in Immunity, Tumors and Aging: The Role of HSP70Springer. 

Mangelsdorf, D. J., C. Thummel, M. Beato, P. Herrlich, G. Schütz, K. Umesono, B. Blumberg, 

P. Kastner, M. Mark, and P. Chambon. 1995. The nuclear receptor superfamily: the second 

decade. Cell 83:835.  

Morimoto, R. I. 1998. Regulation of the heat shock transcriptional response: cross talk between a 

family of heat shock factors, molecular chaperones, and negative regulators. Genes & 

development 12:3788-3796.  

Orhan, C., M. Tuzcu, H. Gencoglu, N. Sahin, A. Hayirli, and K. Sahin. 2013. Epigallocatechin-

3-gallate exerts protective effects against heat stress through modulating stress-responsive 

transcription factors in poultry. British poultry science 54:447-453.  

Prosser, D. J., P. Cui, J. Y. Takekawa, M. Tang, Y. Hou, B. M. Collins, B. Yan, N. J. Hill, T. Li, 

and Y. Li. 2011. Wild bird migration across the Qinghai-Tibetan plateau: a transmission route 

for highly pathogenic H5N1. PloS one 6:e17622.  

Rafiee, P., M. E. Theriot, V. M. Nelson, J. Heidemann, Y. Kanaa, S. A. Horowitz, A. 

Rogaczewski, C. P. Johnson, I. Ali, and R. Shaker. 2006. Human esophageal microvascular 

endothelial cells respond to acidic pH stress by PI3K/AKT and p38 MAPK-regulated induction 

of Hsp70 and Hsp27. American Journal of Physiology-Cell Physiology 291:C931-C945.  

Sahin, K., C. Orhan, M. Tuzcu, S. Ali, N. Sahin, and A. Hayirli. 2010. Epigallocatechin-3-gallate 

prevents lipid peroxidation and enhances antioxidant defense system via modulating hepatic 

nuclear transcription factors in heat-stressed quails. Poultry Science 89:2251-2258.  

Samali, A., C. I. Holmberg, L. Sistonen, and S. Orrenius. 1999. Thermotolerance and cell death 

are distinct cellular responses to stress: dependence on heat shock proteins. FEBS letters 

461:306-310.  

Samali, A., and S. Orrenius. 1998. Heat shock proteins: regulators of stress response and 

apoptosis. Cell stress & chaperones 3:228.  

Selye, H. 1956. The stress of life. 

Siegel, H. 1995. Stress, strains and resistance.  

Skeik, N., and F. I. Jabr. 2008. Influenza viruses and the evolution of avian influenza virus 

H5N1. International Journal of Infectious Diseases 12:233-238.  

Smith, S. M., and W. W. Vale. 2006. The role of the hypothalamic-pituitary-adrenal axis in 

neuroendocrine responses to stress. Dialogues in clinical neuroscience 8:383.  

Stojadinovic, A., J. Kiang, R. Smallridge, R. Galloway, and T. Shea-Donohue. 1995. Induction 

of heat-shock protein 72 protects against ischemia/reperfusion in rat small intestine. 

Gastroenterology 109:505-515.  

Szabo, S., Y. Tache, and A. Somogyi. 2012. The legacy of Hans Selye and the origins of stress 

research: a retrospective 75 years after his landmark brief “letter” to the editor# of nature. Stress 

15:472-478.  



  25 

 

Taché, Y., and S. Brunnhuber. 2008. From Hans Selye’s Discovery of Biological Stress to the 

Identification of Corticotropin Releasing Factor signaling pathways: Implication in Stress-

Related Functional Bowel Diseases. Annals of the New York Academy of Sciences 1148:29.  

Voellmy, R., and F. Boellmann. 2007. Chaperone regulation of the heat shock protein response. 

Molecular Aspects of the Stress Response: Chaperones, Membranes and Networks:89-99.  

Wegele, H., L. Müller, and J. Buchner. 2004. Hsp70 and Hsp90—a relay team for protein 

folding. Reviews of physiology, biochemistry and pharmacology:1-44.  

WHO, O. 2008. Toward a unified nomenclature system for highly pathogenic avian influenza 

virus (H5N1). Emerging infectious diseases 14:e1.  

Ziello, J.E.,  I. S. Jovin, and Y. Huang. 2007. Hypoxia-inducible factor (HIF)-1 regulatory 

pathway and its potential for therapeutic intervention in malignancy and ischemia. Yale J. Biol. 

Med., 80: 51-60. 

 

 

 

 

  

https://pubmed.ncbi.nlm.nih.gov/?term=Ziello%20JE%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Jovin%20IS%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Huang%20Y%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2140184/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2140184/


  26 

 

Figure 1.1: 2005 migratory bird major flyways with H5N1 outbreaks in 2005. United Nations 

Food and Agriculture Organization 2005. 

http://www.fao.org/ag/againfo/foto/EMPRES_Watch_global_flyways.gif 
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Figure 1.2: HPA and SAM axis activation under stress. 
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Figure 1.3: HSP70 proposed mechanism. Heat shock protein 70 kDa: molecular biology, 

biochemistry, and physiology. Pharmacology & therapeutics 80:183-201.  (Kiang and Tsokos, 

1998) 
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Figure 1.4: Adapted Diagram showing Death by hyperthermia (Smith and Oliver, 1971) 
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Figure 1.5:  Oxygen dissociation curve of hemoglobin at different partial pressure of CO2 

https://www.onlinebiologynotes.com/wp-content/uploads/2017/09/bohr-effect-CO2.jpg 
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Chapter 2:  

Evaluation Among Ventilation Shutdown (VSD), Ventilation Shutdown Plus Heat (VSDH), 

and Ventilation Shutdown Plus Carbon Dioxide (VSDCO2) as Proposed Methods for Rapid 

Depopulation of Broiler Breeder Flocks in Response to Disease Outbreak  

 

2.1 Abstract 

The magnitude of highly pathogenic avian influenza (HPAI) outbreaks in the USA in 2015 were 

the worst in the history the US Poultry Industry revealing that a more effective means to 

depopulate diseased flocks was necessary . This study was conducted to determine the 

effectiveness and physiological responses of commercial broiler breeders (Ross 708) subjected to 

Ventilation Shutdown Plus (VSD+), as means to depopulate  large flocks of diseased poultry. 

The addition of heat was found to decrease the time to death and alter the physiological markers 

of stress in broiler breeders. In 2019, the American Veterinary Medical Association included 

VSD+ in the depopulation decision tree as a method dependent upon resources and timeliness. 

Using data from VSD studies, the addition of heat (VSDH) and carbon dioxide (VSDCO2), 

physiological markers in 65-weeks old broiler breeder hens were examined in three  

environmental simulations (phases), in which three main effects were the focus: 1. Time of 

Death (TOD), 2. Blood chemical markers associated with acute stress responses preceding death, 

and 3. Objective evaluation of the three VSD Plus methods as the most efficient and 

humaneness. The three phases consisted of exposure of broiler breeder hens to Phase 1 (VSD 

control, VSDH and VSDCO2 to determine expected TOD); Phase 2 drew periodically blood 

samples from a single hen per chambered hen at expected TOD for VSD control, VSDH and 

VSDCO2 at expected TOD for );  Phase 3 (VSDCO2 only). Each Phase implementation in 

constructed chambers allowed 3.4 ft3 per individual hen, which was consistent with 

space/volume allowed per commercial breeder hen. In Phases 1 and 2 individual hens were 
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considered as experimental replicates.   Brain electrical activity was monitored as a means to 

determine true time of death (TOD). Cloaca temperatures were determined before and after each 

procedure. Blood was drawn pre- and post- VSD Plus Phases to determine corticosterone 

(CORT) and other blood chemical markers. Brain and hepatic tissues were collected at death and 

preserved in RNALater® for determination  heat shock protein 70 mRNA expression. 

Physiological data were analyzed  using one-way analyses of variance (ANOVA) through JMP 

Pro 15 with an alpha of 0.05. The TOD was most efficient in VSDCO2 which averaged 40 

minutes (p<0.0001), VSDH with 114 minutes, and VSD with 266 minutes. Body weight was not 

correlated with TOD. Blood chemical markers  developing dynamically during the exposure of 

birds within each environmental phase were linked with alkalosis when either VSD or VSDH 

were implemented, but blood chemical markers were linked with acidosis when VSDCO2 was 

implemented. CORT was highest among birds in VSDCO2 (6056 pg/ml) (p<0.0154) compared 

to VSDH ( 2595 pg/ml) and VSD (4455 pg/ml) for Phase 1. In phase 1, brain HSP70 expression 

was elevated significantly when VSDH was implemented (p<0.0063), whereas hepatic HSP70 

expression was not affected by VSDH. Phase 2 results were not  the same as the expected TOD 

predicted by Phase 1 results. When VDSH was implemented TOD was shortened by 41 minutes, 

with implementation of VSDCO2 the TOD was lengthened by 35 minutes , and with VSD  only, 

TOD was lengthened by 154 minutes. Thus, the Phase three  evaluation of VSD+ methodologies 

produce variable TODs, but both VSDH and VSDCO2 produce shorter TODs than VSD alone. 

Additional refinements of the VSD+ methodologies are suggested to maximize TOD and assure 

a timely 100% mortality.  
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2.2 Introduction 

The 2014-2015 outbreak of highly infectious High Pathogenic Avian Influenza (HPAI) 

devastated the poultry industry resulting from the depopulation of 7.4 million turkeys and 37.5 

million chickens, which were primarily laying hens.  The mass depopulation in response to HPAI 

caused a 12%   reduction in the availability of poultry and poultry products, resulting in a loss of 

market revenue of  $3.3 billion dollars (Green, 2015). 

The control of HPAI first requires detection of the virus, which is dependent on  cooperation 

among public health programs and commercial poultry farms. When reportable zoonotic disease 

is suspected/observed in avian species, it must be reported and diagnosed quickly, and infected 

animals must be quarantined. Only authorized and trained personnel will be allowed to enter the 

premises under strict biosecurity. When a reportable disease, such as HPAI, is diagnosed, there is 

a mandate from USDA for immediate depopulation within 24-48 hours after confirmation of the 

disease.  

 

The type of depopulation method will depend on the type of bird, their housing and availability 

of resources (Schaal, 2016). Management of disposal is important to control the spread of the 

virus from diseased, dead birds. The area is decontaminated and retested to ensure the 

eradication of the disease before restocking is performed (Green, 2015). The most common 

depopulation method used in the past decade was firefighter foam for floor-reared animals such 

as turkeys and broilers, and CO2 gas kill carts were used for laying hens due to their ability to 

jump out of the firefighter foam (Gurung, et al., 2018). In 2015, the stated protocol was not 

sufficiently effective to control the outbreak, and the USDA was forced to include another 

method called Ventilation Shut Down (VSD) for the first time, which entails closing off whole 

houses of their ventilation and letting the flocks die of hypoxia and hyperthermia. This method is 

considered extreme and only used when everything else is unavailable (Green, 2015). 

In 2015, when resources for foam became scarce and/or depleted, a proof of concept study was 

designed to evaluate the use of Ventilation Shut Down (VSD). Three methods were evaluated for 

effectiveness, VSD, VSD+ with supplemental heat (VSDH), VSD with carbon dioxide 

(VSDCO2) on broiler breeders, and turkey breeder hens. The results of these studies confirmed 

that VSD alone was not sufficient to meet the stringent conditions of flock depopulation 

standards of 100% lethality in table egg layers and breeder turkeys. In multi-level caged table 
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egg layer systems, VSDH and VSDCO2 did meet the standards, which then was extended to 

broilers and broiler breeders, but only VSDH was adequate for turkey breeder hens (Eberle-

Krish, et al., 2018). 

 

The objective of this study was to compare corticosterone (CORT), heat shock protein 70 

(HSP70) and various blood markers to determine dynamic physiological alterations that develop 

leading to ultimate mortality of disease poultry during exposure to the various VSD+ 

methodologies  

 

2.3 MATERIALS AND METHODS 

2.3.1 Human and Animal Care 

The project had North Carolina State University’s Institutional Animal Care and Use Committee 

(IACUC) oversight and was monitored by veterinarians on site with cooperators from the North 

Carolina State University, College of Veterinary Medicine and North Carolina Department of 

Agriculture and Consumer Services.  All animals were maintained at the North Carolina State 

University, Field Laboratory the Chicken Educational Unit for Phases 1 and 2. The birds were 

transported in accordance with the “Guide for the Care and Use of Agricultural Animals in 

Research and Teaching” regulations (American Dairy Science Association®, the American 

Society of Animal Science, and the Poultry Science Association. 2020). Self-contained breathing 

apparatus (SCBA)-trained personnel were employed through the North Carolina State 

University’s Department of Environmental Health and Safety (NCSU-EHS) for all experiments 

that included exposure to potentially hazardous levels of CO2 (>1,000 ppm) as prescribed by 

OSHA Standard 29 CFR 1910.134 (Roychowdhury, 1998). 

 

2.3.2 Experimental Design 

There were three main effects evaluated in the projects encompassing three different 

environmental situations (phases).  

1. TOD as indicated by total shutdown of brain electrical activity  

2. Evaluation of blood chemical markers responses during implementation of the three VSD 

methodologies for depopulation   
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3. Objective evaluation of proposed VSD methodologies for  mass depopulation in 

commercial flock housing.  

2.3.3 Phase 1 Description 

Phase 1: 

Twelve individual Ross 708 broiler breeder hens (4 hens per method) were exposed to three 

VSD+ derivatives; ventilation shutdown (VSD), ventilation shutdown with supplemental heat 

(VSDH), and ventilation shutdown with CO2 (VSDCO2) (Table 1).  

 

Throughout all the three phases, VSD alone acted as the experimental control. Individual 

method/observation chambers were used in these trials. Individual method/observation chambers 

made from tooled and assembled Plexiglas as used in Phase 1 had physical dimensions of   

yielding 3.4 ft3 space/volume per chamber. The hens were assessed to determine the time to 

brain death (TOD) through EEG-monitored brain activity and  published behavioral activity 

within the chambers, (Eberle-Krish et al., 2018). Before and after each VSD+ exposure, whole 

blood was collected for serological analysis  of associated  blood markers, known to be 

associated with stress reactions in chickens, through the use of the i-STAT® diagnostic system 

using the EC8+ cartridges (Abbott, Princeton, NJ) and blood plasma was collected for CORT 

evaluation.  A thermistor probe attached to a recorder (HHM290 SuperMeter, Omega 

Engineering, Norwalk, CT) was inserted into the large intestine through the cloaca, and core 

body temperatures (CBT; °F) were determined at the beginning of each trial and at the time of 

death.  

 

2.3.4 Phase 2 Description 

Phase 2: 

 Fifteen broiler breeder hens (5 hens per VSD method) from the flock maintained at the North 

Carolina State Agricultural Research Service Chicken Education Unit. The broiler breeder hens 

averaged 4.4 kgs body weight and were 64 week of age. The birds were transported to Scott Hall 

for Phase 2 as needed from the Chicken Educational Unit. Individual method/observation 

chambers made from tooled and assembled Plexiglas as used in Phase 1 were used for each trial 

in Phase 2. Neither feed nor water were provided to the birds after placement in the chambers. 

Using the average time of death from phase 1, an interval of 4 points was established and 1 bird 
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at each point was either euthanized or called dead for each VSD+ method. At each time point, 

blood was taken before and after the method to determine blood chemistry (BC). Tissue samples 

of the brain and liver were placed in RNAlater™ Stabilization Solution (Ambion, Inc, Austin, 

TX) for determination of heat shock protein 70 (HSP70) expressions.  No procedures or handling 

of the birds were done for at least 1 week before sampling. Body weight, a venous blood sample, 

and CBT were collected at time point 0 (T0) to establish a baseline for the VSD+ challenged 

birds,  procedures for BC, then again at ¼(T1), ½(T2), and ¾(T3) of the time to death, and at 

expected TOD (T4) (Table 2). Only one hen was sampled and removed from the chamber at the 

end of an expected TOD followed by exposure of another hen for the subsequently longer 

expected TOD.   

 

2.3.5 Phase 3 Description 

Phase 3: 

A flock of 375 reproductively quiescent 64 week old Ross 708 broiler breeders with mean body 

weight of 4.4 kg were randomized into subgroups of 125 hens for each VSD+ method in Phase 3. 

All birds were transported to the Poultry Entomology Research Unit (PERU) at the North 

Carolina State University, Chicken Educational Unit in accordance with the “Guide for the Care 

and Use of Agricultural Animals in Research and Teaching” (American Dairy Science 

Association®, the American Society of Animal Science, and the Poultry Science Association. 

2020). All birds were permitted to rest in the room for 1 hour before the start of each method. 

Feed and water were removed immediately before transport. Star-Odi temperature loggers were 

gavaged into these 10 birds and as samples were retrieved the probes were collected from the 

internal digestive tract and downloaded to provide the body temperature changes during each 

method. Body weights and CBT were determined randomly among 10 birds before sealing the 

room, and these procedures were repeated again after TOD was visually determined and the 

room was opened, the CBT were measured randomly in 10 birds.  

 

2.3.6 Phase 3 Broiler Breeder simulation of Whole House Conditions 

Ambient temperature (Ta) and relative humidity (RH) sensors (Lascar Electronics, Salisbury, 

UK; Model: EL-USB-2-LCD+) were used to measure Ta and RH 1.6-in from the top of the 

room. Room CO2 concentrations were monitored and recorded using either a 0-5% CO2 
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sampling data logger (CO2 Meters, Inc., Ormond Beach, FL CM-0056) for VSD and VSDH or a 

0-100% CO2 sampling data logger (CO2 Meters, Inc., Ormond Beach, FL CM-0003) for 

VSDCO2. Ambient temperature, RH, and CO2 concentrations were recorded every minute 

throughout each method. The birds were kept in a 29.5 ft x 15 ft x 8 ft, 3540 ft3room at the 

PERU. A partition was built to reduce the room’s dimensions to 15 ft x 15 ft x 8 ft, 1800 ft3; this 

size provided 7.1 ft3 per broiler breeder hen (Swalander, 2015).   

 

2.4 Blood Chemistry and RT qPCR 

Pre- procedure, blood samples were collected from the brachial vein in the humerus portion of 

the wings, from each of the birds, 2 mL of blood were collected and transferred to the BD 

Vacutainer™ tube with Lithium Heparin. Post- procedure, blood was collected from the femoral 

artery and then collected into BD Vacutainer™ tube with Lithium Heparin tubes (Becton, 

Dickinson and Company, Franklin Lakes, NJ). The heparinized blood was placed on a single use 

i-STAT® CG8+ test cartridge (Abbott, Princeton, NJ) and BC was analyzed on the i-STAT® 

Handheld Blood Analyzer (Abbott, Princeton, NJ) Trained individuals using a Keck device then 

euthanized the birds. Brain and hepatic tissues were collected from each sampled bird, placed in 

RNAlater™ Stabilization Solution (Ambion, Inc, Austin, TX) for transport to the laboratory, and 

stored in -20 °C for HSP70 analysis. The relative expression of HSP70 mRNA in total brain 

samples was measured using RT-PCR and reported as HSP70/18S. HSP70 data were 

transformed (HSP70/18S)-1 (the reciprocal) and analyzed using a one-way ANOVA.  The mean 

comparisons for all pairs used Tukey-Kramer HSD Confidence Quantile (q*=2.58680; 

alpha=0.100). In Phase 1 and 3, the BC was analyzed using GLM with means separated using the 

Student's-T Test. In Phase 2, a best fit polynomial curve R2 for each variable comparing each 

time point/treatment from T0-T4. 

 

2.5 Plasma Corticosterone (CORT) Extraction 

CORT was isolated using an Extrelut column (Millipore Sigma, Burlington, MA).  The Extrelut 

column is used in liquid-liquid extractions using plasma and will prevent emulsions, which are 

common in hens (Bamberg, et al., 1980). CORT was analyzed using a CORT Elisa Kit (Caymen 

Chemical, Ann Arbor, MI) and evaluated. A volume of 300 L of plasma was pipetted onto an 

Extrelut column followed by 300 L of PBS. The column was incubated at room temperature for 
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8 min. Then, 1 mL of a 1:9 mixture of 2-propanol, methylene chloride was added to the column 

and incubated at room temperature for 10 min, followed by 6 mL of the 1:9 mixture of propanol, 

methylene chloride. The flow through was evaporated under a stream of nitrogen using a Reacti 

VapTM Evaporator (Thermo Fisher). The samples were suspended in 300 L of the Assay Buffer. 

The samples were analyzed on the CORT ELISA plate at a dilution of 1:5 following 

manufacturer’ protocol. 

Statistic were accomplished using one-way ANOVA through JMP Pro 15 with an alpha of 0.05 

for Phase 1 and Phase 3. For Phase 2, a best fit polynomial curve R2 for each variable comparing 

each time point from T0-T4. Best-fit curves that are closer to 1 mean that it is easy to predict 

what will be forthcoming with some reliability. 

 

2.6 Results 

2.6.1 Phase 1 Results 

Phase 1: 

The TOD was shortest in VSDCO2 with a mean of 40 minutes (p<0.0001), followed by VSDH 

with 114 minutes, and finally VSD with 266 minutes. The method for rapid house depopulation 

resulted in a significant difference (p<0.0284) in CORT expression. VSDCO2 had the highest 

CORT expression of 6056 pg/L, followed by VSDH of 2595 pg/L and VSD with 4455 pg/L 

(Figure 2.1).  

 

The responses of brain and liver heat shock protein 70 (HSP70/18S^-1) to VSD+ treatments are 

shown in Figures 2.2 and 2.3 respectively.  VSDH induced a greater (HSP70/18S) induction 

(p<0.0063) than did either VSD or VSDCO2, which did not differ from each other.  

 

2.6.2 Phase 2 Results 

Phase 2: 

VSD+ group responses are shown in different colored polynomial curves representing VSD 

(Blue), VSDH (Orange), and VSDCO2 (Gray) in the following graphs. The results are broken 

down by method, with the highest best fit representation under each method.  
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VSD: Each graph in this series presents the best fit polynomial curve R2 for each variable for 

VSD. The following variables had the best fit curve: plasma Cort, pg/mL (Figure 2.4 A), whole 

venous blood pH units (Figure 2.4 B), whole blood pCO2, and mmHg pressure (Figure 2.4 C), 

and whole blood percentage hemoglobin oxygen saturation.  Similar types of polynomial 

response curves can be seen for whole blood bicarbonate- HCO3
-
 mmol/L (Figure 2.5 E), total 

dissolved carbon dioxide-TCO2 mmol/L  (Figure 2.5 F), potassium- K mmol/L (Figure 2.5 G), 

hematocrit-HCT % (Figure 2.6 H), and hemoglobin-Hb, g/dL (Figure 2.6 I).  Due to VSD length 

of time (266 minutes) these variables highlight the circadian rhythm of the birds’ natural process 

of maintaining homeostasis and its ability to survive.  

 

VSDH: Each graph in this series presents the best fit polynomial curve R2 for each variable for 

VSDH. VSDH is represented by orange in these graphs in the following figures:  for HSP70 

brain (R2 = 0.9633), HSP70 liver (R2= 1.000), and pO2 mmHg (R2 = 0.9989). (Figure 2.7) Due to 

VSDH length of time (114 minutes) these variables highlight the protection mechanism of 

HSP70 both in the brain and liver of the birds’ and also how partial pressure of oxygen is 

affected more as the birds need to reduce body temperature by panting evidenced with a sharp 

decline at the initial stages of the method. 

 

VSDCO2: Each graph in this series presents the best fit polynomial curve R2 for each variable in 

VSDCO2. VSDCO2 is represented by red in these graphs in the following figures: for Na mmol/L 

(R2 = 0.8685), iCa mmol/L (R2 = 0.9773), and Glucose (R2 = 0.9317). (Figure 2.8) With the 

influx of CO2, these variables highlight the acid base fluctuations that occur during hypoxia. The 

blood data matches the expected results for the metabolic change that this method instigates.  

 

2.6.3 Phase 3 Results  

Phase 3 results: 

TOD in phase 3 birds had a significant increase for VSD (154 minutes) with 53.6% survivors 

and VSDCO2 (35.2 minutes) with 1.6% survivors, while VSDH was reduced by 40.8 minutes 

with 1.6% survivors (Table 2.3).  There was a significant difference in the CORT response 

between VSDCO2 euthanized and the control (p < 0.0339) with 1.6% survival rate. VSD had the 

most survivors of 53.6% and VSDH had 1.6% survivors (Table 2.3). There was a significant 
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difference between VSDH survivors and the VSDCO2 survivors with a (p < 0.0489) (Figure 2.9). 

There is a significant difference between the control and the euthanized VSD (p<0.0153) and 

VSDCO2   (p<0.0194) and VSD survivors (p<0.0320) in the HSP70 Brain analysis. There is a 

significant difference between the control and euthanized VSD (p < 0.00176) VSDCO2 (p < 

0.0299) in the HSP70 Liver analysis (Figure 2.10).  

 

2.6.4 Phase 3 Blood Data 

There were significant differences in 10 of the data points including pH (p<0.0001), PCO2 

(p<0.0001), Beecf (p<0.0004), HCO3
-
 (p<0.0053), TCO2 (p<0.0103), sO2% (p<0.0077), Na 

(p<0.0001), K (p<0.0001), Glu (p<0.0024) and Hb (p<0.0377). There were trends toward 

significance in 2 data points; iCa (p<0.0621) and Hct (p<0.0721). There was no significance in 

PO2 (Table 2.5). 

 

2.7 Discussion  

2.7.1 Phase 1 Discussion 

Phase 1:  

Phase 1 showed that VSDCO2 had the quickest time of death at 40 minutes and the highest 

plasma concentration of CORT at 6056 pg/ml.  Heat Shock Protein 70(HSP70) was also 

considered an indicator for stress since it has been shown to be a critical factor in rescuing cells 

during acute stress cycles. HSP70 plays an important role in folding and refolding of proteins 

restoring protein function. HSP70 was therefore evaluated in the brain and the liver tissues of the 

broiler breeders. In the brain tissue it was found that VSDH was significantly different from 

VSD and VSDCO2 (p<0.0066) when compared to controls (baseline). It appears that the addition 

of the heat to the environment enhances the heat stress response in these birds giving a higher 

response in HSP70. VSDH appears to have higher stress response when looking at HSP70. The 

liver samples had a high variability in the VSD treatment and resulted in no significance 

difference (Figure 2.2 and Figure 2.3) 
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2.7.2 Phase 2 Discussion 

Phase 2: 

Phase 2 not only examined  Cort and HSP70 but also blood chemical markers using an i-STAT 

System (Zoetis, Inc) with CG8+ cartridges looking at 13 blood parameters. Although phase 2 did 

not have enough replicates to complete statistics, with the use of best-fit curve, the data details 

the cyclical nature of the blood parameters and the bird’s ability to regulate thermoregulation 

through acid-base metabolism (Everaert et al., 2008; Olanrewaju, et al., 2006; Siegel, 1980). 

Best-fit curves with R2 closer to 1 mean that it will make it easier to predict more reliably 

forthcoming changes in specific blood markers responses. As the R2 of the best fit curve 

decreases, the prediction of responses loses reliability and variability increases (Jaeger, et al., 

2017). Due to VSD, TOD persisting to 266 minutes, it had an ideal best-fit curve for CORT (R2= 

0.9999) and indicates that CORT increased substantially. VSDCO2 (R
2= 0.9935) also had a 

sharply increasing CORT level with a TOD lasting on average 47 minutes. Whereas, VSDH (R2= 

0.7744), which had a TOD of 114 minutes, had a CORT spike and a sudden decrease with the 

possibility of adrenal exhaustion (Edens and Siegel, 1975; Siegel, 1971; Taylor, et al., 1970).  

 

The blood marker graphs emphasize the cyclical nature of the animal’s ability to maintain a 

homeostatic condition. Mean CORT levels were depressed  during VSDH compared to elevation 

during VSDCO2 with an exponential increase during VSD due to the length of time to TOD. In 

pH, VSD and VSDH were similar, while VSDCO2 had an initial drop with a slow rise. These 

dynamic changes in CORT indicated that all three methods used for mass depopulation were 

excruciatingly stressful based on the classical adrenal cortical response to distressful stimuli. All 

three depopulation methods are effective in the process of killing the birds, the progression of 

hormonal and chemical events followed somewhat different pathways to achieve the desired goal 

for mass depopulation. It was shown 73 years ago that atmospheric carbon dioxide in high 

concentrations is not only lethal, but even in supranormal concentrations, it is an extremely 

powerful stimulus causing a highly significant adrenal cortical response (Fortier, 1949). Thus, it 

was not unexpected that increased atmospheric carbon dioxide would have caused elevated 

CORT levels found with the hypercapnia and hyperventilation associated with VSDCO2. 

Additionally, the dynamics of CORT under the VSDH method was somewhat unexpected 

leading up to mean TOD. Overall, CORT was lower in this method, but had a response that 
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would mimic reported death as an endpoint studies using high temperature as the noxious 

stimulus. A biphasic response under the VSDH probably affects the capabilities of resistance 

among commercial chickens with some being low responders and others being high responders 

similar to the work reported by Edens and Siegel (1975). In the end, as shown by birds in both 

the VSD and VSDCO2 groups, the chickens make a concerted effort to survive with out-pouring 

of massive amounts of CORT, which ultimately results in acute adrenal cortical insufficiency 

and death.  

 

It was remarkable that blood markers of stress, especially that of CORT and all the acid-base 

responses probably are directly linked to respiration and the handling of carbon dioxide in the 

blood. In VSD and VSDH the chamber temperature heated up similarly in the closed 

compartment. Those in the VSDH began to suffer heat-related distress sooner than did those in 

VSD. In the end, heat appears to have been a precipitating factor in the induction of death 

reactions namely adrenal exhaustion. On the other hand, application of VSDCO2 caused a much 

earlier heat related adrenal exhaustion.  Acid to base shifts also occurred among the three  

methods, but before death in those hens, respiration rates were dropping rapidly allowing a 

renewal of the respired and exhausted CO2 in their blood.  The physiochemical changes 

associated with mechanisms of acid base balance were attempting reestablishing homeostatic 

values, but in among the three VSD+ methods, the blood markers were changing so rapidly that 

the birds did not have sufficient time to respond with a truly adequate response. Ultimately, all 

the hens died as a result of severe respiratory distress exemplified as a rapid decrease in 

respiratory frequency leading to acute acidosis in association with acute adrenal cortical 

insufficiency. 

 

There was an inverse relationship between pH and pCO2 among the methods. The simplest 

relationship between blood pH and blood CO2 is that if CO2 is elevated, pH becomes acidic, and 

if blood CO2 decreases, pH becomes more basic. These relationships can be observed clearly by 

viewing the blood pCO2 and blood pH changes associated with the three different VSD methods. 

These relationships are easily discerned by observing a graphic showing the Bohr Effect (see 

illustration in the Literature Review above). Another factor that comes into play is a temperature 

effect call the Root Effect. The root effect says that as body temperature rises, these gas 
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dissociation curves in the Bohr Effect shift to the right and also shift downward. The end result is 

that less oxygen can be delivered to tissues of demand. The result is that the body then would 

suffer from severe tissue hypoxia, which can also be linked to the death response. 

 

The sO2% graph VSD and VSDH are positive second order polynomial curves, while VSDCO2 

is a negative second order polynomial curve, which has  a low R2 = 0.5858. The sO2% are 

indicative of the probability of low delivery of O2 to body tissues during exposure to the three 

VSD+ methods. This conclusion is supported by the pO2 data collected during the three VSD+ 

exposure regimens, which showed that shortly after the placement of hens into the observation 

chambers for each VSD+ regimen, the blood oxygen profiles indicated development of hypoxia 

which was long-lasting in a relative sense. The developed hypoxia certainly contributed to the 

ultimate death response and exacerbated the developing stress response.  The confounding 

effects of the presentation of the blood marker data is that from a spacial point of view, the 

responses are depicted as if they all happened in an equal time frame, but in reality these data 

were derived in vastly different time frames. Yet, each data set provided valuable clues relative 

to the physiological consequences arising from disruption of the homeostatic condition among 

the numerous hens involved in these studies.  HCO3
- 

and TCO2 graphs represent dependable 

responses for these two blood markers as HCO3 mirrors the TCO2 responses.  

 

The K responses indicate that during the relatively longer exposure times to VSD and VSDH, 

tissue/cellular damage had occurred allowing the leakage of K. Additionally, renal function had 

probably failed during these two exposure regimens. In theVSDCO2 regimen, the death effect 

occurred before significant cellular damage had developed.  

 

HCT% and Hb graphs were very similar for VSD and VSDH, showing a transitory hemo-

concentration early into the exposure regimen for each method, which was then followed by a 

very strong hemo-dilution that is characteristic of dehydration followed by rapid movement of 

interstitial fluids from soft tissues into the circulatory system to maintain blood volume and 

pressure. When VSDCO2 was applied, a vastly different response was observed in which a rapid 

hemo-dilution occurred followed by a steep hemo-concentration. The difference between 

VSDCO2  and both VSD and VSDH is that with the addition of atmospheric carbon dioxide, the 
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depth of respiration and possibly the frequency of respiration became greater and intermittent. 

With increasing time in the carbon dioxide, higher centers would work to achieve greater carbon 

dioxide exhalation and respiratory carbon dioxide receptors would be functioning to increase 

oxygen inspiration- completely opposite responses that exacerbate respiratory distress. At the 

same time, brain nuclei responsible for control of fluid balance would interpret the initial signals 

as being due to immediate hemo-concentration causing potentially the release of vasotocin for 

increased water conservation in the circulatory system resulting in infusion of interstitial fluid to 

expand blood volume. Later in the VSDCO2 exposure regime, with less and less O2 delivery, 

other neurological mechanisms, perhaps the carotid body signaling, detecting decreasing O2 in 

the blood would respond to increase red blood cells for the potential to bind more O2, which 

translates into the need to have a higher concentration of red blood cells per unit volume of 

whole blood, which is accomplished by immediate hemo-concentration.   . Through these vastly 

different physiological response on exposure to the three VSD+ methods certainly cause 

physiological dysfunction that leads to a lethal condition.  

 

All three VSD+ methods exerted tremendous influence on the renal system’s ability to conserve 

sodium. There are numerous physiological systems involved in sodium conservation and the data 

for blood sodium in this phase reflects the vast challenges facing the renal system to conserve 

sodium and regulate blood and other body fluids. However, physiological mechanisms were 

never evolved to react instantaneously to shifts in body fluids. With the relatively short TODs 

observed here, it becomes evident that massive physiological dysfunction of many systems were 

involved in the failure to maintain a homeostatic condition, which lead to potentially a very 

distressful death under each method designed for mass depopulation. In this study, blood sodium 

concentrations were generally averaging normality, but individual blood sodium concentrations 

were both above and below normal blood sodium concentrations. These abnormal values again 

reflect major problems in body fluid volume control and in electrolyte control in parallel. The 

use of only one hen per data point certainly does not give a clearly understood profile of the hens 

physiological flight to relieve the generalized stress responses induced in their bodies by all 

VSD+ methods. Yet, these data give some valuable insight into the mechanisms involved and 

their dysfunction that leads to death in a timely manner.  
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Ionized calcium (iCa) is tightly regulated in poultry and other mammalian species. The iCa is 

involved in numerous biochemical and physiological responses, and if iCa is low, there are 

several mechanisms that normally would come into play to rectify the condition. Unfortunately, 

regulation of iCA requires days to weeks to be modified to be in adequate body concentrations. 

However, it is suggested that during the exposure regimens, ambient temperature rose in the 

observation chambers. Earlier researchers have noted that calcium moves into soft tissue during 

early stages of hyperthermia. Based on the second order polynomial response curves, blood iCa 

might have moved from the blood to soft tissues in all exposure regimens.     

 

VSD and VSDH had similar effects on blood glucose in which glucose was elevated as the hens 

sensed an alarm- possibly due to placement in the observation chambers or potentially through a 

hormonal reaction involving both epinephrine and glucagon to break down hepatic glycogen for 

immediate availability of glucose for energy metabolism in their skeletal muscles during the 

alarm reaction. The blood glucose followed a pattern similar to the responses of sO2%, which 

suggests the possibility that during later stages of exposure to the VSD methods, the hens might 

not have had the ability to run a normal glycolytic metabolism and might have had time to switch 

to an anaerobic glycolytic metabolism as an alternative for decreased oxygen availability as 

suggested by the data.  

 

The use of HSPs as quantitative response data is not reliable. HSP induction occurs in different 

tissues with variable concentrations. In the brain, HSP70 has been the subject of numerous 

studies, but little is available for chickens. We do know that HSP90 types are induced in avian 

brain, but incomplete work has not reveal their true functions, but HSP70 and HSP90s are 

believed to be involved in repair of neuronal proteins and in the maintenance of nuclei acids also. 

The HSP70 is responsive to several kinds of stimuli, but it is especially sensitive to elevated heat 

as ambient temperature or hyperthermia of the body. There are usually two kinds of HSP, one 

being constitutive and the other the inducible form. The HSP data her might be a combination of 

both forms, but in either case the HSP70 in brain and hepatic tissue suggest that enough heat was 

generated within the hens or there was an incipient stress level of heat in the chambers to allow 

induction. Wang and Edens (1998) learned that the longer birds are exposed to a heat stressor, 

the greater the HSP70 response. The increasing HSP with time exposure was the inducible form 
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and it was questioned if the constitutive form diminished,  but that question was never answered 

adequately. In this research, one could postulate that birds dying from exposure to the VSD+ 

regimens might have depleted resources necessary for new protein synthesis, but survivors might 

have sufficient resources to continue producing new HSP70 at the expense of other structural 

protein in cells.       

 

2.7.3 Discussion Phase 3 

Phase 3: 

During the Phase 3 segment of the experiment, VSD alone was unable to achieve 100% bird 

lethality and was terminated with  53.6% survivability. Core body temperature of the survivors 

averaged 110.2o F, which is under the recommended guidelines from the Department for 

Environmental Food and Rural Affairs (DEFRA) stating that CBT ≥113°F is the lethal 

temperature. This was also seen during the experiments for VSD in laying hens (DERFA, 2009; 

Eberle-Krish et al., 2018). Since the birds did not reach the recommended temperature, it is the 

probable cause for the high survivability. VSD method had the lowest CORT (2324pg/ml) in 

those that died and the lowest HSP70 values for brain (0.509 HSP70^18S) and liver (0.800 

HSP70^18S), probably due to the increase in time of 154 minutes with a TOD at 7 hours. This 

long TOD did appear to be associated with adrenal insufficiency/exhaustion of CORT (Siegel, et 

al, 1971). The birds that survived the VSD method, had higher CORT (3473 pg/ml) and HSP70 

in the brain (0.516 HSP70^18S) and liver (0.940 HSP70^18S) than those that died. These birds 

did not exhaust CORT nor HSP70 and were therefore able to survive. Blood Chemistry was 

consistent with prolonged acidotic condition that resolved into alkalosis just before death.  

 

VSDH did not achieve 100% lethality and had 1.6% survivability. For the Phase 3 for this 

method TOD was reduced by 41minutes with a total TOD of 82 minutes. Average Core Body 

temperature was 115.5 oF, but room humidity dropped to 17% during the treatment. Survivability 

was probably due to the animal’s previous exposure to high temperatures. Low humidity (17%) 

of the room at TOD could have contributed to survivability, but eventually the bird would 

succumb to death. The low humidity would allow evaporative cooling to continue in some birds 

that had higher ability to combat the heat stress.  CORT for VSDH dead (3481 pg/ml), was 

similar to that of VSD-survivors (3473pg/ml). CORT for the VSDH-survivors conversely had 
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the lowest CORT (1017pg/ml). The reason for the low CORT in these birds could be due to 

adrenal exhaustion. HSP70 in the brain of these birds that died was a trending toward 

significance between Controls to VSDH (p<0.1032) with VSDH having higher HSP70 

expression than the controls. There was also trending toward significance of HSP70 expression 

in the liver (p<0.1905). Blood chemistry appears to heading into metabolic acidosis with the 

decrease in pH of 6.754 and reduction of HCO3
-
 of 12.9 mmol/L and increased K to 9.0 mmol/L. 

It appeared that the heat was resulting in damaged blood cells (source of K) resulting Hb changes 

were due to hemodilution or hemoconcentrations depending on timing of the samples and the 

method being applied (Hartridge, 1912). The reduction of Hb due to hemodilution means the 

animals were  not getting enough oxygen that could lead to heart failure and death. Using the 

VSDH method most likely results as hypoxia being the cause of death. 

 

The third method- VSDCO2-did not result in 100% lethality leaving a 1.6% survivability rate. 

TOD increased by 35.2 minutes with a final TOD of 1.37 hours. Core Body Temp of these birds 

fell to 103.1oF and RH had no significant change from the start to the finish of the experiment. 

Room CO2 at TOD was 36.01%. Survivability was probably due to the animal’s previous 

exposure to CO2 and the animal’s innate ability to overcome the exposure, although more testing 

to elucidate the cause would be needed. It has been documented in a previous study using partial 

house gassing in broilers, there was with one bird able to survive after 10 min of CO2 exposure 

(Bensen et al, 2007). Similar studies, utilizing whole house gassing with CO2, elicited 100% 

lethality  (McKeegan, et al., 2011; Rankin, et al., 2013; Sparks, et al., 2010). CORT for VSDCO2 

dead birds (5342 pg/ml) was significantly different from controls (baseline) (p<0.0091) and the 

VSDCO2-survivors CORT was higher than those that died (5852 pg/ml). This is probably due to 

the short TOD these birds experienced. They were not able to exhaust all the CORT precursors 

before death. There was no significant difference in HSP70 brain expression between VSD and 

VSDCO2, but there was between controls (baseline) and VSDCO2 (p<0.0194). Liver expression 

of HSP70 was significant between the controls (baseline) and VSDCO2-dead (p<0.0299). There 

was no significant difference in the other sample types for HSP70 expression in the liver.  Blood 

chemistry appears to trended into metabolic acidosis with the decrease in pH of 6.730 and 

increase in K to (9.0 mmol/L). The PCO2 was significant at (128.9 mmHg; p<0.0001) indicating 

respiratory acidosis. It interesting that VSDCO2 had a higher pCO2 rate while maintaining a low 
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TCO2 (24.00 mmol/L). The change in GLU (115.00 mg/DL; p<0.0024) was significant and is a 

big indicator of a metabolic shift from glycolysis to ketosis (Arad 1983). Using the VSDCO2 

method most likely results as hypoxia and respiratory acidosis being the cause of death. As a 

depopulation method, VSD is unacceptable in broiler breeders because this method was unable 

to naturally reach lethal temperatures, and the high amounts of survivability did not meet 

DERFA standards. It appears that the birds that survived maintained a better acid-base 

metabolism taking longer to reach alkalosis and could be due to genetic disposition (Wang, et al., 

2018).  

 

2.8 Conclusion 

More studies with multiple replicates during phase 2 would elucidate the physiological process 

interruptions that lead to death more clearly. Additionally, HSP90 involvement along with 

HSP70  may also shed some light since HSP90 inhibitors help protect the vascular structures by 

preventing and restoring endothelial cell permeability when subjected to inflammation or injury 

(Antonov, et al., 2008).  A lengthy mean TOD for VSD of up to 7 hours subjected these birds to 

increased stress and significant welfare concern. Although VSDCO2 had the quickest mean TOD 

of 1.37 hours, it did not reach 100% lethality, not meeting DERFA standards. VSDH also did not 

reach 100% lethality. Since these two methods did not reach 100% lethality, they should only be 

considered as alternatives when no other acceptable methods are available due to low resources 

to meet the need to  depopulate quickly. Additional research evaluating different types of 

additions to VSD for instance, adding humidity in addition to the original method, in order to 

optimize depopulation in not only TOD, but also animal welfare needs to be evaluated to obtain 

the best method. 
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Table 2.1: Table of Descriptions of treatments for Broiler Breeder Hens 

Symbol Treatment Description 

VSD Ventilation Shut Down 

(Ventilation is turned off) 

Air inlets and exhausts are sealed 

VSDH Ventilation Shut Down with 

addition of Heat 

Air inlets and exhausts are sealed, 

supplemental heat is added up to 104 0F 

VSDCO2 Ventilation Shut Down with 

addition of Carbon Dioxide 

(CO2) 

Air inlets and exhausts are sealed, CO2 is 

injected into the chamber between 30-40% 

 

 

Table 2.2: Phase 2 Sampling sequence for Broiler Breeder Hens during ventilation shutdown      

treatments 

 

Treatment  Time of Death 
Sampling Sequence Time in Minutes  

Final Time Phase 1 divided by 4  

Method Minutes Baseline 1 2 3 4 

VSD 266 0 66 133 200 266 

VSDH 114 0 28 57 86 114 

VSDCO2 47 0 12 24 35 47 
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Table 2.3: Phase 3 TOD showing start and end times for VSD, VSDH, and VSDCO2, the 

difference in time from P3 to P1, with % Survivors. 

 

Treatment  
P3 Start 

Time 

P3 End 

Time 
P3 TOD P1 TOD P3-P1 

% P3 

Survivors 

Method AM/PM AM/PM 

Hours/ 

Min 

Hours/ 

Min Minutes % 

VSD 9:28 AM 4:28 PM 

7.00 

420min 

4.433 

266 min 154 53.6 

VSDH 8:41 AM 10:03 AM 

1.22 

73 min 

1.900 

114min -41         1.6 

VSDCO2 8:49 AM 10:26 AM 

1.37 

82 min 

0.783 

47 min 35 1.6 

 

 

 

Table 2.4: Phase 3 showing average CBT, RT, RH, and CO2 concentration in the room, both pre    

experiment and TOD of all methods 
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Table 2.5: Phase 3 mean depopulated Broiler Breeder blood Different superscripts in a blood      

marker column indicates significant differences (p<0.05) due to VSD+ method  
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Figure 2.1: Phase 1, Broiler Breeder Hens CORT pg/ml vs. TOD/minutes  
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Figure 2.2 Phase 1, Broiler Breeder Hens (HSP70/18S) ^-1 brain tissue expression with 

significance in VSDH (p<0.0063) 

 

 
 

 

 

 

Figure 2.3: Phase 1, Broiler Breeder Hens (HSP70/18S)-1 liver tissue expression with no 

significance  
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Figure 2.4 VSD A-D: Phase 2 Time Points from T0-T4 representing CORT (A), pH (B), pCO2 

(C), and sO2 % (D) 

 

 

Figure 2.5 VSD E-G: Phase 2 Time Points from T0-T4 representing HCO3 (E), TCO2 (F), and K 

(G) 
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Figure 2.6: VSD Phase 2 Time Points from T0-T4 representing Hct% (H) and Hb (I) 

 

Figure 2.7 VSDH A-C: Phase 2 Time Points from T0-T4 representing Na (A), iCa (B), 

Glucose(C). 
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Figure 2.8: VSDCO2 Phase 2 Time Points from T0-T4 representing (HSP70/18S) ^-1 brain (A), 

(HSP70/18S) ^-1 liver (B), and pO2 (C) 

 

Figure 2.9: Phase 3, Broiler Breeder Post CORT, 1= dead birds after method, 2=survivors. Three 

methods were performed, VSD, VSDH, and VSDCO2 (p<0.0508)
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Figure 2.10: Phase 3, Broiler Breeder Post (HSP70/18S) ^-1 expression, 1= dead birds after 

method, 2=birds that survived. Three methods were performed, VSD, VSDH, and VSDCO2  

HSP70 brain (p<0.2196) and HSP70 liver (p<0.2597) 
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CHAPTER 3: Ventilation Shut Down Plus Heat method of depopulation for Turkey Hens  

during a Foreign Animal Disease Outbreak 

 

3.1 Abstract 

 

In 2015, the US Poultry Industry, in general,  lost more than 48 million birds and the national 

turkey industry, specifically,  lost 7.4 million birds due to an outbreak of highly pathogenic avian 

influenza (HPAI).  That HPAI outbreak revealed that there was a real need for HPAI control 

measures that would be more efficient for timely mass depopulation methods during an epidemic 

of pathogenic disease. Studies using Ventilation Shut-Down Plus (VSD+), e.g., VSD + heat 

(VSDH) or VSD + carbon dioxide (VSDCO2)  to increase rate and efficacy of mass 

depopulation, was endorsed by the American Veterinary Medical Association in 2019, 

contingent upon available resources and timeliness. Noting the need to apply new depopulation 

methods for turkeys that also occasionally suffer from HPAI outbreaks, studies were designed to 

explore the use of VSD+ methods for depopulation of 55 weeks old turkey breeder hens. Using 

an experimental plan similar to the VSD+ trials with chickens, which were conducted in three 

phases, data were collected from turkeys placed in  either simulation chambers or whole house 

settings. In both scenarios, experimental animals were provided individual space volumes of 17.1 

ft3, which represented the approximate space volume/hen under industry depopulation 

conditions. Brain activity was monitored by affixing electroencephalogram electrodes to the head 

of experimental un-anaesthetized birds to determine true time of death (TOD). To reduce the 

number of turkeys to be exposed to mass depopulation procedures, six turkey hens were used in 

each of the three VSD+ methods.  In each applied method, individual hens were considered as a 

replicate and single hens were subjected to only one of four exposure times in each of the VSD+ 

trials representing four trial periods for the three VSD+ methods.  Before each trial replicate, 

cloaca temperatures were also taken before and after the procedure. Blood was drawn pre- and 

post- VSDH to determine corticosterone and blood chemistry markers. Upon death, brain and 

liver tissue were collected and preserved for Rt-qPCR determination of heat shock protein 70 

mRNA expression. Analyses of method differences was accomplished using one-way ANOVA 

through JMP Pro 15, with an alpha of 0.05. TOD was most rapid in VSDCO2 with a mean of 23 

minutes (p<0.0136), VSDH with 156.25 minutes, and VSD with 270.5 minutes. Body weight 

was not correlated with TOD. Blood markers were consistent with either development of 

alkalosis in VSD, VSDH or acidosis in VSDCO2.  Corticosterone was highest in the VSDCO2 

with a mean of 5.204 ng/ml (p<0.0284), VSDH with a mean of 3.034 ng/ml and VSD with a 

mean of 0.935 ng/ml for Phase 1. HSP70 expression in the brain and liver for Phase 1 and 3 did 

not differ significantly, but in Phase 2 fluctuations were observed. It was concluded that  VSD+ 

methods are not  sufficient for turkey hens as an alternative depopulation method in the event of 

a foreign animal disease outbreak.  
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3.2 Introduction 

The 2014-2015 outbreak of highly infectious Highly Pathogenic Avian Influenza (HPAI) had a 

devastating impact on the poultry industry resulting in the depopulation of over 48 million 

turkeys, ducks, geese, and chickens. Among those depopulated birds, 7.4 million were turkeys. 

There was a 12% reduction in the availability of poultry and poultry products in the market with 

a total loss of revenue, which included methods of disease control, determined to be $3.3 billion 

dollars (Green, 2015). 

When HPAI is diagnosed, a USDA control and management plan has been mandated in which 

the poultry species in its production barn(s) are quarantined. Restrictive perimeters are 

established through which only authorized and trained personnel are allowed to enter under strict 

biosecurity profiles.  Within 24-48  hours all the poultry on that property must be depopulated. 

The type of depopulation method will depend on the type of bird and their housing (Schaal, 

2016). Management of carcass disposal is as important as the depopulation to control the spread 

of the virus from diseased, dead birds. The area is decontaminated and retested to ensure the 

eradication of the disease before restocking is performed (Green, 2015). The most common type 

of depopulation method used in the past decade was firefighter foam for floor-reared animals 

such as turkeys and broilers, and CO2 gas was used for laying hens due to their ability to jump 

out of the firefighter foam (Gurung, et al., 2018). In 2015, the firefighter foam protocol was not 

sufficiently effective to control the outbreak, and the USDA was forced to include another 

method called Ventilation Shut Down (VSD) for the first time, which entails sealing-off whole 

houses from their ventilation and letting the flocks die of hypoxia and hyperthermia. This 

method was considered extreme and only used when every other resource was unavailable 

(Green, 2015). 

In 2015, when resources for foam became scarce and/or depleted, a proof of concept study was 

designed to evaluate the use of Ventilation Shut Down Plus Methods (VSD +). Three methods 

were evaluated for effectiveness, VSD, VSD with supplemental heat (VSDH), VSD with carbon 

dioxide (VSDCO2) on layers, and turkey breeder hens. The results from these studies confirmed 

that VSD alone was not sufficient to meet the stringent conditions of flock depopulation 

standards of 100% lethality in table egg layers and breeder turkeys. In multi-level caged table 

egg layer systems, VSDH and VSDCO2 did meet the standards, which then was extended to 
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broilers and broiler breeders, but only VSDH was adequate for turkey breeder hens (Eberle-

Krish, et al., 2018). 

 

The objective of this study was to compare corticosterone, heat shock protein (HSP) 70 and 

various blood markers to determine the physiological changes that occur while the turkeys are 

subjected to ventilation shut down plus (VSD+) methods.  

 

3.3 MATERIALS AND METHODS 

3.3.1 Human and Animal Care 

The project had North Carolina State University’s Institutional Animal Care and Use Committee 

(IACUC) oversight and was monitored by various veterinarians within North Carolina State 

University’s School of Veterinary Medicine and the North Carolina Department of Agriculture 

and Consumer Services.  All animals were maintained at the North Carolina State Agricultural 

Research Service Chicken Educational Unit for used for Phases 1 and 2 which were conducted in 

chambers located in the bird facilities at Scott Hall. All handling and transport of animals were 

done in accordance with the “Guide for the Care and Use of Agricultural Animals in Research 

and Teaching” regulations (Council, 2010). Phase 3 required trained personnel on Self-contained 

breathing apparatus (SCBA)-trained through the North Carolina State University’s Department 

of Environmental Health and Safety (NCSU-EHS) for all experiments that included exposure to 

potentially hazardous levels of CO2 (>1,000 ppm) as prescribed by OSHA Standard 29 CFR 

1910.134 (Roychowdhury, 1998). 

 

3.3.2 Experimental Design 

There were 3 phases to the project.  

1. The evaluation of time of death for each method using electroencephalograms (EEG) 

to determine the true time to brain death and to examine blood markers.  

2. Evaluate the physiology of the bird throughout the three VSD+ processes  

3. Examine the effectiveness of VSD+ methods in simulated turkey  housing 
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3.3.3 Phase 1 Description 

Phase 1: 

Twelve individual Nicholas Large White turkey hens (4 hens per method) were exposed to three 

VSD+ conditions: 1. ventilation shutdown (VSD), 2. ventilation shutdown with supplemental 

heat (VSDH), and 3. ventilation shutdown with CO2 (VSDCO2) (Table 1).  

 

Throughout all the phases, VSD was used as the control method but each bird served as their 

own control as the pretest sample.  Individual chambers were used in these trials designed to 

accommodate turkeys. Individual method/observation chambers were made from 19 mm 

plywood and assembled with a Plexiglas door were used for each trial with a size of 16 ft3.  Each 

chamber had an integrated heater and circulation fan controlled by a digital thermostat control to 

the 0.1℃.  Neither feed nor water were provided to the birds once placed in the chambers. The 

hens were assessed to determine the time to brain death through EEG monitored brain activity 

and behavior patterns, a procedure previously described (Eberle-Krish et al., 2018). Blood 

plasma was collected pre-test and post-test for serological analysis  of associated  blood 

parameters determined through the use of the i-STAT® diagnostic system using the EC8+ 

cartridges (Abbott, Princeton, NJ).  Using a thermistor probe attached to a recorder (HHM290 

SuperMeter, Omega Engineering, Norwalk, CT) inserted into the large intestine through the 

cloaca, core body temperatures (CBT; °C) determined at the beginning of each trial and at the 

time of death. .  

 

3.3.4 Phase 2 Description 

Phase 2: 

 Fifteen Nicholas Large White turkey hens (5 hens per method) from the flock maintained at the 

North Carolina State Agricultural Research Service Tally Turkey Educational Unit. The turkey 

hens averaged 10.7 kg and were 45 week old. Individual method/observation chambers made 

from 19 mm plywood and assembled with a Plexiglas door were used for each trial.  Each 

chamber had an integrated heater and circulation fan controlled by a digital thermostat control to 

the 0.1℃.  Neither feed nor water were provided to the birds once placed in the chambers. Using 

the average time of death from phase 1, an interval of 4 points was established and 1 bird at each 

point was either euthanized or called dead for each VSD derivative method. At each time point, 
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blood was taken pre- and post-test method to determine blood chemistry (BC). Tissue samples of 

the brain and liver were placed in RNAlater™ Stabilization Solution (Ambion, Inc, Austin, TX) 

to obtain  heat shock protein 70 (HSP70) expressions.  No procedures or handling of the birds 

were done for at least 1 week before sampling. Body weight, a venous blood sample, and CBT 

were collected at time point 0 (T0) to establish a baseline for the each of the VSD method 

challenged birds, procedures for BC, then again at ¼(T1), ½(T2), and ¾(T3) of the time to death, 

and at time of death (T4) (Table 2). 

 

3.3.5 Phase 3 Description 

Phase 3: 

A total of 315 flock size 105 Nicholas Large White turkey breeder hens. Each method in phase 3, 

used 105 birds. All the birds were at 50-55 weeks of age and breeder hens. These birds had an 

average weight of 10.9 kg. and were obtained from the turkey industry. All birds were transported 

to the Poultry Entomology Research Unit (PERU) at the North Carolina State Agricultural 

Research Service Chicken Educational Unit in accordance with the “Guide for the Care and Use 

of Agricultural Animals in Research and Teaching” (FASS, 2010). All birds were permitted to 

rest in a holding room for 1 hour before the start of each method. Feed and water were removed 

immediately before transport and were not provided upon arrival at the PERU. ). Body weights 

and CBT were taken from 10 randomly selected birds before sealing the room and again the CBT 

were measured in 10 randomly selected birds after TOD was visually determined and the room 

was opened. 

 

3.3.6 Phase 3 Turkey Breeder Hen simulation of Whole House Conditions 

Ambient temperature (Ta) and percentage relative humidity (RH) sensors (Lascar Electronics, 

Salisbury, UK; Model: EL-USB-2-LCD+) were used to measure Ta and RH 1.6-in from the top 

of the chamber. Chamber CO2 concentrations were monitored and recorded using either a 0-5% 

CO2 sampling data logger (CO2 Meters, Inc., Ormond Beach, FL CM-0056) for VSD and VSDH 

or a 0-100% CO2 sampling data logger (CO2 Meters, Inc., Ormond Beach, FL CM-0003) for 

VSDCO2. Ambient temperature, RH, and CO2 concentrations were recorded every minute 

throughout each method. The birds were kept in a 29.5 ft x 15 ft x 8 ft room at the PERU. A 
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partition was built to reduce the room’s dimensions to 15 ft x 15 ft x 8 ft; 17.14 ft3
 per turkey 

breeder hen, which was slightly less than industry standards (Swalander, 2015).   

 

3.4 Blood Chemistry and RT qPCR 

For all phases, venous blood (2 mL) from each bird was collected from the brachial vein in the 

humerus portion of the wings, which was then transferred to the BD Vacutainer™ tube with 

Lithium Heparin (Becton, Dickinson and Company, Franklin Lakes, NJ). The site of blood 

withdrawal was compressed for approximately 90 seconds to prevent excessive bleeding and 

hematoma formation under the skin at the insertion site of the blood collection needle into the 

vein. The heparinized blood was placed on a single use i-STAT® CG8+ test cartridge (Abbott, 

Princeton, NJ) and blood markers were analyzed on the i-STAT® Handheld Blood Analyzer 

(Abbott, Princeton, NJ) Trained individuals using a Keck device then euthanized the birds. Brain 

and hepatic tissues were collected from each examined bird, placed in RNAlater™ Stabilization 

Solution (Ambion, Inc, Austin, TX), transported to the laboratory, and stored in -20 °C for 

HSP70 analysis. The relative expression of HSP70 mRNA in total brain samples was measured 

using RT-qPCR and reported as hsp70 (HSP70/18S)-1 ,  as the reciprocal . The HSP70 

transformed reciprocal data were analyzed using a one-way ANOVA (JMP reference needed).  

The mean comparisons for all pairs used Tukey-Kramer HSD Confidence Quantile (q*=2.58680; 

alpha=0.100). The blood markers were analyzed using GLM with means segregated using 

Student's-T Test. In Phase 1 and 3, the BC was analyzed using GLM with means separated using 

the Student's-T Test. In Phase 2, a best fit polynomial curve R2 for each variable comparing each 

time point from T0-T4. 

 

3.5 Plasma Corticosterone (CORT) Extraction 

CORT was isolated using Extrelut liquid-liquid column extractions (Millipore Sigma, 

Burlington, MA), which prevents  plasma emulsions common in hens (Bamberg, et al., 1980). 

CORT was analyzed using a CORT Elisa Kit (Caymen Chemical, Ann Arbor, MI) and 

evaluated. A volume of 300 L of neat plasma was pipetted onto an Extrelut column followed by 

300 L of phosphate buffered saline (PBS). The column was incubated at room temperature for 

8 min. Then, 1 mL of a 1:9 mixture of 2-propanol, methylene chloride was added to the column 

and incubated at room temperature for 10 min, followed by 6 mL of the 1:9 mixture of propanol, 
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methylene chloride. The column eluents were evaporated under a low pressure nitrogen stream 

using a Reacti VapTM Evaporator (Thermo Fisher). The evaporated samples were suspended in 

an additional 300 L of the Assay Buffer. The samples were analyzed on the CORT ELISA plate 

at a dilution of 1:5 following the manufacturer’s protocol. 

 Statistic were accomplished using one-way ANOVA through JMP Pro 15 with an alpha of 0.05 

for Phase 1 and Phase 3. For Phase 2, a best fit polynomial curve R2 for each variable comparing 

each time point from T0-T4. Best-fit curves that are closer to 1 mean that it is easy to predict 

what will be forthcoming with some reliability. 

 

3.6 Results 

3.6.1 Phase 1 Results 

Phase 1: 

The TOD was most rapid in VSDCO2 with a mean of 23 minutes (p<0.0136), followed by VSDH 

(156.25 minutes), and VSD (270.5 minutes). VSD+ methods were associated with significant 

differences in corticosterone expression (p<0.0284). VSDCO2 had the highest corticosterone 

expression (5.204 ng/l), followed by VSDH (3.034 ng/l), and VSD (0.935 ng/l) (Figure 1). 

The responses of brain and liver HSP70/18S to VSD+ methods are shown in Figures 3.2 and 3.3 

respectively.  There was no significant differences in HSP70 expression in neither the liver nor the 

brain.  

The VSDCO2 method had a significantly (p<0.0018) lower pH (7.038) than those found with the 

other two methods. The VSDCO2 method resulted in the highest pCO2 that differed significantly 

(p<0.001)  from the pCO2 in the other two methods, VSD and VSDH respectively,   as compared 

with control birds. There was no significant difference among methods in resultant blood pO2. A 

significant negative (p<0.0012)  blood Beecf was associated with all VSD+ methods compared 

to the baseline. The blood HCO3 and TCO2 trended similarly across the three VSD+ methods, 

but HCO3 and TCO2 in the VSDH and VSD methods were lower significantly (p<0.0001) 

compared to baseline and VSDCO2. There were no differences in sO2 in association with VSD+ 

methods. There were no significant differences among methods for blood Na concentration, but 

VSD method did produce the lowest blood sodium concentration  (129 mmol/L) as compared 

with the baseline value (151 mmol/L). Strangely, blood K was decreased in VSD and VSDCO2 
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(P<0.0462) methods as compared to baseline and VSDH. The blood iCa concentration had a 

significant downward trends (p<0.0546) in each of the VSD+ methods. There was a significant 

difference in blood Glucose concentrations also trended lower (P<0.0172) during the three 

VSD+ method applications.  There was no significant difference among the three VSD+ methods 

for neither packed cell volume  nor Hb. (Table 3.3) 

3.6.2 Phase 2 Results 

Phase 2: 

The VSD+ methods responses are shown in different colored polynomial curves representing 

VSD (Blue), VSDH (Gray), and VSDCO2 (Orange) represented in the graphs.  

 

VSD: Each graph in this series presents the best fit polynomial curve R2 for each variable in 

VSD. VSD is represented by blue in these graphs in the following figures: plasma corticosterone, 

ng/mL (R2 = 0.9999; Figure 3.4 A), HSP70 liver expression (R2 = 0.9371; Figure 3.4 B), whole 

venous blood pH units(R2= 0.9868; Figure 3.4 C), whole blood pCO2 mmHg pressure(R2 = 

0.9635; Figure 3.4 D), and whole blood percentage hemoglobin oxygen saturation Hb g/dL (R2 = 

1; Figure 3.5 G).  Similar types of polynomial response curves can be seen for whole blood 

bicarbonate- HCO3
-
 mM/L (R2= 0.8379; Figure 3.5 E), total dissolved carbon dioxide-TCO2 

mM/L (R2 = 0.8687; Figure 3.5 F), Glucose (R2 = 0.9317; Figure 3.5 H), and for HSP70 brain (R2 

= 0.8477; Figure 3.6 I). Due to VSD length of time (270.5 minutes) these variables highlight the 

circadian rhythm of the birds’ natural process of maintaining homeostasis and its ability to 

survive.  

 

VSDH: Each graph in this series presents the best fit polynomial curve R2 for each variable in 

VSDH. VSDH is represented by orange in these graphs in the following figures: pO2 mmHg (R2 

= 0.7243; Figure 3.7 A), Beecf mmol/L (R2 =0.8328; Figure 3.7 B), Na mmol/L (R2 = 0.8090; 

Figure 3.7 C), hematocrit-HCT % (R2 = 0.9006; Figure 3.7 D). Due to VSDH length of time 

(156.25 minutes) these variables highlight the protection mechanism of how partial pressure of 

oxygen is affected more as the birds need to reduce body temperature by panting evidenced with 

a sharp decline at the initial stages of the method. Blood acid base metabolism is also being used 

by the use of Na visualized in Beecf and HCT%. 
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VSDCO2: Each graph in this series presents the best fit polynomial curve R2 for each variable in 

VSDCO2. VSDCO2 is represented by red in these graphs in the following figures: for, iCa 

mmol/L (R2 = 0.9773; Figure 3.7 A), and potassium- K mM/L (R2 = 0.9317; Figure 3.7 B) and 

sO2 % (R2 = 0.4515; Figure 3.7 C) With the influx of CO2, these variables highlight the acid base 

fluctuations that occur during hypoxia. The blood data matches the expected results for the 

metabolic change that this method instigates. 

 

3.6.3 Phase 3 Results  

Phase 3 results: 

The TODs in phase 3 birds had a significant increase for VSD (360 minutes) associated with 36 

survivors (34.3%), VSDCO2 (195 minutes) with 1 associated survivor (0.9%), while VSDH (181 

minutes) with no associated survivors.  VSD had an average core body temperature of 111.6 °F, 

while VSDH was 117.3 °F and VSDCO2 was 106.7 °F at TOD (Table 3.4). Whole house 

corticosterone levels did not differ significantly among VSD+ methods (Figure 3.9). HSP70 brain 

and liver expressions did not differ among the VSD+ methods (Figure 3.10 and 3.11). 

 

3.6.4 Phase 3 Blood Marker Data 

There were significant differences in 10 of the data points Blood markers showing significant 

alterations in association with VSD+ methods  included pH (p<0.0001), pCO2 (p<0.0004), Beecf 

(p<0.0001), HCO3 (p<0.0001), TCO2 (p<0.0001), sO2% (p<0.0001), Na (p<0.0011), K 

(p<0.0001), Glu (p<0.0001) and iCa (p<0.0130). Other blood markers showing a trend toward 

significant alterations due to VSD+ methods included  pO2 (p<0.1000), Hb (p<0.5070) and Hct 

(p<0.5090). (Table 3.5). 

 

3.7 Discussion  

3.7.1 Phase 1 Discussion 

Phase 1:  

Phase 1 showed that VSDCO2 had the most rapid TOD at 23 minutes (p<0.0.136) and the 

highest plasma concentration of corticosterone at 5.2 ng/ml.  VSDCO2 blood markers suggest an 

acidosis state with hypercapnia, even when accompanied by hyperventilation, with the average 

pH at 7.04 and a pCO2 mean of 104.97 mmHg. These values do not indicate lethality. Although 
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not significant, the VSDCO2 pO2 (44.0 mmHg) concentration were higher and showed a state of 

hypoxia due to increase competition by ambient CO2 for O2 binding sites on red blood cell 

hemoglobin. Beecf concentrations were significantly different among VSD+ methods (p<0.0012) 

with VSDH having a strong suggestion of acidosis compared to the baseline.  VSDH and 

VSDCO2 pH values clearly indicated acute respiratory acidosis as being a contributor to the 

death process (Gleeson and Brackenbury, 1984; Raghav, et al., 2015; Siegel, 1971; Siegel, et al., 

1974). Blood HCO3
-
 concentrations all trended lower in response to the three VSD+ methods 

with a very deep acidosis state having developed in the VSDH method (p<0.0001).  For VSD 

and VSDH, increased dehydration due to long term exposure to the harsh environments where 

heat was generated by either the hens or by supplementation.  TCO2 is often used to determine 

the acid-base balance in conjunction with HCO3
-
  (Todd, et al., 2021). The i-STAT uses a 

calculation to determine TCO2 based off of HCO3
-
 (Dascombe, et al., 2007). Previous studies 

have reported that when TCO2 and bicarbonate differences increase it causes an increase in 

levels of respiratory acidosis (Everaert, et al., 2008; Girard, 1971). Because we used the iStat 

calculated numbers, it was not possible to ascertain the actual differences between the HCO3
-
and 

TCO2.  Elevated TCO2 confirmed hypercapnia in the baseline (34.5 mmol/L) and VSDCO2 

(31.00 mmol/L) and metabolic acidemia and metabolic acidosis in VSD (22.75 mmol/L) and 

VSDH (18.5 mmol/L). When comparing the K (Potassium) data, there is proof that VSDH (5.8 

mmol/L) is in the acidotic state with the baseline (5.1 mmol/L) and VSD (4.83 mmol/L) in the 

neutral state and VSDCO2 (4.4 mmol/L) in the acidosis state.  

 

3.7.2 Discussion Phase 2 

Phase 2: 

Phase 2 did not have enough replicates to complete statistics, but with the use of best-fit 

polynomial curves, the data trends detail a biphasic nature of the blood markers and the bird’s 

ability to regulate thermoregulation through acid-base metabolism (Everaert et al., 2008; 

Olanrewaju, et al., 2006; Siegel, 1980). Best-fit polynomial curves that are closer to and R2 of 1 

suggest  that prediction of a forthcoming event is more reliable. As the best fit R2 for polynomial 

curves  decrease the prediction reliability decreases and the prospect for elevated variability 
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increases (Jaeger, et al., 2017). Due to long TOD in the VSD method (270.5 minutes), it allowed 

for a more reliable predictability for forthcoming events associated with plasma  corticosterone 

(R2= 0.9999). The data then explains that that corticosterone had increased substantially before 

the expected possibility of adrenal exhaustion. Whereas for VSDCO2 (R
2= 0.8071), lasting on 

average 23 minutes, showed an increase in corticosterone as time goes to TOD. VSDH (R2= 

0.8023) which had a TOD of 156.25 minutes had a spike of corticosterone and a sudden decrease 

again heading toward adrenal exhaustion (Edens and Siegel, 1975; Siegel, 1971).  

The blood marker best-fit polynomial  graphs emphasize the biphasic nature of the animal’s 

ability to maintain homeostasis. The VSDH and VSD methods graphs for plasma corticosterone 

in phase 2 were similar to chicken corticosterone data reported by Edens and Siegel (1975) who 

monitored corticosterone over several hours during exposure to high ambient temperature. The 

second order polynomial generated for VSDCO2 during the 23 minute exposure before death is 

similar to the development of the third order polynomial during T1 and T2, which suggests that 

other factors  contributed to the early death of the VSDCO2 method birds rather than adrenal 

cortical insufficiency.   

In phase 2, the  best-fit polynomial curves for blood pH  response to VSDCO2 and VSDH were 

third order, In both methods, the induction of heat or CO2 into the chamber apparently caused the 

respiratory rate to increase rapidly with a subsequent drop on pCO2, which caused a quick shift 

in blood acid-base balance to the alkaline condition. This was followed by respiratory fatigue in 

which the respiratory frequency changed in nature to a slowing of rapid deep ventilation to a 

reduction in tidal  volume thereby resulting in rising pCO2 and signaling the development of a 

respiratory acidosis, which is described classically by pH decrease and pCO2 increase responses 

leading to death. However, during the VSD exposure the best-fit polynomials were first order for 

pH and pCO2. These two responses were quiet puzzling (pH increase and pCO2 decrease) on first 

inspection because the expected responses were for development of acidosis, but in this case the 

signs strongly suggested respiratory alkalosis. Other blood markers such as tCO2 decrease, sO2% 

slightly elevated, pO2 elevated, K (normal), iCa decrease, and Glu slightly elevated above control 

all suggest an acute response to acute heat stress,  These observations on pH,  pCO2, and HCO3 

along with only a small elevation in plasma corticosterone again suggest a susceptibility to acute 

heat stress, Yet, the number of survivors further suggest that those hens died from exhaustion 
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and not from respiratory acid-base balance distress. It might mean that for some reason, the 

observation chamber might not have been tightly sealed and that there was an oxygen leak from 

the outside environment which would help to explain high survivability and signs of exhaustion 

in the VSD trials. Thus, the data for the VSD method might be considered suspect, and the 

polynomials for all blood markers ,some with low R2, should be considered unreliable as a true 

test of VSD alone for aged turkey breeder hens for these trials on VSD+ methods. Additional 

trials with larger numbers should be considered.   

 The sO2% generated best-fit polynomials were generally not in agreement with each other. The 

scatter off data points was not orderly or predictable for any of the three methods. Perhaps, with 

additional data points, a better fit to a polynomial for prediction purposes could have yielded 

more reliable information. Based on previous studies, after long exposure to VSD, VSDH, and 

even the short exposure to VSDCO2,  plasma K should have increased in response to at least the 

heat generated in the close quarters of the observation chamber. It has been long understood that 

long exposure to heat, even sub lethal heat, plasma K usually elevates. This can be in response to 

cellular injury or renal failure, but that was not observed in these trials with aged turkey breeder 

hens. The same unknown factors that affected the best-fit polynomials for sO2% data also 

affected the blood K response. The low R2s for K also suggest an unknown, uncorrected fault- 

possibly attributed to the iStat machine itself. Nevertheless, some blood markers did respond as 

expected, which further suggests that the algorithms use for calculation of certain blood borne 

components might become damaged either in the iStat machine itself or the CG8+ test cartridge 

could have been defective.  

The relationship between HCT% and hemoglobin (Hb) should remain constant , and the best fit  

polynomials for HCT% and Hb seem to support this relationship. The data show that even as 

HCT% is reflecting hemo-dilution toward TOD, the Hb content in the red blood cells remain the 

same. These relationships were similar with both VSD and VSDH, but with the short TOD 

observed with VSDCO2, there was a deep hemo-dilution during the 23 minutes exposure to the 

method. Yet, the Hb concentrations remained the same suggesting that neither of the VSD+ 

methods had affected the Hb concentrations of the hens.  

 

All three VSD+ methods affected  iCa similarly. The iCa values of the reproductively quiescent 

turkey breeder hens was much lower (1.17-2.00 mmol/L) than expected iCa (4.35 – 7.90 
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mmol/L) in reproductively active turkey hens. This best-fit polynomials for iCa in these hens 

remained at concentrations within the normal expected range for iCa in juvenile or non-laying 

turkeys.  Yet, it cannot be discounted that with longer exposures to VSD+ there appeared to be 

some slight movement of iCa into soft tissues, and it must be remembered that replacement of 

iCa in the blood can require up to two week s for total replacement.  

The data for glucose suggest that the turkeys were somewhat distressed at the initiation of the 

VSD+ methods trials, and this was based on the relatively elevated GLU concentrations. 

Generally, there was a decreasing concentration of blood glucose associated with time in the 

observation chamber and as they approached their TOD. These response were not unexpected 

and represent the development of exhaustion in the birds exposed to the harsh environment found 

in the observation chamber, especially with increasing ambient temperature during VSD and 

VSDH. The short exposure to VSDCO2 on the other hand, was not sufficiently long enough to 

observe Glu decline with the approach to TOD.   

The pO2 graph was strong in all three methods, but VSDCO2 has the sharpest decline at from T0-

T1. VSDCO2 appears to have a strong effect on pO2.  More studies will need to be done in this 

phase 2 segment of the experiment to get the full picture of how these birds maintain their 

hemostasis during increased times of stress in these methods. 

With the exception of one hen showing a spike in brain HSP70 expression, there was little 

change (P>0.0500) in overall HSP70 expression among hens exposed to all three VSD+ methods 

of depopulation. It is important to note that there are retia mirabilia associated with the avian 

brain and eyes which function to cool the brain even in hot ambient temperatures. With this in 

mind, it is not unreasonable to assume that the brain temperature might have been lower than 

CBT and as a result, expression of HSP70 would have been somewhat inhibited. However, 

HSP70 expression in hepatic tissue was more dramatic. With VSDH, the supplementation of heat 

induced a strong HSP70 expression, which peaked as the hens approach their expected TOD. Yet 

in VSD there was a delay on the upward trend for HSP70 expression. It is believed that 

expression of HSP70 is induced as soon as an animal experiences elevated ambient temperature, 

but in reality, there appears to be a threshold CBT that induces HSP70. IN the VSD method, the 

hens produce body heat that climbs upward the longer they remain in the observation chamber 

without ventilation. When this occurs the internal organs experience the elevated CBT and 

induction of HSP70 begins as was seen in the VSD hens as they approached their expected TOD.  
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The hens in the VSDCO2 method died before ambient temperature was elevated and before CBT 

reached an induction level. Thus, the HSP70 induction was not evident in the VSDCO2 group.  

 

3.7.3 Discussion Phase 3 

Phase 3: 

During the Phase 3 segment of the experiment, VSD was unable to reach 100% lethality. Core 

Body Temperature of the birds (111.6 °F) did not reach Department for Environmental Food and 

Rural Affairs (DEFRA) recommended guidelines of  ≥104 °F, similar to laying hens which need 

to reach temperatures ≥113 °F  (DEFRA,2009; Eberle-Krish et al., 2018). The failure to reach 

this temperature appears to have been the root cause of less than100% mortality during the VSD 

of phase 3, which permitted 36 hens to survive or 34.3% survival rate.  VSDH was the only 

method observed to have a 100% lethality and in this case chamber temperature was 132.4 °F. 

VSDCO2 had 1 survivor in turkey hen. This phenomenon was also observed in broilers while 

doing the same experimental design (Chapter 2).  Additional testing is needed to elucidate the 

mechanism of susceptibility/survivability of the turkey hens. Survivability in broilers has been 

observed in a study conducted by Benson, et al. (2007). During partial house gassing with CO2, 

one bird survived being exposed for 10 minutes to 100% CO2. Other studies, however, have been 

able to utilize whole house gassing with no survivors (McKeegan, et al., 2011; Rankin, et al., 

2013; Sparks, et al., 2010). While CO2 was introduced to the chambers in this investigation, the 

birds did not respond with bunching or piling, similar to Sparks and colleagues (2010). On 

inspection of the data, no differences were found neither in corticosterone expression among 

methods nor HSP70 expression in either the brain or the liver. The blood marker data did show 

that birds treated with the VSDH method had a low pH (6.846, p<0.0001) that was significantly 

lower than the baseline, which suggested acidosis-related dysfunction related to death of the 

experimental hens. VSDH also has a significantly different Beecf (-22.6 mmol/L, p<0.0001), 

sO2% (38.6 %, p<0.0001), very low Na (135.00 mmol/L, p<0.0011), very high K (9.000, 

p<0.0001), low iCa (0.950, p<0.0130), low Glucose (46.6, p<0.0001). All the data suggests that 

death is due to possible respiratory acidosis and dehydration causing the acid-base metabolites to 

be out of balance (Arad, 1983). Birds that underwent the VSDCO2 method also had a low pH 

(7.147) compared to that of the baseline (7.434).  VSDCO2 method birds had a significantly 

higher PCO2 (83.420, p<0.0004) and HCO3 (31.5) in these phase 3 experiments following the 
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results of the phase 1 experiments continuing to show metabolic acidosis.  VSD also followed 

the path of phase 1 giving data that represented a mild respiratory alkalosis, but with high 

survivability. It appears that the birds that survived maintained a better acid-base metabolism 

taking longer to reach alkalosis (Wang, et al., 2018). More studies multiple replicates at the TOD 

time intervals would provide more reliable data.  In addition, quantification of  brain and liver 

HSP90 along with HSP70 responses should also provide better insight to the issue of turkey hen 

survivability to VSD. HSP90 inhibitors help protect the vascular structures by preventing and 

restoring endothelial cell permeability when subjected to inflammation or injury (Antonov, et al., 

2008).   

As a depopulation method, VSD in turkeys is not acceptable, at least under the conditions 

outlined in this research endeavor. VSD alone was unable to reach lethal temperatures, which 

resulted in high survivability excluding this to be an acceptable depopulation method according 

to DERFA standards. A lengthy mean TOD for VSD of 360 minutes subjected these birds to 

increased stress and significant welfare concerns. Although VSDCO2 had the quickest mean 

TOD of 23 minutes in Phase 1, Phase 3 average was 195 minutes and it did not reach 100% 

lethality, not meeting DERFA standards. VSDH had 100% lethality but should only be 

considered an alternative when no other acceptable methods are available due to low resources 

and a  need to depopulate quickly. VSDH birds did suffer dehydration and hypercapnia due to 

TOD having a mean of 181 minutes, which posed welfare concerns not only for the birds but 

also for those handling heated equipment and higher risks of facility damage. Additional research 

evaluating different types of housing, such as curtain housing, often found within the commercial 

turkey industry, will need to be considered when evaluating the application of these depopulation 

methods. 
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Table 3.1: Table of descriptions of VSD+ mass population applications involving  turkey hens. 

Symbol Treatment Description 

VSD Ventilation Shut Down (Ventilation 

is turned off) 

Air inlets and exhausts are sealed 

VSDH Ventilation Shut Down with 

addition of Heat 

Air inlets and exhausts are sealed, supplemental 

heat is added up to 141 0F 

VSDCO2 Ventilation Shut Down with 

addition of Carbon Dioxide (CO2) 

Air inlets and exhausts are sealed, CO2 is 

injected into the chamber between 30-40% 

 

 

Table 3.2: Phase 2 Sampling sequence for turkey hens during ventilation shutdown plus 

applications. 
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Table 3.3: Phase 1 mean turkey hen mean blood data. Different superscripts in a blood marker 

column indicates significant differences (p<0.05) due to VSD+ method. 

 

Baseline
7.389

A
55.125

B
36.50

A
8.00

A
32.975

A
34.50

A
66.000

A
151.000

A
5.100

AB
1.483

A
283.00

A
30.250

A
10.2750

A

VSD
7.459

A
31.700

C
35.50

A
-1.75

B
21.900

B
22.75

B
69.750

A
129.000

A
4.825

AB
1.067

B
164.50

B
22.667

A
7.7000

A

VSDH
7.388

A
29.000

C
34.75

A
-7.75

B
17.475

B
18.50

B
63.500

A
136.250

A
5.800

A
1.170

AB
228.00

AB
26.500

A
9.0000

A

VSDCO2
7.038

B
104.967

A
44.00

A
-2.67

B
27.900

A
31.00

A
55.333

A
152.333

A
4.400

B
1.370

AB
246.00

AB
32.667

A
11.1333

A

P-VALUE

%PCU

Hct

g/dL

Hb

P<0.6049
P<0.0980

P<0.0462
P<0.0546

P<0.0172
P<0.2841

P<0.2782

mmol/L

K

mmol/L

iCa

mg/dL

Glu

%sO2%

mmol/L

Na

mmHg

PO2

mmol/L

TCO2
pH

mmHg

PCO2

P<0.4587
p<0.0018

p<0.0001
P<0.0001

mmol/L

Beecf

P<0.0012

mmol/L

HCO3

P<0.0001
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Table 3.4: Phase 3 room conditions pre- and post- method with average TOD (minutes), CBT, 

and % survival 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Treatment TOD CBT at TOD RT (Pre) RT at TOD RH (Pre) RH at TOD

Room CO2 

(Pre)

Room CO2 

at TOD Survival

Method minutes
o
F

o
F

o
F % RH % RH % % %

VSD 360 111.6 72.9 92.8 68.8 95.8 0.2 4.1 34.3

VSDH 181 117.3 84.7 132.4 81.7 15.7 0.6 0.96 0

VSDCO2 195 106.7 79.1 82.8 77.6 82.6 0.4 40.4 0.9
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Table 3.5: Phase 3, turkey hen mean blood data. Different superscripts in a blood marker column 

indicates significant differences (p<0.05) due to VSD+ method 

 

 

Baseline
7.434

AB
41.525

BC
35.25

A
3.50

A
28.750

A
34.50

A
67.5

A
156.500

A
4.200

BC
1.338

A
264.750

AB
30.250

A
10.250

A

VSD
7.648

A
22.383

C
41.17

A
3.67

A
25.167

A
22.75

B
87.5

A
147.333

AB
3.267

C
1.223

AB
272.833

A
31.000

A
10.533

A

VSDL
7.672

A
20.300

C
42.00

A
3.00

A
24.000

A
18.50

B
88.0

A
155.333

A
3.333

C
1.033

AB
243.333

AB
30.667

A
10.433

A

VSDH
6.846

C
65.756

AB
39.60

A
-22.60

B
13.200

B
31.00

A
38.6

B
135.000

B
9.000

A
0.950

B
46.600

C
32.800

A
11.160

A

VSDCO2
7.147

BC
83.420

A
52.20

A
2.00

A
31.500

A
31.00

A
75.5

A
154.400

A
6.860

AB
1.196

AB
195.000

B
32.200

A
10.960

A

P-VALUE

mmHg
mmHg

Method

mmol/L
mmol/L

mmol/L

pH
PCO2

PO2
Beecf

HCO3
TCO2

P<0.0001
P<0.0001

p<0.0001
p<0.0004

P<0.1000
P<0.0001

P<0.0001

sO2% %

P<0.0011

Na

mmol/L
mmol/L

K

P<0.0001

mmol/L

iCa

P<0.0130
P<0.0001

P<0.5090
P<0.5070

mg/dL

Glu

%PCU

Hct

g/dLHb
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Figure 3.1: Phase 1, turkey hens’ corticosterone ng/ml vs. TOD/minutes  
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Figure 3.2: Phase 1, Turkey Hens HSP70/18S-1 brain tissue expression revealed no differences 

due to VSD+ methods (p>0.05) 

 

 
 

 

Figure 3.3: Phase 1 turkey hens HSP70/18S-1 liver tissue expression revealed no differences due 

to VSD+ methods (p>0.05) 
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Figure 3.4 VSD A-D: Phase 2 time points from T0-T4 representing plasma corticosterone 

(CORT) (A), HSP70 liver (B), pH (C), and pCO2 (D) as blood marker responses to the three 

VSD+ methods for mass depopulation 

 
 

Figure 3.5. VSD E-H: Phase 2 time points from T0-T4 representing HCO3 (E), TCO2 (F), Hb 

(G), and Glucose (H) as blood marker responses to the three VSD+ methods for mass 

depopulation. 
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Figure 3.6. VSD I: Phase 2 time points from T0-T4 representing HSP70 brain expression 

 

 
 

Figure 3.7. VSDH A-D: Phase 2 time points from T0-T4 representing pO2 (A), Beecf (B), Na 

(C), and Hct% (D) as blood marker responses to the three VSD+ methods for mass depopulation. 
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Figure 3.8. VSDCO2 A-D: Phase 2 time points from T0-T4 representing iCa (A), K (B), and sO2 

% (C) as blood marker responses to the three VSD+ methods for mass depopulation. 

 

 

 

 
 

Figure 3.9: Phase 3, turkey hen plasma corticosterone post VSD+ methods  revealed no differences 

due to VSD+ methods (p>0.05). VSDL are the survivors of VSD. 
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Figure 3.10: Phase 3, turkey hens HSP70/18S-1 brain tissue expression revealed no differences 

due to VSD+ methods (p>0.05). VSDL are the survivors of VSD 
 

 
 

 

Figure 3.11: Phase 3, turkey hens HSP70/18S-1 liver tissue expression revealed no differences 

due to VSD+ methods (p>0.05) 
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Chapter 4: Conclusion 

 

Having explored VSD(+) in both Broiler Breeder Hens and Turkey Breeder Hens, we now have 

a better understanding into the effectiveness of these three methods on these poultry breeds. 

Broiler breeder hens did not meet DERFA standards in any of the methods during the whole 

house phase 3 part of the experiment. VSD alone should not be considered due to the increase of 

the mean TOD of 7 hours, subjecting these birds to increased stress and significant welfare 

concerns. Although VSDCO2 and VSDH had 1.6% survivability, they should be considered as 

alternatives when no other acceptable methods are available in order to depopulate quickly.  

Turkey hens also should not be considered for VSD alone due to the high survivability due to the 

birds’ ability to maintain acid-base homeostasis during acute heat stress. These birds were able to 

maintain ambient core body temperatures and were unable to reach hyperthermia. In phase 3 for 

these birds, VSDCO2 TOD increased to 195 minutes with 1 survivor, not meeting DERFA 

standards. VSDH did meet DERFA standards although the birds did suffer from dehydration and 

hypercapnia due to a TOD of 181 minutes, still the quickest of the three methods.  

As seen with the current outbreak that may exceed the 2015 outbreak that started these studies 

through necessity, it is paramount that research continue to explore different methods and 

housing conditions. These studies have elucidated these bird’s abilities to maintain homeostasis 

in times of stress and their natural ability to survive. More studies in the phase 2 area should be 

considered with more time points to better understand the nature of how these birds are 

maintaining homeostasis, possibly looking at other markers such as HSP90.  

Research into different house types should also be considered when utilizing VSD (+) methods. 

The differences from phase 2 to phase 3 of both these studies exemplified the need to not only 

consider bird type but house construction. Further research needs to be conducted to understand 

the protocols that need to be implicated to ensure DERFA standards and animal welfare. Poultry 

producers need to have the optimized alternative for their situations not only to ensure the 

welfare of the birds, but also the welfare of the people having to perform these procedures during 

emergency responses.  

 

 

 


