ABSTRACT

HARDING, KARI LYN. Evaluating the Impact of Different Ventilation Shutdown Methods for
Emergency Depopulation. (Under the direction of Dr. Kenneth E. Anderson).

Highly Pathogenic Avian Influenza (HPAI) has caused major issues within the poultry
industry due to its rapid spread and lethality. When poultry test positive for this disease, they
must be depopulated within 24-48 hours after confirmation. Depopulation is necessary to rapidly
depopulate poultry as quickly and efficiently as possible while taking as much regard to the
birds’ welfare as possible. These massive outbreaks lead to depletion of depopulation resources
highlighting the need for other methods that are just as effective and are accessible.

Additional methods are needed and useful especially if they quicken depopulation and
reduce bird stress levels. Ventilation shutdown plus (VSD+) is a method that is approved by the
American Veterinary Medical Association (AVMA) in constrained circumstances. This
dissertation evaluated how different depopulation methods affected poultry time of death (TOD),
electroencephalograms (EEGSs), pre and post core body temperatures, and blood chemistry. The
three treatments that were evaluated for laying hens, broilers, and turkeys, were ventilation
shutdown plus heat (VSDH), ventilation shutdown plus heat and relative humidity (VSDHRNh),
and ventilation shutdown plus carbon dioxide (VSDCO3). The last trial evaluated the differences
in VSDH, VDSCO,, and ventilation shutdown plus nitrogen gas (VSDN>) in laying hens alone.
Each of these trials had three phases with Phase 1, Phase 2, and Phase 3. Phase 1 evaluated the
TOD, EEG, core body temperatures, heat shock protein 70 (HSP70) and blood chemistry in
poultry from onset to TOD. Phase 2 evaluated the changes in HSP70 expression and blood
chemistry at calculated removal times based on the average time of death from birds in their

respective Phase 1. Both Phase 1 and 2 trials were conducted in environmentally controlled



chambers. Phase 3 for each trial was scaled up to mimic industry settings conducted in a 19.5 ft.
X 15 ft. X 8 ft. room.

The laying hen trial evaluating the effects of VSDHRh in Phase 1, VSDCO; had
significantly quicker TOD compared to VSDH or VSDHRh. Both VSDH and VSDHRh had
significantly greater levels of HSP70 production, however there were no differences amongst
laying hen behaviors or EEGs. For Phase 3, VSDHRh resulted in greater changes in
corticosterone compared to the other two treatments. In the broiler trial Phase 1, much like the
layers, the TOD was fastest in the VSDCO.. Based on the EEGs, there was a shift toward
unconscious behaviors close to the midway point to TOD. High CO2 concentration in VSDCO:
resulted in changes in pH, partial pressure of CO2 (pCO2), and partial pressure of oxygen (pOz)
compared to both VSDH and VSDHRH. In Phase 2, the parameters measured indicated that
there was similarity amongst the treatments over time. In Phase 3 VSDH had 0.4% survival rate
whereas VSDRH and VSDCO> had 100% mortality.

Hen turkey depopulation was significantly quicker with VSDCO2 compared to the other
two treatments. There were no differences in unconscious or conscious behaviors. In VSDCO>
pCO2was higher than VSDH. There was a greater survivability in VSDH at 25.7% whereas
VSDHRh and VSDCO> had 100%. The layer trial evaluating VSDN. resulting in similar TOD in
VSDN; and VSDCO; which were quicker than VSDH. VSDN: had significantly greater areas
under the EEG curves compared to VSDH. Phase 3, VSDN: had the longest TOD compared to
either VSDH or VSDCO». More research should be conducted to fully determine the effects of

each of these treatments on poultry.
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CHAPTER 1
LITERATURE REVIEW
(Under Journal Review)
SUMMARY
As the poultry industry continues to suffer due to Highly Pathogenic Avian Influenza (HPAI)
outbreaks, the search has continued to find the best depopulation method possible. In both major
outbreaks, 2014-2015 and 2022-current, depopulation methods have continued to evolve and
become more effective due to better responsiveness and preparedness with the methods being
improved due to research and experience. An acceptable method for depopulation must do so in
a timely manner with 100% mortality. All approved methods, both preferred and permitted in
constrained circumstances as deemed by the American Veterinary Medical Association
(AVMA), have proven to be effective with each having their advantages and disadvantages. This
review aims to highlight the different methods of depopulation as well as the pros and cons of
each one for poultry.
INTRODUCTION
The American Veterinary Medical Association (AVMA\) has defined depopulation as the rapid
elimination of animals in emergency situations while ensuring the greatest levels of welfare for
the animals possible (AVMA, 2019). This definition arose following the first major outbreak of
Highly Pathogenic Avian Influenza (HPAI) from December 2014 to August 2015. Multiple
avenues of virus transmission were implicated as primary transmission routes that facilitated the
spread of HPAI in the 2014-2015 outbreak. This included an introduction and recombination of
the virus via the Pacific, Central, and Mississippi flyways of migratory birds, as well as multiple

on-farm practices. The major spread during that outbreak was attributed to the migratory fowl



along the Pacific, Central, and Mississippi flyways (USDA-APHIS, 2015). The rapidity of the
spread led to issues obtaining supplies like CO. for use in containerized gassing, whole and
partial house gassing, and firefighting foam used for floor-reared animals. Due to this need to
depopulate quickly, an HPAI stamping-out policy was created in collaboration with Federal,
State, and Industry stakeholders, stating that with a positive test, poultry must be depopulated
within 24-48 hours (USDA-APHIS, 2022).

Alternative depopulation methods were defined in the 2014-15 outbreak, perhaps the most
important being ventilation shutdown plus, as the AVMA discussed the need for alternative
methods as supplies for traditional depopulation became scarce and viral transmission increased
(Gingerich, 2015). In 2009, the Department for Environment, Food, and Rural Affairs (DEFRA)
endorsed the use of ventilation shutdown in the United Kingdom and detailed how it should be
used during an emergency (DEFRA, 2009). To aid in the decision for methods to use, the
AVMA created guidelines highlighting preferred methods, and methods permitted in constrained
circumstances for depopulation (AVMA, 2019). Though these guidelines help determine the best
method based on bird and housing types, the United States Department of Agriculture ultimately
makes the final decision on which method will be administered on a case-by-case basis (USDA-
APHIS, 2017).

Prior to the HPAI outbreak beginning in 2022, the 2014-2015 HPAI outbreak was the largest
event for avian influenza and presented significant logistical challenges with 43 million egg
laying hens and pullets, 7.4 million turkeys, and less than 0.01% of the US broiler flocks affected
(USDA-APHIS, 2016). However, in the current outbreak (2022-current), over 120.8 million egg
laying hens and pullets have been lost, along with 18.3 million turkeys and 12.8 million broilers,

presenting even steeper and more prolonged challenges than previously faced (USDA-APHIS,



2024). The negligible effects on broilers, especially compared to the egg laying hens and turkeys,
in the 2014-2015 HPAI outbreak were thought to be due to their regionality (USDA-ERS, 2022).
However, the broiler industry has faced additional challenges with the need to depopulate due to
other hardships, particularly during the COVID-19 pandemic. The epidemic spread of COVID-
19 from 2020-2023 in the US led to a mass shutdown of both sit-down and fast food restaurants
nationwide which ultimately resulted in a severe reduction in the demand for chicken products.
This left producers with unmarketable birds resulting in the need for depopulation (Sharma et al.
2020). The conglomeration of labor shortages and needs for disinfection led to the forced
shutdown of many processing plants and depopulation of approximately 2 million birds
(Marchant-Forde and Boyle, 2020; Kevany, 2020).

This review aims to explain each depopulation method and identify their comparative advantages
and disadvantages based on administration and mode of action inside the bird.

WATER-BASED FOAM GENERATORS/WATER-BASED FOAM NOZZLES

The use of water-based foam generators and/or water-based foam nozzles are preferred methods
for floor-reared, confined poultry and are permitted in constrained circumstances for outdoor
access poultry, however it is not a recommended method for caged poultry (AVMA, 2019).
Water-based foam depopulation was first approved as an appropriate method for depopulating
floor-reared poultry in 2006 (AVMA, 2015). The foam is created with a mixture of water,
commercial foam concentrate, and gas such as CO> or ambient air. Typically, the foam is
injected beginning at one end of the house and applied throughout, working toward the other end
(Benson et al., 2012a). Foam is injected so the height reaches 0.15 m. above the average height
of the flock being depopulated (AVMA, 2015).

Depopulation with water-based foam results in mechanical hypoxia, or asphyxiation. The

bubbles from the foam block the airway leading to unconsciousness and eventually brain death



(Benson et al., 2009; Caputo et al., 2012; Capria et al., 2023). Previous research has compared
CO2 gas, which is the preferred method in cage-housed due to timeliness and housing structure,
to water-based foam in laying hens, broilers, turkeys, and ducks. In laying hens, broilers, and
turkeys, water-based foam resulted in similar times to unconsciousness, terminal convulsions,
and altered terminal cardiac activity (Benson et al., 2012a). In Pekin ducks, the application of
CO- gas had much shorter times to unconsciousness, altered terminal cardiac activity, motion
cessation, and brain death compared to water-based foam (Benson et al., 2012a). Caputo et al.
(2012) compared water-based foam and CO. in White Pekin ducks by evaluating the time to
unconsciousness, motion cessation, brain death, altered terminal cardiac activity, and duration of
bradycardia. All these parameters were found to be significantly quicker with CO, compared to
the water-based foam (Caputo et al., 2012).

One study analyzed the differences in time to brain death and its consistency, as well as pre- and
post-treatment corticosterone levels in broilers undergoing either CO2 gas only, water-based
foam with CO> gas, and water-based foam only. The authors reported that the tested parameters
were similar across all methods (Alphin et al., 2010). An evaluation of water-based foam versus
CO: in turkeys found that water-based foam application resulted in a significantly faster time to
brain death than CO», however there was no difference in time to unconsciousness, motion
cessation, or altered terminal cardiac activity (Rankin et al., 2013). Water-based foam is limited
in its application as it can only be used in floor-reared bird facilities and not caged facilities.
Additionally, water resources may prevent the use of water-based foam in larger barns and
farms, compounding the already difficult to manage transport of water via tanker trucks into and
out of farms, which is resource heavy and increases risk to biosecurity (Benson et al., 2007,

Alphin et al., 2010).



WHOLE-HOUSE AND PARTIAL-HOUSE GASSING
Whole-house gassing and partial-house gassing are preferred methods for both floor-reared
confined poultry and cage-house poultry (AVMA, 2019). In whole-house gassing, the entire
poultry house is sealed to prevent any leakage and gas is injected into the facility. For whole-
house gassing, the target atmospheric CO- level is >40% measured above the highest cage tier to
achieve 100% mortality of the whole house, which has been achieved in previous research
settings (Alphin, 2010; Gerritzen, et al., 2006; Sparks et al., 2010; Turner et al., 2012, Gerritzen
et al., 2007). Gas is injected with the intent of spreading it evenly over the birds with the
atmosphere changing gradually so that the birds do not experience high CO2 concentrations
while conscious (Galvin et al., 2005; Van den berg and Houdart, 2008). For partial-house
gassing, birds are sequestered to a section of the house to reduce gas requirements. Normally, a
panel enclosure system is used for turkeys, whereas for other animals, such as broilers, a
polyethylene tent is utilized. The panel enclosure system is portable such that birds are herded
into the enclosure which is then sealed with a tarp followed by the injection of CO>. The
polyethylene tent method uses layers of polyethylene sheeting that overlap and cover the litter
and birds all while sealing the outside edges of sheets. The tent is then created under these sheets
and filled with CO (Alphin et al., 2010).
With both whole-house and partial-house gassing, unconsciousness is triggered by breathlessness
and hyperventilation along with irritation of the nasal mucosa (Raj and Gregory, 1995; Iwarsson
and Rehbinder, 1993). The injection of gas, typically COg, results in hypercapnia due to the
inspiration of CO», followed by respiratory acidosis and hypoxia from the lack of accessible
oxygen (AVMA, 2015; Terlouw, Bourguet, and Deiss, 2016). A study analyzing behavioral
events of laying hens, broilers, turkeys, and ducks when CO> was injected reported broilers and

turkeys losing posture significantly quicker than ducks (Gerritzen et al, 2007). Turner et al.



(2012) reported laying hens losing consciousness within 2 minutes of the CO; levels reaching
above 18%. Hen heart rate was also increased when the gas was turned on in the beginning for a
few minutes with changes in the hen electrocardiographs (ECG) that coincided with myocardial
infarction and hypoxia (Turner et al., 2012).

High concentrations of CO> have been shown to be achievable in large poultry houses with
records of concentrations above 50% (Wrigley et al., 2008). When comparing the silencing of
electroencephalograms (EEGSs) of broilers being subjected to either CO2 gas only, water-based
foam, or water-based foam with CO; gas, there was no difference amongst treatments (Alphin et
al., 2010). Whole-house and partial-house gassing have both proven to be effective; however,
each has its limitations. While whole-house gassing is time efficient and limits the number of
humans exposed to infected birds, house sealing and gas injection may be difficult depending on
the age and maintenance of the barn (Raj, 2008; Ryan, Sheehan, and Gaynor, 2006; Wrigley et
al., 2008). Partial-house gassing requires more human-to-bird contact and is labor intensive,
requiring more workers to assist with depopulation and creating more biosecurity risks due to the
increased human contact with infected birds (Ritter, 2004). Lastly, as previously mentioned, in
emergency outbreak situations, supplies, especially CO2, may be scarce with increased demand,
causing other depopulation methods to be considered when CO3 is not an option.

CONTAINERIZED GASSING

The implementation of containerized gassing is preferred for floor-reared, confined poultry,
cage-housed poultry, and outdoor-access poultry (AVMA, 2019). This method is normally
conducted using modified atmosphere killing (MAK) carts. These carts were first introduced in
the United Kingdom and were created in such a way where birds are caught and crated in an air-
tight container in which the gas or gas mixture is injected (Raj, 2008). MAK carts are pre-filled

with gas (usually CO») to levels at or above 40%. The birds are caught and placed into the cart



with the cart door sealed immediately after each bird has entered. More gas is injected into the
cart after bird entry to reach and maintain a 40% CO> atmosphere (Kingston et al., 2005;
AVMA, 2001; Lambooj et al., 1999; Webster and Fletcher 2001). A CO> level of 40% is set
because the carts are not fully airtight, therefore there is some loss of CO2 meaning the amount
of CO2 administered is variable (Kiezebrink, 2005).

MAK carts can hold between 200-250 laying hens and are mobile, allowing them to be rolled
down aisles in the houses (Kinston et al., 2005; Webster, Fletcher, and Savage, 1996). Much like
with whole-house and partial-house gassing, birds that are subjected to containerized gassing
succumb to hypercapnia, as well as respiratory acidosis, eventually followed by hypoxia
(AVMA, 2013; Terlouw et al., 2016). Different style carts or killing systems have been
researched to find the best for each bird type. One system evaluated for laying hens, turkey hens,
and broiler chickens of multiple ages showed that when injecting CO., birds were able to
continuously be added due to the ease of maintaining high gas concentrations. This resulted in a
reduced time of consciousness for each bird (Webster and Collett, 2012).

Other research conducted reported that even in the smallest systems, crated birds placed directly
into high concentrations of CO: in Killing carts led to full mortality and was easy to use
(Gerritzen et al., 2006). A significant limitation for this method is the need to handle individual
birds, which is very stressful on the birds and the workers. The need for people to move these
animals places the workers in direct contact with sick birds, risking human health and creating a
greater biosecurity risk. These charged chambers could also result in compression or suffocation
of birds (Raj, 2008). When using inert gases as opposed to CO3, these chambers must be loaded

with birds being killed in batches, whereas loading is continuous with CO». Much like whole-



and partial-house gassing, the demand for these gases is high during large disease outbreaks so
this could potentially not be an option depending on CO; supply availability.
CERVICAL DISLOCATION

Cervical dislocation is a preferred depopulation method for floor-reared, confined poultry,
outdoor access poultry, and permitted in constrained circumstances for cage-housed poultry
(AVMA, 2019). To perform cervical dislocation, a bird is caught and held such that the bird’s
head is grasped behind the skull at the mandibles using either the thumb and index finger or
index finger and middle finger. Holding the bird head-down and breast toward the floor, with the
feet extended by the other arm, the head is quickly and firmly pulled down, torqueing the head to
the dorsal side and stretching the neck to separate the skull from the spinal column. By
separating the skull from the spinal column, this disrupts brainstem function leading to anoxia, or
lack of oxygen to the brain, and cessation of circulatory function (Erasmus et al., 2009).

Cervical dislocation is an accepted method for euthanasia and is used in many research studies to
cull sick or down birds. Studies have been evaluating other methods for cervical dislocation,
including using mechanical devices. In a study comparing manual and mechanical cervical
dislocation devices on laying hens and broilers, the authors reported that the traditional manual
method outperformed the mechanical method (Martin et al., 2018). Another study in turkey
poults showed that mechanical cervical dislocation had significantly longer pupillary light relax
and jaw tone, however there was no difference in cardiac arrest or time to last movement
between treatments (Woolcott et al., 2018a). For broiler euthanasia, there was no difference in
insensibility between a novel cervical dislocation tool and manual cervical dislocation. In broiler
breeders, however, the novel cervical dislocation tool resulted in differences in the nictitating

membrane reflex and laceration scores (Ripplinger et al., 2024).



The primary disadvantage of cervical dislocation is the manpower required for even one house.
This method requires many people and can be a slow process when larger numbers of birds
require depopulation and cervical dislocation is the only method used. Cervical dislocation also
requires more human interaction with the infected animal, which can increase biosecurity risks
and expose people to physical harm. This method also increases bird stress due to the handling
they must undergo.

CAPTIVE BOLT GUN
The utilization of a captive bolt gun is preferred for floor-reared, confined poultry and outdoor
access poultry; however, it is only permitted in constrained circumstances for cage-housed
poultry (AVMA, 2019). There are two types of captive bolt gun: penetrative or non-penetrative.
A penetrative captive bolt is a metal bolt forcefully driven into the skull leading to brain tissue
damage resulting in immediate loss of consciousness and death. A non-penetrative captive bolt is
a blunt bolt that hits the skull with a high force, causing concussive trauma and massive brain
swelling or hemorrhaging leading to unconsciousness and death (European Union, 2018). For
both types, the placement and size of the bolt are crucial for humane effectiveness.
There are many types of captive bolt guns available commercially. One study evaluated how two
different non-penetrative captive bolt devices affected turkeys. Both devices evaluated were
highly effective, resulting in immediate insensibility across three different production stages of
turkeys (Woolcott et al., 2018b). Boyal et al. (2022) compared captive bolts to cervical
dislocation, CO2, and electric shock in broiler breeders. Results showed longer body movement
for captive bolt compared to CO> and electrical euthanasia; however, there were no significant
differences amongst heartbeat cessation, kill success, or plasma corticosterone (Boyal et al.,

2022).



In another study comparing different euthanasia techniques in turkeys, the captive bolt had
quicker cessation of movements compared to cervical dislocation methods; however, it did result
in more lacerations to the skin. While all methods in this study were deemed effective, the
captive bolt led to immediate loss of brainstem reflexes (Stiewert, Wooming, and Archer, 2021).
While the goal of captive bolt euthanasia is to make it easier to kill a bird compared to manual
cervical dislocation, it is still requires major contact with the birds. The increased contact causes
increased stress levels in the birds as mentioned for cervical dislocation as well as increased
human interaction which can potentially lead to human health concerns. This method also
requires increased manpower which could be a challenge in large outbreaks and could result in
an increased biosecurity risk with more workers present on a disease positive farm.

GUNSHOT

The use of gunshot is only permitted in constrained circumstances for both floor-reared confined
poultry and outdoor access poultry. It is not recommended in cage-housed poultry (AVMA,
2019). Gunshot, when properly performed, results in immediate insensibility and death as the
bullet penetrates the brain resulting in immediate death. Most research has focused on large
animals with gunshots compared to any smaller bird types that might need to be depopulated in
the event of a food animal disease outbreak. One study in cattle deemed the gunshot method to
be applicable in large beef steers as it promotes optimal animal welfare due to the complete
unconsciousness that resulted from the gunshot (Hultgren et al., 2022).

Limitations of this method include needing a licensed and experienced person to perform this
method as well as increased risks for direct human health and farm biosecurity. The sound of the
shot could result in increased bird stress, leading to more flightiness being observed. There is
also an increase in human risk with more human-bird interactions as well as inherent dangers

when handling firearms. Worker involvement presents potentially significant biosecurity
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concerns with bird contact as well as the increase in potentially infectious material as rapid tissue
trauma occurs with blood spatter.

VENTILATION SHUTDOWN PLUS
Ventilation shutdown plus is permitted in constrained circumstances in floor-reared, confined
poultry and cage-housed poultry (AVMA, 2019). Ventilation shutdown alone is not
recommended for any poultry facility unless other resources are exhausted or unavailable, and it
can only be considered when all other options have been considered and ruled out. There are
different additions that can be used as the “plus” in ventilation shutdown plus. Additions include
but are not limited to heat, heat and steam (relative humidity), or CO.. The shutdown of
ventilation with added heat leads to hyperthermia in poultry. As latent heat loss due to panting is
reduced core body temperature of the bird increases. This then leads to respiratory alkalosis
resulting in respiratory distress. Ventilation shutdown plus CO2 results in death much like the
other gassing depopulation methods explained above with birds undergoing hypercapnia, then
respiratory acidosis, ending with hypoxia.
Previous laying hen research has shown that shutting down the ventilation and adding steam
resulted in a faster time to first mortality and complete mortality compared to hens that were
subjected to just ventilation shutdown plus heat alone (Mendoza et al., 2024). Another study
analyzing the effectiveness of ventilation shutdown alone, ventilation shutdown plus heat, and
ventilation shutdown plus CO- had 100% mortality for ventilation shutdown plus heat and
ventilation shutdown plus CO., however the ventilation shutdown alone did not reach 100%
mortality for laying hens (Eberle-Krish et al., 2018). In a model validation study, it was
determined that the cause of death when ventilation is shut down and heat is added is
hyperthermia. It was also noted that increasing the relative humidity could quicken the

depopulation procedures (Zhao, Xin, and Li, 2019).
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Barn design, age, and maintenance are some limitations for ventilation shutdown plus as they
may make it more challenging to seal the house resulting in more leaks and difficulty increasing
or maintaining heat, relative humidity, or gas concentration. Outdoor temperatures could also
result in issues reaching optimal heat and humidity levels that are needed to achieve the 100%
mortality rate. For ventilation shutdown plus CO2, multiple worker safety concerns exist as CO>
is an irritant that poses several health risks and can cause death. Training is required for
personnel to properly administer and monitor CO: injection which can be complex in ensuring
the distribution system is working. A further complication with the use of ventilation shutdown
plus depopulation methods is negative public perception, which provides negative connotations
that can be harmful to the agricultural industry despite existing as a means of disease control.
Media scrutiny, public backlash, and threats against researchers have occurred in the past and
present inherent dangers to researchers, potentially hindering research for the advancement of
agriculturally-relevant infectious disease control and management.

CONTROLLED DEMOLITION

Using controlled demolition as a depopulation measure is permitted in constrained circumstances
for floor-reared, confined poultry and outdoor-access poultry only (AVMA, 2019). Controlled
demolition is used when facilities containing birds are damaged in storms or fire and are deemed
unsafe for entrance. To implement a controlled demolition, the house is weakened using
machinery, explosives, or controlled structural failing techniques resulting in a sudden building
collapse. The debris then rapidly crushes and suffocates the birds.

A major limitation for controlled demolition is the loss of a full facility which is costly for a
producer. Furthermore, demolition is not guaranteed to cause 100% mortality, as deemed

necessary by the AVMA, and is likely to require additional depopulation methods. The
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possibility of an improper or incomplete demolition heightens animal welfare concerns with
possible added stress in subject animals from possible injury or suffocation that is not timely.
DECAPITATION AND EXSANGUINATION
Decapitation is permitted in constrained circumstances for floor-reared, confined poultry, cage-
housed poultry, and outdoor access poultry (AVMA, 2019). Decapitation suppresses brain
activity via hypoxic conditions from the lack of cerebral blood flow. Guillotines used for
decapitation must be maintained to allow for efficient action and must be correctly sized for each
species. Exsanguination is also permitted in constrained circumstances for floor-reared confined
poultry and outdoor access poultry, though implementation is conducted with other methods and
its use as a stand-alone poultry depopulation method is extremely rare. According to the AVMA,
exsanguination is mainly used in the event of large numbers of beached animals, such as whales
(AVMA, 2019). Exsanguination is the loss of enough blood such that death occurs from
hypovolemic shock and anoxia. Exsanguination has its own limitations largely from the
aesthetically displeasing scenes and large amount of organic debris produced. Exsanguination is
not to be used alone, and bird stunning should precede draining to ensure the bird is unconscious.
Exsanguination of conscious birds could result in more pain and struggling. Decapitation is also
labor intensive and extremely slow regarding depopulation and potential worker injury, giving
rise to potential increased pathogen spread. Like exsanguination, this method also requires that
the birds are sedated or unconscious, with the added requirement that the animals must be
adequately restrained and positioned correctly. Additionally, like exsanguination, decapitation is
an extremely labor-intensive process that requires significant handler-bird contact with multiple
potential handler hazards. Each worker must be properly trained to minimize bird suffering;

however, increased handling leads to increased stress and potentially more injuries to the birds
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before decapitation. Furthermore, in addition to safety risks for bird handlers via use of sharp
tools, psychological impacts may remain from the associated displeasure of the method.
COMPRESSED AIR FOAM
The use of compressed air foam is permitted in constrained circumstances for cage-housed
poultry (AVMA, 2019). Much like water-based foam, compressed air foam is administered to
create a thick layer of foam that covers the birds, blocking their airways, causing mechanical
hypoxia and suffocation due to a lack of oxygen (Benson et al., 2007; Thornber, Rubira, and
Styles, 2014). Compressed air foam is comprised of compressed air, detergent, and water.
Research evaluating the effectiveness of compressed air foam compared to CO> inhalation
reported similar stress levels in laying hens undergoing either compressed air foam or CO>
depopulation. The compressed air foam still resulted in a 100% mortality leading the authors to
suggest it as a suitable alternative in the event of an outbreak (Gurung et al., 2018a).
Adding supplemental gases such as CO2 or N2 to replace the air has been a major research
question evaluated to determine if it makes this method quicker and more humane. A study
comparing compressed air with CO2 and compressed air with N> reported that the compressed air
foam containing N2 was better quality and shortened the time of death for caged laying hens
compared to compressed air foam containing CO2 (Gurung et al., 2018b). When evaluating two
different commercially available compressed air foam systems compared to CO gassing, it was
documented that the compressed air foam exhibited quicker time to unconsciousness in caged
laying hens (Benson et al., 2018). Limitations for this method include exposure to low oxygen
environments and the foam could cause worker skin and eye irritation. Foam also is not retained
well in cages, rendering it less effective for cage-housed poultry for which it is approved.
Furthermore, foam clean up requires significant effort and can be incredibly taxing following

depopulation. Compressed air foam may also not be available during high demand for supplies
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and its effectiveness may be hindered by environmental factors such as barn structures and
outside temperatures.

HUMAN HEALTH AND SAFETY
While all depopulation methods explored in this review are preferred or permitted in constrained

circumstances, it is important to consider psychological impacts on people implementing mass
depopulation of live animals. A study in New Zealand evaluated the psychological and physical
responses of people involved in the depopulation of 5000 chickens and 200 ducks by manual
euthanasia. The results of the study indicated that workers were observed coping with the
psychological toll in several ways, including emotionally “switching off” and experiencing
anger, physical pain, and disgust, with over 69% of the participants not finding reprieve
throughout the process (Dale, 2011). More research has shown that workers involved in
depopulation efforts had declined mental and physical well-being and the depopulation method
and duration had negative impacts (Galles, 2023). Depopulation also results in increased
emotional labor and exhaustion which have resulted in veterinarians leaving the profession
(Purc-Stephenson, Hood, Doctor, 2025). Workers on depopulation teams have shown
significantly increased levels of burnout, distress, and had a change in perception of others
(Baysinger and Kogan, 2022). Therefore, it is important to consider worker welfare, both
physically and mentally, when choosing which method to implement for depopulation.
CONCLUSION
Overall, a multitude of depopulation methods exist that are either preferred or permitted in
constrained circumstances for different poultry facility designs. The decision to apply a
depopulation method relies on considerations of bird welfare, human welfare, resource
availability, and timely depopulation. While each method has its benefits, limitations are ever-

present, based on facility design, supply accessibility, and worker availability. The method

15



chosen for depopulation undergoes significant thought on a case-by-case basis and varies due to
housing type, resources, and bird type. As challenges to human and animal health continue to
evolve and emerge, there is an increasing need for innovative and effective depopulation
techniques which preserve animal welfare while also protecting the workers who must engage in

sensitive and exhausting activities like depopulation.
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CHAPTER 2
Determining how Different Ventilation Shutdown Plus (VSD+) Methods Change the
Electroencephalographics (EEGSs), Blood Chemistry, Corticosterone, and Heat Shock
Protein 70 (HSP70) of Laying Hens
(Published: Frontiers in Physiology, Section: Avian Physiology)
SUMMARY

A major impediment the poultry industry faces is dealing with Highly Pathogenic Avian
Influenza (HPAI). Large outbreaks have resulted in depletion of available resources needed for
desired depopulation methods leading to the need for alternative methods. This study was
conducted to explore alternative ventilation shutdown procedures and how they affect laying
hens throughout the process. Three treatments evaluated were ventilation shutdown plus heat
(VSDH), ventilation shutdown plus heat and relative humidity (VSDHRh), and ventilation
shutdown plus carbon dioxide (VSDCO>). There were two phases used; one phase was used to
study treatment effect on the hens’ EEG responses from beginning to time of death and how
laying hens behaved. Phase two examined how these treatments affected hen blood chemistry
and HSP70 during the process. VSDCO: had significantly quicker time of death (P=0.0003), and
VSDH and VSDHRh were not different. There were no differences in corticosterone levels for
pre or post in Phase 1, however there was a trend (P=0.07) toward significance in the post
corticosterone levels. Heat shock protein 70 (HSP70) levels were higher (P=0.0001) in the
VSDCO:; treatment which could be due to the protein upregulating to prevent apoptosis. In Phase
2, VSDH corticosterone had a significantly greater treatment effect compared to VSDHRh and
VSDCOz. The VSDCO:; corticosterone levels were significantly greater than VSDHRh. There

were no significant treatment effects in Phase 2 for HSP70 expression, however the sequence
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was significant with the HSP70 being significantly greater at 75% to the average time of death
than the 100% to the average time of death. Overall, VSDHRh could be a good alternative for
the industry to use to rapidly depopulate laying hen facilities. However, more research on this
treatment and more in-depth stress parameters measured needs to be conducted to fully
determine how it affects laying hens.

DESCRIPTION OF PROBLEM
Highly Pathogenic Avian Influenza (HPAI) is an infectious disease that has become a major
concern for the poultry industry. Beginning in 2014 and carrying over into 2015, the poultry
industry experienced a major outbreak of Highly Pathogenic Avian Influenza (HPAI). This
outbreak resulted in the loss of roughly 45 million birds, mostly laying hens or pullets (Greene,
2015). Currently, an outbreak of HPAI that was first reported in 2022 and is ongoing has led to
96.91 million birds being depopulated. Of these flocks, 496 have been commercial and 655 have
been backyard flocks (USDA 2023). According to the American Veterinary Medical Association
(AVMA), depopulation is defined as “methods by which large numbers of animals must be
destroyed quickly and efficiently with as much consideration given to the welfare of animals as
practicable, given extenuating circumstances” (AVMA, 2019).
Current preferred depopulation methods for floor-reared poultry include water-based expanding
foam, captive bolt gun and water-based foam nozzles. Cage-housed laying hens have permitted
methods such as CO: kill carts, CO- injection throughout the entire house, and partial-house
gassing. The injection of CO> for whole-house or partial-house is preferred method for floor-
reared poultry as well. In constrained circumstances some of the following methods are
permitted for floor reared poultry: (VSD) Plus (Hyperthermia), controlled demolition,

exsanguination and for caged-house poultry compressed air foam, captive bolt gun and VSD+
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are some of the permitted methods. While all of these methods are successful, the preferred
methods are most often quicker methods of depopulation compared to the permitted methods for
both housing systems. Ventilation shutdown alone is not permitted for either of these poultry
housing types, therefore was not used for this study. The challenge that was identified from the
outbreaks was that multi-tiered housing systems such as conventional or colony cages and
aviaries, along with high-rise houses, hindered some of the preferred depopulation methods. In
both outbreaks, supplies, namely CO., were rapidly depleted or not available resulting in an
increased suffering of affected birds and leading to the potential for a greater spread of the virus.
This led to the need for development of alternative depopulation methods to decrease the
potential for more spread of the disease and to mitigate bird suffering and biosecurity risks.
Eberle-Krish et al. (2018) evaluated ventilation shutdown plus CO2 (VSDCO3) and ventilation
shutdown plus heat (VSDH) vs. ventilation shutdown (VSD). They reported that VSDCO2 was
more rapid than all other treatments with VSDH being next, both with 100% mortality compared
to VSD alone which did not meet the 100% mortality standard. Other research has found that
having including high relative humidity levels with heat reduce the time it takes for total
depopulation (Zhao et al., 2019).

Another study looking at the addition of steam showed that all treatments using steam were
significantly faster to observe the first hen death and complete mortality compared to ventilation
shutdown plus heat alone (Mendoza et al., 2024). There is very limited research evaluating how
laying hen electroencephalograms (EEGs) change throughout the any of the VSD processes. One
study evaluated the EEGs of laying hens during whole-house CO.. Their results of individual
bird showed the changes between EEG phases of normal, transitional, suppressed, and

isoelectric. The results reported that out of ten laying hens, nine exhibited a suppression of EEG
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amplitude at each of the phases (Mckeegan et al., 2011). Another trial utilized EEGs to
determine time to unconsciousness and brain death for broilers, layers, turkeys, and ducks. It was
reported that turkeys reached time to brain death faster when water-based foam was used,
compared to layers and ducks in which they reach brain death sooner with CO2 gas (Benson et
al., 2012). While these studies have observed what one method looks like for laying hens, there
are no known studies that have compared EEG signals of laying hens across treatments. There
currently is no research comparing the different ventilation shutdown plus methods for their
effects on laying hen blood physiology and behaviors either.

MATERIALS AND METHODS
All research procedures involving animals in these trials were approved by the North Carolina
State University Institutional Animal Care and Use Committee (IACUC # 21-310). This study
was conducted in the Bird Wing of the Prestage Department of Poultry Science at North Carolina
State University. Throughout the study, all animals were monitored by veterinarians and animal
welfare specialists employed by the university.
Both Phase 1 and Phase 2 experiments described below were conducted in four chambers that
were housed in a windowless, temperature-controlled room. The chambers were made with
Plexiglass® with fittings that allowed for CO, sampling using external meters to collect data and
for the injection of gas or humidity. The temperature and relative humidity for each chamber was
recorded using Aranet sensors (Aranet, Riga, Latvia; Model: SKU: TDSPT8UZ2; Accuracy:
+0.3°C and +2%). These sensors recorded every minute with the base placed around 4 cm (0.04
m) from the top of each chamber and the sensor reaching bird eye level when standing. Three
sides, top, and bottom were covered with 2.5 cm of closed cell insulation board with only the

front panel uncovered so all the hens could be observed. Chamber size was 1.68 ft. (0.51 m.) x
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1.68 ft. (0.51 m.) x 1.68 ft. (0.51 m.) equating to the space volume per hen in a typical caged
layer facility. The room containing the chambers was maintained at 26°C to prevent heat loss to
the environment. In each chamber, a 100-W incandescent light bulb built into the chamber was
the heat source for the heat treatments described in Table 1. This allowed for temperatures to
reach 40°C which was chosen based on the Department of Environment, Food, and Rural Affairs
(DEFRA, 2009). All chambers were equipped with raised 1 in. x 2 in. (0.305 m x 0.610 m)
welded wire floors to mimic cages floors and to allow the hens to maintain posture. A total of
three treatments were analyzed in both Phase 1 and Phase 2 and they included ventilation
shutdown plus heat (VSDH), ventilation shutdown plus heat and relative humidity (VSDHRNh),
and ventilation shutdown plus CO2 (VSDCO). Phase 1 had four replicates per treatment totaling
12 white commercial laying hens that were approximately 69 weeks of age. These hens were
maintained in the Bird Wing at North Carolina State University and were randomly assigned to
the treatments. These hens were housed individually, in conventional cages with no additional
treatments or procedures for at least 1 week prior to trial initiation. Treatment hens were
removed and bled from the brachial vein to obtain a baseline level of blood chemistry and
corticosterone levels prior to treatment. Core body temperatures for each hen were evaluated
using a SuperMeter® (Stamford, CT, USA; Model: HHM290) before and after treatment. All
Phase 1 birds had their brain electrical output in millivolts (mV) measured using an
electroencephalogram (EEG). Individual electrodes were insulated except at the tips and were
attached to the pre-amplifier (AD Instruments, Colorado Springs, CO, USA), which transfers the
EEG signals to a laptop-based recording that was continuously monitored. Prior to electrode
placement, the birds were hobbled which allowed them to stand and walk but prevented them

from scratching their heads and pulling out the electrodes. Hobbling was done using a rubber
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band that was placed on the shanks and above the dewclaws. The electrode tips were 32-gauge
needles attached to the insulated wire and were inserted subcutaneously. There were three
electrode colors: red, black, and green. The red electrode was placed on one side of the hen’s
cranium and the black electrode was place on the other side. The green electrode, also known as
the ground, was inserted between the wattles in the lower mandible near the neck. Each electrode
tip was secured in its place on the head by using surgical adhesive employing the catheter taping
method. These three leads were then taped together and wound under the wing scapular joint,
reducing the probability of the bird getting tangled up and pulling the leads out. Once electrodes
were placed, the bird was placed into a chamber with the appointed treatment.

Start time was determined at the point the chamber was sealed, and the EEG was plugged into
the pre-amplifier. The EEG data was recorded at a standard frequency band of 10-50 Hertz (Hz)
and sampled at 100 Hz/channel. The EEG was recorded until time of death was called by a
veterinarian. Each hen’s behaviors were monitored throughout the treatment and recorded in real
time every two minutes by a trained observer. To keep up with these two-minute checks, timers
were utilized. Behaviors that were observed and their descriptors are described in Table 2 based
on definitions by Hurnik et al. (1995). The CO- concentrations were measured with two 0-100%
CO2 monitors (CO2Meter, Inc., Ormond Beach, FL; Model: CM-0003; Accuracy: £70 ppm=5%
of measured value). These were also recorded on minute intervals as well. Once time of death
(TOD) was called for each hen, they were removed from the treatment chamber, with blood
being collected by severing the hepatic artery and collecting blood sample from the body cavity
within 5 min of TOD. Blood was collected in BD Vacutainer tubes with lithium heparin to
prevent clotting. Around 0.1 mL of heparinized blood was then placed on in i-STAT® diagnostic

system using CG8+ cartridges (Abbott Park, IL, USA; Model: 03P8825) for blood chemistry
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analysis. Birds were then necropsied with the brain being collected and placed into RNAlater®
(ThermoFisher Scientific, Waltham, MA: Catalog #AM7021) solution. This tube was placed in a
refrigerator at 4°C for 24 hours and afterwards moved to a -20° freezer.

Phase 2 of this trial specifically compared the three treatments with respect to physiological
changes (blood chemistry, gene expression) over four timepoints. A total of ten ~69-week-old
hens were used for each treatment with two replications per treatment, totaling 30 hens. The time
of death (TOD) for the birds in Phase 1 was averaged for each treatment. The average time of
death (TOD) was then quartered giving a total of four-time intervals, plus one baseline bird that
never entered the chamber, The calculated times to remove the birds is shown in Table 3. This
allowed for the evaluation of the hens at the physiological progression over time. At each
calculated removal time, the hen was removed from the chamber and her blood was collected for
blood chemistry and corticosterone analyses within 60 sec. The hen was restrained on its side
and bled via the brachial vein. Between 1.5 to 2 mL of the sample blood was collected using a 3
mL syringe and then transferred to a BD Vacutainer tube with lithium heparin. Then a 0.1 mL
sample of the heparinized blood was placed in the i-STAT® diagnostic system using CG8+
cartridges for blood chemistry analysis. The rest of the blood was gently rocked to prevent
clotting. The blood was then centrifuged and the plasma supernatant collected and frozen at -
20°C for future corticosterone analysis. The hen was then euthanized by a trained individual via
cervical dislocation, and the brain tissue was collected and placed in RNAlater® and refrigerated
at 4°C for 24 hours then moved to a -20°C freezer for later gene expression analysis.

Plasma corticosterone levels for Phase 1 and Phase 2 were collected by using an ELISA
corticosterone kit following manufacturer guidelines. Corticosterone concentrations were

determined by a standard curve as nanograms of corticosterone per milliliter of plasma with each
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sample run in duplicates. The kit was validated using known standards for each plate run,
plotting the values, and adding a best fit line. Values were deemed acceptable with an R? value
of > 0.90 (Cayman Chemical Company, Item: 501320, Ann Arbor MI, USA). For brain samples
from Phase 1 and Phase 2, about a 1 cm sample of the brain was taken to isolate RNA. These
sampled were placed in homogenization vials with screw caps and 1 mL of TRI Reagent™
solution was added to each sample. Each sample was then homogenized using a bead-beater for
20 seconds, then allowed to incubate at room temperature for 5 minutes. Then, 200uL of
chloroform was administered to each sample and then vortexed for approximately 10 seconds.
The sample was allowed to sit at room temperature for 2 minutes, and then centrifuged for 20
minutes at 13,000xg. Completion of the RNA isolation was done using a RNeasy kit (QIAGEN,
Hilden Germany) according to the manufacturer guidelines. RNA levels were quantified using
the NanoDrop2000 (Thermo Fisher Scientific-Waltham, MA) to ensure the correct RNA
dilutions were obtained. The ideal RNA concentration was between 100-1000 ng/ul and these
were utilizes due to ease of pipetting in downstream applications. The RNA was then transcribed
into cDNA for qPCR by utilizing a high-capacity cDNA synthesis kit (Applied Biosystems
Waltham, Massachusetts, USA). The gPCR was completed on each sample in triplicate. All
wells contained 2.5 ng of samples, 500 nM of gene specific forward and reverse primers (Table
4), and 2X power SYBR green master mix (Applied Biosystems Waltham, Massachusetts, USA)
and RNase-Free H,O was added to a finalize the volume to 20pL. The qPCR was performed on
the Applied Biosystems StepOnePlus real time PCR system. Results were normalized to the
basic housekeeping gene, Beta Actin expression. The reciprocal was taken for ease of
interpretation. The formula used for this was: 1/(target gene cycle threshold/beta actin cycle

threshold). All data was then converted to the reciprocal cycle thresholds or CT. The AACT
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was then calculated by first averaging each treatment CT™* and VSDH was set to be the control.
The average for VSDH was then subtracted from each CT to obtain the ACT. Because VSDH
was used as the control, the AACT values are the same as the ACT values. Each of these values
were put into the following equation:

2 — AACT

Statistical Analysis

A one-way ANOVA was used to evaluate the treatment differences in Phase 1 and a two-way
ANOVA was used to evaluate if there were any treatment, sequence, or interaction effects
between the two in Phase 2\. Significant differences were accepted with a<0.05 and if there were
any differences observed, a Tukey’s HSD was utilized for pairwise comparisons. The EEG data
were transformed by taking the absolute value of the integral allowing for the mitigation of the
baseline noise, which was relative to the baseline at each 10-second interval which was done
using the following equation:

| F(t)dt|
A hyperbolic arcsin function was used on each value to emphasize the lower millivolt (mV)
readings. This transformed EEG data was then analyzed with GLM with full factorial effects of
COg, heat, and heat and humidity fit to each of several response variables. The transformed EEG
data used the integral area under the curve that was calculated using the Trapezoid method using
an NPARM analysis. Behavior data was summarized as a frequency of behaviors the hens
performed as conscious (voluntary) or unconscious (involuntary) behaviors were overlaid with
summarized EEG brain activity over the same time intervals. The correlation analysis examined

the relationship between the VSDH, VSDHRh, VSDCO3, laying hen EEGs and the behavior
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profiles. Electroencephalogram activity and conscious and unconscious behaviors was analyzed
using Pearson Linear Correlation Analysis in SAS JMP-PRO® 12.2.0 (SAS Institute, 1989).
RESULTS AND DISCUSSION
Table 5 shows the starting and ending chamber temperatures along with relative humidities for
each treatment as well as start and end CO- levels. There were no significant differences between
starting chamber relative humidity or starting CO>. There was a significant difference in the start
chamber temperature with the VSDHRh being significantly higher than the starting chamber
temperature in the VSDCO: due to the heating of the outside room for both VSDH and VSDHRh
and not the VSDCO: treatment. There was a significantly lower end chamber temperature for
VVSDCO2 compared to the other two treatments. This is because this is the only treatment that
does not have heat supplemented. The ending relative humidity percentage was significantly
greater in the VSDHRh compared to the other two treatments due to addition of humidity. The
ending CO> levels were significantly greater in VSDCO2 whereas the other two treatments were
not different from one another. Table 6 depicts that while there were no significant differences in
the pre-core body temperature of hens among the treatments, there was a significantly lower
post-core body temperature in the VSDCO.. This again, is due to there being no additional heat
being supplemented to this treatment and the mode of death was hypoxia rather than
hyperthermia.
The time of death (TOD) in minutes is reported in Table 6 and the VSDCO; treatment having a
significantly shorter time of death at 24.50 minutes than the other two treatments analyzed. This
was expected based on previous studies (Eberle-Krish et al., 2019). Results from the composite
EEG for all treatments are shown in Figure 1. From these results, hens did go unconscious in the

later stages of these methods with sporadic spikes in EEG mV intensity. This agrees with those
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results found by Mckeegan et al. (2012) which observed relatively consistent changes overtime
within the laying hen EEGs. This study also reported that the EEG signal was heavily affected
soon after CO> was injected, which was observed in this current study. Figure 2 depicts the
integral area under the electroencephalographic (EEG) composite graph for VSDH, VSDHRNh,
and VSDCO; to TOD using the trapezoidal method. The area under the graph of these
transformed EEGs were not different among the three treatments. This was unexpected because
the time of death for the VSDCO: treatment was significantly shorter. These results could be
because the brainwave activity was variable and relatively high throughout the initial time for all
the methods. Figure 3 depicts the frequency of voluntary and involuntary behavioral responses
from beginning to time of death. There were no significant differences between the behaviors of
the birds undergoing their respective treatments. There were no significant differences in the
strength of the EEGs compared to all other treatments as shown in Table 7. This indicates that
even though the EEGs shown in Figure 1 had different patterns of mV strength there was no
difference in the percentages of the mV strengths between the methods. This is supported by the
area under the EEG graphs shown in Figure 2, which indicates there are no differences between
the depopulation methods compared in this work. There were significant shifts in conscious and
unconscious behavior observations shown in Figure 3.

At the midpoint of each depopulation method, the shift from conscious to unconscious behaviors
was dramatic and consistent. This appears to correspond with Wang et al. (2016) observations,
where neuron function declines in hyperthermia conditions above normal core body temperature.
Table 8 illustrates that based on the behavior observations as they relate to the EEG wave
strength there is a poor correlation between hen behaviors and the EEG wave strength. VSDH

was significant for both conscious and unconscious behaviors as shown in Table 8. Figure 4
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depicts the slope of the transformed EEG reading for each treatment. There was no significant
difference between them showing that there was no difference in magnitude over the course of
each treatment when compared to one another.

Heat shock protein 70 (HSP70) levels were significantly upregulated in the VSDCO; treatment
compared to the other two treatments (Figure 5). HSP70 ensures correct protein folding and
prevents apoptosis. This gene is heavily upregulated during stress but can be upregulated to
make adjustments biologically (Hassan et al., 2019). The elevated levels in the VSDCO;
treatment could have just been a biological adjustment, or could have been a response to the
reaction to the CO> injection which is an irritant which could have caused bird stress. However,
more research should be conducted on this to pinpoint exactly why this occurred. Table 9 shows
the baseline blood chemistry parameters for each treatment with only significant differences in
sodium, potassium, and ionized calcium. This could be due to the stress of handling and new
environment. No blood chemistry parameters in Phase 1 were significantly different among the
treatments, as shown in Table 10. Table 11 depicts the corticosterone levels of hens subjected to
different treatments before they entered the chamber, and after TOD was called and they were
removed from the chamber. There were no significant differences observed between treatments
for either pre or post treatment, however there was a trend (P=0.07) for laying hen corticosterone
after chamber removal, therefore there could have potentially been differences observed with a
larger sample size.

Phase 2 looked at how these treatments affected the hens over time by removing the hens at
specific time points. Due to the small sample size in this phase, a power of analysis was
conducted with parameters with a power greater than 0.80 being labeled. There were no

significant treatment or interaction effects with the HSP70 levels for Phase 2 as shown in Table
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12. There was however, a significant sequence affect. The 75% to average TOD was
significantly greater than that of the 100% to average TOD. This was thought to be due to the
HSP70 being overwhelmed with the misfolded proteins and apoptosis that resulted in the
reduction of the HSP70 gene at the 100% average time of death. Table 13 depicts the treatment,
sequence, and interaction of each on laying hen corticosterone before and after the trial. There
were no treatment, sequence, or interaction effects on the pre-corticosterone levels. There also
were no sequence or interaction effects on the post corticosterone levels. A significant treatment
affect was observed with VSDH having greater levels at 0.16 ng/mL than all treatment, with
VSDCO: at 0.12 ng/mL being significantly greater than VSDHRh at 0.06 ng/mL. The greater
levels of corticosterone in VSDH align with greater levels that are observed in heat stress when
compared to hens that are not (Li et al., 2020). Table 14 and Table 15 depict the baseline blood
chemistry for Phase 2 laying hens before they were subjected to their respective treatments. The
effects of treatment, sequence, and the interaction as it pertains to blood chemistry parameters
from Phase 2 are shown in Tables 16 and 17.

There is currently no research on how ventilation shutdown plus (hyperthermia) or VSDCO:;
affects blood chemistry. There were no treatment or sequence effects observed for pH, pCO.,
pO, BEecf, HCOs, TCO2, Na, K, iCa, and Hct. Some heat stress studies have reported no
changes in blood pH (Barret et al., 2019). Other studies reported that they did see increases in
blood pH (Koelkebeck et al.,1994). There were however sequence effects for sO, which dropped
significantly at 25% to average TOD, however recovered and did not drop again. This could be
due to potential increased respiration due to a new environment and the noises of the beginning
of the trial. Glucose had a significant sequence effect as well with both 75% and 100% to

average time to death calculated were significantly greater compared to that of the baseline.
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There were no differences between the other two time points. Koelkebeck et al. (1995) also
reported there was no change in plasma glucose when laying hens were subjected to heat stress
and high CO2 exposure. Other studies reported that when raising the environmental temperature
for chicks to 40°C for 2 hours resulted in no significant impact on blood glucose levels (Bogin et
al., 1981). This agrees with our findings of no significant changes in the blood glucose levels
when analyzing treatment effects. The significant increase in Glucose for the final two points in
the sequence could be due the body increasing energy availability during the treatments overall.
There were no significant interaction effects in either Na, Glucose, Hct, sO2, pO2, HCOs, or
TCO.. There was a significant interaction in pH with VSDCO2 becoming significantly lower
with the 100% TOD having a pH of 7.04. This was expected due to the acidic environment
inhalation of COz creates in the blood.

In turn, this resulted in a significantly greater pCO2 level in the blood stream at 88.90, which was
greater than both 75% and 100% to average time of death in VSDHRh and greater than 75%
average time of death in VSDH. The BEecf parameter was significantly lower in the 100%
average time of death for VSDCO compared to the final two sequence points for both VSDH
and VSDHRh. Most likely due to the increased acidic environment caused by the CO,. There
was a significantly greater amount of K in the VSDCO. treatment at 50% and 100% to average
time of death compared to all other treatments. This could possibly be due to the K trying to
balance the body’s acidic environment. There was also an interaction for iCa with VSDHRh
having significantly lower levels at 100% average time of death than all other treatment
sequences except for VSDHRh 75% average time of death. This potentially could be due to

increased panting by the birds leading to water loss through panting.
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This study was conducted to try to get an understanding of what birds are experiencing
throughout different depopulation methods. Due to the nature of this study, the smallest possible
sample size that could get approved was utilized. This was to try to get a better understanding of
the blood physiology, behaviors, and time of death for laying hens undergoing these treatments.
Bird variability could have played a large factor in significance and non-significance. A larger
sample size is necessary to allow for a stronger understanding of what exactly is occurring in the
laying hen. It would also be beneficial to conduct this study analyzing different parameters to
fully understand the stress the laying hens are undergoing.

CONCLUSIONS AND APPLICATIONS

1. VSDCO:; had a significantly shorter time of death than the other two treatments. While
the VSDH and VSDHRh treatments were not significantly different, VSDHRh had a time
reduction of 16%.

2. There were no significant differences associated with the hens” EEGs nor their behaviors.

3. There were significantly greater levels of HSP70 production in VSDCO; compared to the
other two treatments.

4. Overall, this study showed results that while VSDCO2 may have significantly quicker
time of death, in the event that there are limited supplies, both VSDH and VSDHRh may
be available as alternative to depopulate laying hen houses.

5. Future research with these treatments may potentially provide a better understanding of
laying hen stress and could measure respiratory rate, internal body temperature
measurements, thyroid hormones like T3 and T4, and measure adrenocorticotropic

hormone (ACTH) levels.

40



REFERENCES

American Veterinary Medical Association. 2019. AVMA Guidelines for the Depopulation of
Animals: 2019 Edition. Accessed June 2024. https://www.avma.org/resources-
tools/avma-policies/avma-guidelines-depopulation-animals

Barret, N.W., K. Rowland, C.J. Schmidt, S.J. Lamont, M.F. Rothschild, C.M. Ashwell, and M.E.
Persia. 2019. Effects of Acute and Chronic Heat Stress on the Performance, Egg Quality,
Body Temperature, and Blood Gas Parameters of Laying Hens. Poult. Sci. 98:6684-6692.
doi:10.3382/ps/pez541

Benson E.R., R.L. Aplhin, M.K. Rankin, and M.P. Caputo. 2012. Hougentogler, D.P., Johnson,
A.L. Mass Emergency Water-Based Foam Depopulation of Poultry. BioOne Compl.
56:891-896. d0i:10.1637/10160-040912-Reg.1

Bogin, E., Y. Weisman, and Y. Friedman. 1981. The Effect of Heat Stress on the Levels of
Certain Blood Constituents in Chickens. Refuah Vet. 38:98-104.

Department of Environment, Food, and Rural Affairs (DEFRA). 2009. Guidelines for killing
poultry using ventilation shutdown (VSD). Accessed Jan. 2025.

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. J.
App. Poult. Res. 27:555-563. doi:10.3382/japr/pfy036

Greene, J.L. 2015. Congressional Research Service, Update on the Highly-Pathogenic Avian
Influenza Outbreak of 2014-2015. Accessed June 2024.

http://sgp.fas.org/crs/misc/R44114

41



Hassan, F., A. Nawaz, M.S. Rehman, M.A. Ali, S.M.R. Dilshad, and C. Yang. 2019. Prospects
of HSP70 as a genetic marker for thermos-tolerance and immune-modulation in animals
under climate change scenario. Anim. Nutr. 5:340-350. doi:10.1016/j.aninu.2019.06.005.

Hurnik, J.F, A.B. Webster, and P.B. Siegal. 1995. Dictionary of Farm Animal Behavior Second
Edition. lowa State University Press/Ames.

Koelkebeck, K.W., and T.W. Odom. 1994. Laying Hen Responses to Acute Heat Stress and
Carbon Dioxide Supplementation: I. Blood Gas Changes and Plasma Lactate
Accumulation. Comp. Biochem. Physiol. 107A:603-606. doi:10.1016/0300-
9629(94)90358-1

Koelkebeck, K.W., and T.W. Odom. 1995. Laying Hen Responses to Acute Heat Stress and
Carbon Dioxide Supplementation: Il. Changes in Plasma Enzymes, Metabolites, and
Electrolytes. Comp. Biochem. Physiol. 112A:119-122. doi:10.1016/0300-
9629(95)00081-H

Li, G.M., L.P. Liu, B. Yin, Y.Y. Liu, W.W. Dong, S. Gong, J. Zhang, and J.H. Tan. 2020. Heat
stress decreases egg production of laying hens by inducing apoptosis of follicular cells
via activating the FasL/fas and TNF-a systems. Poult. Sci. 99:6084-6093.
doi:10.1016/j.psj.2020.07.024

Mckeegan, D.E.F., N.H.C. Sparks, V. Sandilands, T.G.M. Demmers, P. Boulcott, and C.M.
Wathers. 2011. Physiological responses of laying hens during whole-house killing with
carbon dioxide. British Poult. Sci. 52:645-657. doi:10.1080/00071668.2011.640307

Mendoza, A.V., S. Weimer, and Z. Williams. 2024. Can Steam be Usable as a “Plus” for

Ventilation Shutdown? J. Appl. Poult. Res. 33. doi:10.1016/j.japr.2023.100381

42



United States Department of Agriculture. 2024. Confirmations of Highly Pathogenic Avian
Influenza in Commercial and Backyard Flocks. Accessed June 2024.
https://www.aphis.usda.gov/livestock-poultry-disease/avian/avian-influenza/hpai-
detections/commercial-backyard-flocks

United States Department of Agriculture Animal and Plant Health Inspection Service. 2017.
Foreign animal disease preparedness and response plan: highly pathogenic avian

influenza response plan, The Red Book. Accessed June 2024.

https://www.aphis.usda.gov/animal_health/emergency management/downloads/hpai_res

ponse_plan.pdf

Wang, H., M. Kim, K.P. Normoyle, and D. Llano. 2016. Thermal Regulation of the Brain — An
Anatomical and Physiological Review for Clinical Neuroscientists. Front. Neurosci.
9:528

Zhao, Y., H. Xin, and L. Li. 2019. Modelling and validating the Indoor Environment and
Supplemental Heat Requirement During Ventilation Shutdown (VSD) for Rapid

Depopulation of Hens and Turkeys. Biosyst. Eng. 184, 130-141.

43



Table 1.1. Description of the ventilation shutdown alternative treatments for the trial.

Treatment

Treatment code

Description

Ventilation Shutdown plus
Heat

VSDH

Ventilation is turned off, all
inlets and exhausts are sealed
and heat is added

Ventilation Shutdown plus
Heat and Relative Humidity

VDSHRh

Ventilation is turned off, air
inlets and exhausts are sealed
and both heat is added and
humidity injected into the
chambers with the target of
~99% Rh

Ventilation Shutdown plus
Carbon Dioxide

VSDCO:

Ventilation is turned off, air
inlets and exhausts are sealed
and COgz is injected into the
chamber to reach 30%
concentration
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Table 1.2. Description of the behaviors® analyzed and reported every two minutes as hens

underwent treatment.

Behaviors

Description

Conscious

Headshake

Rapid shaking or lateral movement of the
head

Mandibulation

Repetitive tasting movement with beak

Standing Legs extended, fully upright
Wing Flapping A bout of continuous, rapid wing flapping
Crouch

Legs are folded under the bird with body
positioned on top

Unconscious

Panting

Deeper than normal expiration through an
open mouth generally accompanied by
movements of the tongue and beak

Respiratory Disruption

Deep, open beak breathing with prolonged
inspiration or prolonged open beak gasping,
or both, combined with difficulty inhaling.

Loss of Posture

Loss of balance or posture, or both (lateral
recumbency

1Behaviors based on definitions by Hurnik et al

. (1995)
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Table 1.3. Calculated sampling times in minutes of removal times to determine changes in blood
chemistry and HSP70° overtime.

Sequence? 0 | 25% | 50% | 75% | 100%
Treatment? Minutes

VSDH 0 14 28 42 56
VSDHRh 0 12 24 36 48
VSDCO; 0 6 12 18 24

1Sequence is Baselines=0, 25 is 25% to average TOD, 50 is 50% to average TOD, 75 is 75% to

average TOD, and 100 is average TOD.
2\/SDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and

relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide.
3HSP70 = Heat Shock Protein 70
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Table 1.4. Genes and their genetic sequences (forward and reverse) utilized for gene expression.

Gene Primer Directional Sequence
Sequence
GTCCACCTTCCAGCAGATG
Forward 1
Beta Actin b-Actin ATAAAGCCATGCCAATCTC
Reverse G
Forward GCGGAGCGAGTGGCTGACT
Heat Shock HSP70 G
Protein CGGTTCCCCTGGTCGTTGG
Reverse C
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Table 1.5. Start and end temperature, relative humidity, and CO> levels for each treatment.
Start Start End
1 | Start Chamber | Chamber End Chamber | Chamber | End CO>
Treatment . CO2 .
Temperature Relative Temperature Relative
Humidity Humidity
(°C) (%) (Ppm) (°C) (%) (Ppm)
VSDH 31.59% 44.35 0.19 44.05 61.63 1.79
VSDHRh 32.40° 45.00 0.17 43.632 91.08? 1.28°
VSDCO:» 28.05" 52.88 0.24 29.49° 64.70° 22.73°
Std. Dev. 1.60 1.82 0.05 0.46 3.92 0.52
P-value 0.0249 0.2002 0.504 <.0001 <.0001 <.0001
W/SDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and

relative humidity; VSDCO; = ventilation shutdown plus carbon dioxide.
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Table 1.6. Pre and post-core body temperatures and time of death of hens subjected to each

treatment.
Treatment! | Hen Body Weight Core Body Temperature (°C) Time of Death
(kg) Pre (°C) Post (°C) (Minutes)
VVSDH 1.81 40.20 45.33% 54.50%
VSDHRh 1.88 40.98 45.48° 45.75%
VSDCO; 1.72 39.43 40.98° 24.50°
Std. Dev. 0.09 0.93 1.37
P-value 0.4270 0.0961 0.0003 0.0003

WSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and

relative humidity; VSDCO; = ventilation shutdown plus carbon dioxide.
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Table 1.7. Effect of ventilation shutdown treatment groups on strength of the

electroencephalographic waves (mV).

Treatment! Percent EEG Time within each mV Range?
0-0.01 mVv 0.01-0.03 mV 0.03-0.05 mV >0.05 mV
(%) (%) (%) (%)
VSDH 34.76 16.65 4.96 43.63
VSDHRh 45,72 14.69 5.02 34.57
VSDCO; 49.68 6.09 5.94 38.28
Std. Dev. 17.92 2.90 2.27 17.45
P-value 0.8333 0.0655 0.9426 0.9347

W/SDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO; = ventilation shutdown plus carbon dioxide.
2Percent EEG time within each mV range explain how long birds were unconscious (0-0.01mV)
and when they were experiencing higher neural activity which are greater in >0.05mV and how
they vary between the two levels.
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Table 1.8. Pearson linear correlation coefficient associated with behavior observations as they
relate to the EEG* strength.

Treatment! Conscious? Confidence Interval Behaviors
>0.01 mV Lower 95% Upper 95% P-value N=
VSDH 0.13 2.32 2.35 0.0001 112
VSDHRh 0.00 -0.04 -0.05 0.91 95
VSDCO; 0.05 0.78 0.75 0.11 52
Treatment Unconscious® Confidence Interval Behaviors
<0.01 mV Lower 95% Upper 95% P-value N=
VSDH 0.01 2.32 2.35 0.0002 112
VSDHRh 0.00 -0.04 -0.05 0.93 95
VSDCO:; 0.04 0.78 0.75 0.18 52

W/SDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide.
Conscious behavior were defined as voluntary behaviors.2Unconscious behaviors were defined
as involuntary and were determined when the EEG readings dropped below 0.01 mV.

*EEG= electroencephalogram
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Table 1.9. Comparison of baseline blood chemistry levels in laying hens before undergoing

treatment.
Treatment? VVSDH VSDHRh VSDCO:> Std. Dev. P-value
pH 7.44 7.40 7.43 0.09 0.5151
pCO. 32.70 36.45 32.70 6.21 0.1297
(mmHg)
pO, (MmHg) 59.00 71.60 63.24 22.09 0.3450
BEect 213 2.10 -3.40 3.17 05929
(mmol/L)
HCOs 22.05 22.45 20.93 239 0.3349
(mmol/L)
TCO 23.13 23.50 22.00 2.31 0.3546
(mmol/L)
sO2 (%) 90.63 91.40 92.61 158 0.4892
Na (mmol/L) 137.13° 142.80° 147.90° 1.60 <0.0001
K (mmol/L) 415 4.92° 3.68° 0.40 <0.0001
iCa (mmol/L) 2.44° 1.54° 1.48" 0.13 <0.0001
Glucose 231.00 217.70 221.60 8.60 0.1758
(mg/dL)
Het (% PCV) | 20.88° 23.90° 23.90° 1.66 0.0098
Hb (g/dL) 7.10° 8.12% 8.13° 0.56 0.0097

WSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide.

pCO:> = partial pressure of CO2; pO2 = partial pressure of O2; BEecf = base excess in

extracellular fluid; HCOs = bicarbonate; TCO, = total CO».
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Table 1.10. Changes in laying hen blood chemistry when depopulated using VSDH, VSDHRNh,
or VSDCO:..

Treatment? VVSDH VSDHRh VSDCO:> Std. Dev. P-value
pH 712 7.20 718 031 0.89
pCO: 61.70 45.55 75.25 39.73 0.50
(mmHg)
pO; (MmHQ) 4450 62.75 54.75 11.18 0.48
BEect 111,50 111,50 467 5.67 0.10
(mmol/L)
HCOs 17.95 16.40 21.77 2.24 0.13
(mmol/L)
TCO, 20.00 17.75 23.00 173 0.23
(mmol/L)
sOz (%) 63.25 73.50 84.00 1153 0.33
Na (mmol/L) 142.25 13950 142.75 250 0.47
K (mmol/L) 8.75 9.00 6.88 2.45 0.13
iCa (mmol/L) 156 1.80 157 0.20 0.63
Glucose 262.75 324.00 265.75 54.54 0.21
(mg/dL)
Hct (% PCV) 22.50 22.50 24.25 0.96 0.65
Hb (g/dL) 7.65 7.65 8.25 0.33 0.66

WSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide

pCO:> = partial pressure of CO2; pO2 = partial pressure of O2; BEecf = base excess in
extracellular fluid; HCOs = bicarbonate; TCO- = total CO».



Table 1.11. Changes in laying hen corticosterone by treatment before using VSDH, VSDHRNh, or

VSDCO; and after.
Treatment? VSDH VSDHRh VSDCO; | Std. Dev. P-value
Pre 0.06 0.06 0.05 0.01 0.64
Corticosterone
Post (ng/mi) 0.11 0.10 0.12 0.001 0.07

VSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and

relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide.
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Table 1.12. Treatment, sequence, and their interaction effects on laying hen HSP70 levels.

Treatment? AACT
VSDH 1.00+0.03
VSDHRh 1.00+0.06
VSDCO; 1.04+0.06
P-Value 0.1274
Sequencel”
0% 1.00+0.022
25% 1.00+0.004%
50% 1.01+0.02%
75% 1.07+0.088
100% 0.99+0.99°
P-Value 0.0378
TrtXSequence!
0% 1.00
25% 1.00
VSDH 50% 1.00
75% 1.00
100% 1.00
0% 1.01
25% 1.01
VSDHRh 50% 1.00
75% 1.06
100% 0.93
0% 0.98
25% 1.00
VSDCO2 50% 1.02
75% 1.15
100% 1.06
P-Value 0.1324

1Sequence is Baseline=0, 25 is 25% to average TOD, 50 is 50% to average TOD, 75 is 75% to
average TOD, and 100 is average TOD.

2VSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide.

“Depicts parameters with a power of analysis of >0.80.



Table 1.13. Effects of treatment, sequence, and their interaction on laying hen corticosterone pre
and post treatment.

Corticosterone (ng/ml)
Treatment?®” Pre” Post”
VSDH 0.27+0.05* 0.16+0.022
VSDHRh 0.03+0.01° 0.06+0.02°
VSDCO; 0.10+0.08% 0.12+0.04°
P-Value <0.0001 <0.0001
Sequence?
0% 0.10+0.09 0.10+0.09
25% 0.11+0.10 0.10%0.05
50% 0.17+0.15 0.12+0.04
75% 0.16x0.14 0.12+0.04
100% 0.12+0.12 0.13+0.03
P-Value 0.1546 0.3508
Trt"Sequence!
0% 0.20%0.02 0.20x0.02
25% 0.24+0.01 0.150.003
VSDH 50% 0.31+0.06 0.15+0.003
75% 0.32+0.01 0.14+0.0005
100% 0.28+0.01 0.15+0.004
0% 0.03+0.001 0.03£0.002
25% 0.04+0.02 0.05+0.004
VSDHRh 50% 0.03+0.02 0.0620.005
75% 0.03+0.02 0.06x0.001
100% 0.05+0.008 0.09+£0.03
0% 0.08+0.08 0.08+0.08
25% 0.06+0.02 0.09+0.05
VSDCO; 50% 0.16x0.15 0.14+0.002
5% 0.14+0.08 0.14+0.01
100% 0.04+0.02 0.15+0.003
P-Value 0.5077 0.0618

1Sequence is Baseline=0, 25 is 25% to average TOD, 50 is 50% to average TOD, 75 is 75% to
average TOD, and 100 is average TOD.

2VSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and

relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide.
“Depicts parameters with a power of analysis of >0.80.
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Table 1.14. Baseline blood chemistry values of laying hens before undergoing treatment.

1
Trt? %;g) pH pCO2 (MmHgQ) pO," (mmHg) BEecf (mmol/L) HCO3 (mmol/L) | TCO, (mmol/L)
VSDH 7.34+0.08 48.20+9.38 63.80+9.06 0.10£2.63 25.82+2.18 27.40+2.36
VSDHRh 7.40£0.05 36.30+4.86 64.21+14.33 -2.20+2.82 22.72+2.31 23.80+2.20
VSDCO, 7.39£0.05 42.32%5.46 54.70£20.62 0.90+3.53 25.76£3.16 26.80+3.20
P-Value 0.3836 0.1461 0.4517 0.3743 0.2151 0.1773
Sequence?

0% 7.43+£0.05 37.73+3.98 92.83+41.13 0.67£2.53 25.02+1.93 26.17+2.00
25% 7.33+£0.06 43.68+8.22 88.17+36.63 -3.50+2.94 22.63+2.83 23.83+2.93
50% 7.36+0.04 45.40+8.22 98.00+37.95 -0.33+3.67 25.30+3.75 26.67+4.04
75% 7.38+£0.10 44.27+12.71 78.00+24.17 0.83£2.93 26.00+3.11 27.33x3.41
100% 7.40+0.06 40.28+6.17 74.00+£22.59 0.33£3.20 24.88+2.43 26.00+2.43

P-Value 0.5055 0.7820 0.6357 0.4174 0.5623 0.5512

Trt"Sequence

0 7.37+£0.004 40.20+3.57 62.50+2.12 -2.00+£3.11 23.35+0.21 24.50+0.71
25 7.29+£0.01 51.55+6.15 66.50+2.12 -1.50+3.53 24.95+3075 26.50+3.54
VSDH 50 7.32+£0.09 52.60+9.33 56.00+4.24 1.00+£1.41 27.20+0.14 29.00+0.71
75 7.32£0.11 53.80+16.69 65.50+13.44 1.00+2.69 27.15+1.91 29.00+2.83
100 7.40+£0.14 42.85+11.24 68.50+20.51 2.00+4.24 26.45+1.91 28.00+1.41
0 7.47+£0.09 33.60+7.35 63.21+37.38 1.00+2.12 24.60+0.35 26.00+0.71
25 7.35+£0.04 34.20+2.83 61.33+8.49 -2.00+4.95 19.00£3.89 20.00+4.24
VSDHRh 50 7.37£0.03 34.80+2.26 59.56+33.44 -1.50+2.45 20.20+0.21 21.00+0.46
75 7.43+£0.08 37.30+7.28 67.98+40.31 2.50£2.97 24.70+1.27 26.00+1.41
100 7.40+0.03 41.60+4.10 64.01+16.97 1.50+1.54 25.10+0.57 26.00+0.71
0 7.45+0.03 39.40+3.68 60.00+12.73 3.00£4.95 27.10+4.17 28.00+4.24
25 7.33+£0.07 45.30+7.36 59.00+1.41 2.00£1.41 23.95+0.21 25.00+1.31
VSDCO; 50 7.37£0.02 48.80+8.13 58.32+37.48 3.00£2.83 28.50+3.61 30.00+4.24
75 7.40+0.07 41.70+£2.26 53.50+0.71 1.50+6.36 26.15+5.59 27.00+5.66
100 7.41+£0.01 36.40+0.49 53.00+38.18 -1.00+2.82 23.10+1.84 24.00+1.41
P-Value 0.9975 0.7820 0.1288 0.7682 0.6596 0.5897

1Seq is Baseline=0, 25 is 25% to average TOD, 50 is 50% to average TOD, 75 is 75% to average TOD, and 100 is average TOD. 2VSDH =

ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and relative humidity; VSDCO, = ventilation shutdown plus carbon
dioxide."Depicts parameters with a power of analysis of >0.80. pCO, = partial pressure of CO; pO, = partial pressure of O,; BEecf = base excess
in extracellular fluid; HCOs = bicarbonate; TCO; = total CO..
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Table 1.15. Baseline blood chemistry levels of laying hens before undergoing treatments.

Trt? Na (mmol/L) K" (mmol/L) iCa” (mmol/L) Glucose (mg/dL) Hct (% PCV) sO2" (%)
VSDH 132.90+4.67 4.99+0.97 2.37+0.29 232.00+3.14 20.50+0.93 89.40+3.70°
VSDHRh 143.20£20.57 4.44+0.53 2.50+0.18 248.60+14.56 29.20£10.30 99.20+2.20?
VSDCO; 130.50+14.06 5.03+0.66 2.50+0.21 233.10+11.46 20.00£6.45 85.40+7.86"
P-Value 0.0949 0.5350 0.5931 0.0645 0.0750 0.0035
Seq?

0% 130.00+12.92 4.80+0.40 2.50+0.26 238.33+5.89 18.67+3.02 95.17+5.05
25% 143.33£16.76 4.67+0.31 2.40x0.25 248.00+18.07 28.67+£9.33 92.33+£5.43
50% 137.00£16.08 4.93+0.44 2.50+0.14 251.00+14.29 24.67£8.59 85.00£11.08
5% 136.83+£18.94 5.07+1.63 2.38+0.31 224.33£16.77 25.67+7.11 92.00+2.12
100% 130.50+8.08 4.63+0.27 2.50+0.17 227.83+15.46 18.50+2.35 92.17+5.99

P-Value 0.2580 0.9524 0.9292 0.0611 0.1839 0.1302
Trt"Sequence
0 135.00+2.83 4.70+£0.14 2.50+1.22 243.00+£1.41 19.00£1.41 91.50+0.71
25 137.50+0.71 4.75+0.21 2.19+0.44 238.50+12.02 23.50+3.54 90.00+1.41
VSDH 50 131.00+4.24 4.80+0.28 2.50+0.23 250.00+9.19 19.00+2.82 85.00+4.95
75 130.50+9.19 4.20£2.12 2.14+0.52 207.00+8.49 21.50+3.53 90.00+1.41
100 130.50+3.53 4.50+0.42 2.50+1.12 221.50+£3.55 19.50£2.12 90.50+9.19
0 130.00+19.80 4.80+0.42 2.50+0.33 231.00+1.22 22.00+4.95 100.00+1.41
25 164.00+£35.33 4.30+£0.42 2.50+0.09 274.00+23.33 41.00+£18.38 99.00+1.55
VSDHRh 50 151.00£24.75 5.10+0.42 2.48+0.14 263.00+5.66 37.00£15.56 100.00+2.83
75 134.00+£24.04 3.30£0.25 2.46x0.30 231.00£7.07 29.00+0.33 99.00+4.24
100 137.00£12.73 4.70+0.88 2.50+0.16 244.00+4.95 17.00£1.41 98.00+1.41
0 125.00+6.36 4.90+0.71 2.15+0.38 241.00+0.71 15.00+0.41 94.00+5.66
25 128.50+4.95 4.95+0.35 2.50+0.44 231.50+14.85 21.50+6.36 88.00+2.83
VSDCO; 50 129.00+£16.97 4.90+0.64 2.46x0.23 240.00+12.02 18.00+2.12 70.00£19.09
75 146.00+£16.97 5.70+£0.57 2.50+0.73 235.00+£14.14 26.50+12.02 87.00+1.41
100 124.00+5.66 4.70£0.35 2.50+0.29 218.00£21.92 19.00£2.83 88.00+7.07
P-Value 0.2111 0.6838 0.9680 0.1736 0.5017 0.3398

1Seq is Baseline=0, 25 is 25% to average TOD, 50 is 50% to average TOD, 75 is 75% to average TOD, and 100 is average TOD.

“Depicts parameters with a power of analysis of >0.80. 2VSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO; = ventilation shutdown plus carbon dioxide.® Hb (g/dL) data was not recorded by the i-STAT® diagnostic system for

this parameter.
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Table 1.16. Changes in the blood chemistry of laying hens overtime when depopulated using VSDH (Hyperthemic method), VSDHRh
(Hyperthermic method), or VSDCO,.

Trt? Seq! pH" pCO, (MmHg) pO2”" (MmHg) BEecf” HCO; (mmol/L) TCO2 (mmol/L)
(%) (mmol/L)

VSDH 7.37+0.14 40.20+8.58 62.50£9.20 -2.00+3.72 23.35£2.16 24.50£2.08
VSDHRh 7.41+0.14 38.80+9.23 59.29+13.45 -0.50+3.72 24.35+£2.56 25.50£2.63
VSDCO;, 7.42+0.18 36.80£29.96 61.00£10.71 -0.50+4.20 24.15£3.75 25.00£3.91
P-Value 0.8255 0.9801 0.8635 0.8453 0.9210 0.9340
Sequence?

0% 7.40£0.05 38.60+3.98 65.61+47.13 -1.00+2.53 23.95+£1.93 25.00£2.00
25% 7.41+0.08 40.53+11.10 56.50+5.79 1.67+4.58 25.70£4.18 26.8314.26
50% 7.51+0.12 30.85+10.39 54.67+6.82 0.33+4.68 23.27£4.09 24.33+4.18
75% 7.52+0.28 36.82+30.74 51.83+8.94 1.67+3.82 24.20£3.20 25.33+£3.88
100% 7.48+0.36 42.72+44.25 41.33+11.79 -2.22+6.22 22.46£2.61 23.50£2.12

P-Value 0.0796 0.7903 0.5641 0.5895 0.3696 0.3748

Trt"Sequence

0 7.37+0.004° 40.20+2.45% 62.50£2.12 -2.00+3,2bcde 23.3510.21 24.50£0.71
25 7.50+0.072d 34.45+0.07% 40.00+11.31 4.00+5.65% 27.10£4.38 28.00+£4.24
VSDH 50 7.64+0.032¢ 25.25+2.62® 46.50+6.36 5.00£1.412 25.40£1.70 26.00£1.41
75 7.73+0.082 19.00+2.55° 45.00+4.24 5.50+2.122 25.00£1.13 25.50£0.71
100 7.68+0.05% 21.30+0.85% 48.00+1.41 5.00£2.832 24.95+2.05 25.50£2.12
0 7.41+0.082d 38.80+7.35% 62.50+47.38 -0.50+2,13bcd 24.35+0.35 25.50£0.71
25 7.42+0,0220cd 33.00+3.54® 42.00+1.41 -3.00+4,24¢de 21.45+3.46 22.50£3.54
VSDHRh 50 7.50+0.0920cd 23.75+3.75® 52.00+7.07 -4.50+2.12% 18.50+0.99 19.50+0.71
75 7.67+0.01% 18.40+2.69° 55.00+4.24 1.50+2.123¢d 21.40£2.40 22.00£2.83
100 7.72+0.01?2 17.95+0.35° 53.50+16.26 4.00+0.042 23.35+0.21 24.00£1.02
0 7.42+0.0320cd 36.80+3.68% 61.00+12.73 -0.50+4,92bcd 24.15+4.17 25.00+4.24
25 7.33+0.05% 54.15+6.72% 40.00+5.66 2.50+0.71¢ 28.55+0.07 30.00+0.04
VSDCO; 50 7.38+0.007° 43.55+5,73» 46.50+5.66 0.50+3.54¢2bcd 25.90+3.39 27.50+3.53
75 7.18+0.10% 73.05+27.79%® 45.00+1.41 -2.00+2,8bcde 26.20+4.38 28.50+4.95
100 7.04+0.24¢ 88.90+58.122 48.00+1.41 -0.00+1.34¢ 19.10+4.54 21.00£4.35
P-Value 0.0002 0.0235 0.3450 0.0226 0.1634 0.1953

1Seq is Baseline=0, 25 is 25% to average TOD, 50 is 50% to average TOD, 75 is 75% to average TOD, and 100 is average TOD. 2VSDH = ventilation shutdown
plus heat; VSDHRh = ventilation shutdown plus heat and relative humidity; VSDCO; = ventilation shutdown plus carbon dioxide. *Depicts parameters with a
power of analysis of >0.80. pCO; = partial pressure of CO»; pO, = partial pressure of O,; BEecf = base excess in extracellular fluid; HCO3 = bicarbonate; TCO,

= total CO2
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Table 1.17. Blood chemistry change of laying hens overtime when depopulated using VSDH (Hyperthemic method), VSDHRh
(Hyperthermic method), or VSDCO,.

Trt? Na (mmol/L) K" (mmol/L) iCa” (mmol/L) Glucose (mg/dL) Hct (% PCV) sO2 (%)
VSDH 135.00£5.74 4.70£0.70 2.50+0.24 243.00£19.61 19.00+0.72 91.50+6.78
VSDHRh 116.00+£18.56 4.50£0.37 2.27+£0.37 231.00+41.81 18.50£7.43 99.00+7.90
VSDCO; 120.50+10.50 4.40£1.65 2.23+£0.17 241.50£31.67 15.00£5.16 90.00+8.53
P-Value 0.3788 0.9195 0.3062 0.8694 0.7564 0.2594
Seq*

0% 123.83+£12.92 4.53+0.40 2.33+0.26 238.50+3.02° 17.50+1.02 93.50+5.05?
25% 134.67+£16.84 4.65%0.92 2.45+£0.12 270.67+38.27% 21.00+8.92 77.00+8.27°
50% 129.67+6.31 4,77£0.59 2.33+£0.28 276.33+20.30% 16.50£3.21 89.67+1.702
75% 129.33+18.10 4.48+0.55 2.23+0.43 288.17+28.85? 22.83£5.92 90.50+5.682
100% 128.33+6.09 5.77+1.98 2.20£0.40 291.17+40.99? 16.83+2.23 91.83+£2.972

P-Value 0.7567 0.0581 0.3062 0.0152 0.3341 0.0013
Trt"Sequence
0 135.00+2.82 4.70+0.14° 2.50+£0.542 243.00£11.41 19.00£0.49 91.50+0.71
25 138.50+2.12 5.15+1.63° 2.50+2.102 265.50+£23.33 16.50+2.12 80.00£12.72
VSDH 50 129.00+4.24 4.65+0.78" 2.50+1.332 277.00+£18.38 15.50+0.71 91.00+2.83
75 126.50+7.77 4.70+0.42° 2.50+£1.682 255.50£10.61 18.00x4.24 92.00+4.24
100 131.50+4.95 4.65+0.78" 2.50+2.252 248.00£31.11 17.00£2.83 92.50+0.71
0 116.00+19.79 4.50+0.42° 2.27+0.33%¢ 231.00+£32.41 18.50+4.95 99.00+1.41
25 139.00+33.94 4.65+0.78" 2.35+0.21% 303.50+54.44 26.00£15.56 78.50£2.12
VSDHRh 50 128.00+12.73 4.45+0.07° 2.00+0.192%° 280.00+38.18 19.00+3.53 89.50+6.36
75 117.00+£24.04 4.00+1.02° 1.70+0.28" 303.50£9.19 27.00+4.58 95.00+1.41
100 126.50+£10.61 4.45+0.07° 1.60+0.23¢ 321.00+£38.18 17.50£5.65 94.00+4.24
0 120.50+6.36 4.40+0.71° 2.23+0.38%° 241.50+0.71 15.00+1.21 90.00+5.66
25 126.50+7.77 4.15+0.07° 2.50+1.232 243.00+8.49 20.50%7.78 72.50£10.61
VSDCO; 50 132.00+£1.41 5.20+0.71% 2.50+2.112 272.00£14.14 15.00+2.49 88.50+3.53
75 144.50+14.85 4.75+0.78° 2.50+£1.122 305.50£27.58 23.50+7.78 84.50+4.95
100 127.00+4.24 8.20+£1.132 2.50+2.552 304.50£10.61 16.00£1.41 89.00+3.78
P-Value 0.7712 0.0182 0.0015 0.1633 0.9152 0.9165

1Seq is Baseline = 0, 25 is 25% to average TOD, 50 is 50% to average TOD, 75 is 75% to average TOD, and 100 is average TOD. "Depicts
parameters with a power of analysis of >0.80. 2VSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and relative
humidity; VSDCO; = ventilation shutdown plus carbon dioxide. ®Hb (g/dL) data was not recorded by the i-STAT® diagnostic system for this

parameter.
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Figure 1.1. Composite electroencephalograms (EEGs) of the four birds per each treatment for
VSDH, VSDHRh, and VSDCO; from initiation to time of death (TOD). VSDH = ventilation
shutdown plus heat; VSDHRh = ventilation shutdown plus heat and relative humidity; VSDCO-
= ventilation shutdown plus carbon dioxide.
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Figure 1.2. Integral area under the electroencephalogram (EEG) graph calculated of the
transformed composite EEGs for VSDH, VSDHRh, and VSDCO; through TOD using the
trapezoid method. VSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown
plus heat and relative humidity; VSDCO> = ventilation shutdown plus carbon dioxide.
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Figure 1.3. Frequency of conscious (voluntary) and unconscious (involuntary) behavioral
responses for VSDH, VSDHRNh, and VSDCO: through to time of death. VSDH = ventilation
shutdown plus heat; VSDHRh = ventilation shutdown plus heat and relative humidity; VSDCO;
= ventilation shutdown plus carbon dioxide. Unconscious behaviors were determined when the
electroencephalogram (EEG) readings were below 0.01 millivolts.

63



0.0004

0.00035

0.0003

0.00025

0.0002

0.00015

Millivolts (mV)/10 seconds

0.0001

0.00005

BVSDH ®mVSDHRh ®EVSDCO2

Figure 1.4. Slopes of the transformed electroencephalogram (EEG) readings of laying hens
undergoing different methods of ventilation shutdown. VSDH = ventilation shutdown plus heat;
VVSDHRh = ventilation shutdown plus heat and relative humidity; VSDCO. = ventilation

shutdown plus carbon dioxide.
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Figure 1.5."Heat Shock Protein 70 (HSP70) levels of laying hens exposed to difference methods
of ventilation shutdown. VSDH = ventilation shutdown plus heat; VSDHRh = ventilation
shutdown plus heat and relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide.
A, B — different uppercase letters denote significant differences P<0.05. “Depicts parameters
with a power of analysis of >0.80.
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CHAPTER 3
The Comparative Effects of Ventilation Shutdown with Heat (VSDH), Relative Humidity
(VSDHRNh), or CO2 (VSDCO:z) on Broiler Electroencephalogram (EEG), Blood Chemistry
and Gene Expression
(Under Journal Review)
SUMMARY

Highly Pathogenic Avian Influenza (HPAI) outbreaks have highlighted major needs for multiple
effective depopulation methods across all sectors and housing systems in the commercial poultry
industry. Ventilation shutdown plus heat (VSDH), heat and relative humidity (VSDHRh), and
carbon dioxide (VSDCO>) were analyzed to understand how these methods affect broiler stress
parameters and behavior. Two phases were used with both phases being conducted in sealable
Plexiglass chambers. Phase 1 (P1) analyzed electroencephalogram (EEG) of each broiler in each
treatment along with blood chemistry, corticosterone, and heat shock protein 70 (HSP70) at time
of death (TOD) for each broiler. Phase 2 (P2) looked at the progression of the stress parameters
over time with specific physiological points when birds were removed from their respective
chamber. There was a significant difference (P<0.0001) between time of death (TOD) with
VSDCO: being significantly faster at 21.25 minutes compared to VSDH and VSDHRh at 63.75
and 58.25, respectively, in P1. However, there were no significant differences in the TOD
between VSDH or VSDHRNh. There was also a significant increase in chamber ending CO3, for
VSDCO: compared to VSDH and VSDHRh. However, both VSDH and VSDHRh broilers had
significantly greater (P<0.0001) post core body temperatures indicating hyperthermia being the
mode of action rather than hypoxia being the mode of action in VSDCO>. The HSP70 levels

were significantly greater in VSDH at 1.23 CT compared to both VSDHRh at 0.98 CT* and
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VSDCO:; at 0.90 CT%, which were not significantly different from each other. Blood chemistry
parameters that were significantly higher in VSDCO: treatment broilers when compared to
VSDHRh were total CO2 (TCOy), partial pressure of CO, (pCQOz), partial pressure of oxygen
(pO2), Bicarbonate (HCOs3), and blood oxygen saturation (sO2). When compared to VSDH,
TCO3, pCO,, and sO2 levels were significantly greater in broilers undergoing the VSDCO;
treatment. There was also no significant difference in corticosterone between treatments in P1
with corticosterone levels for VSDH being 0.11 ng/mL, 0.10 ng/mL for VSDHRh, and 0.12
ng/mL for VSDCO>. When analyzing the effects of these treatments on broilers over time in P2,
there were no significant differences in corticosterone, blood chemistry, or HSP70 when
compared within their respective treatments. Based on this research, VSDHRh may be an
effective and useful depopulation method that may be used in the event of an outbreak. This is
due to the equivalency of TOD in comparison to VSDH, with potential reduction in HSP70
levels. More research should be conducted on the effects of VSDHRNh, especially in a non-
environmentally controlled setting.

DESCRIPTION OF PROBLEM
The poultry industry experienced massive losses in 2015 and 2022 due to large Highly
Pathogenic Avian Influenza (HPAI) outbreaks. Overall, since 2022, 96 million birds, including
egg-laying birds, turkeys, and more than 6 million broilers, were lost in these outbreaks (USDA-
APHIS, 2024). While the broiler industry did experience some losses during these outbreaks, it
was not to the magnitude of the others. In 2015, on average less than 0.01% of the United States
broiler flocks were affected (USDA-APHIS, 2016). During the 2022 outbreak, over 5 million
broilers were lost due to HPAI (USDA-APHIS, 2022). Potentially the reason broilers were not

greatly affected by HPAI in either major outbreak when compared to others is due to regionality
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(USDA-ERS, 2022). However, the broiler industry was heavily affected by the 2020 COVID-19
outbreak. This outbreak resulted in mass shutdown of sit-down and fast-food restaurants, along
with labor shortages nationwide. This led to a drop in demand for chicken products, leading to
the need for rapid depopulation (Sharma et al., 2020). Other processing plants were forced to
shut down due to labor shortages caused by COVID-19 need for disinfection for worker safety
(Marchant-Forde and Boyle, 2020). This resulted in depopulation of roughly two million broilers
(Kevany, 2020). The American Veterinary Medical Association (AVMA) defines depopulation
as “the rapid destruction of a large number of animals in response to urgent circumstances”
(AVMA, 2019). Currently, the AVMA has approved different methods for depopulation such as
water-based foam, CO; carts, and other alternative methods like ventilation shutdown plus
(VSD+) (AVMA, 2019). During large outbreaks of diseases, supplies like CO2 become limited,
resulting in a need for use of alternative methods. Any use of VSD+ must be approved by the
Veterinary Medical Officers in charge of the outbreak. While ventilation shutdown plus heat
(VSDH) and ventilation shutdown plus CO2 (VSDCOy) are approved, there is still a need for
quicker, less-stressful methods. A previous research study analyzed the addition of steam as a
ventilation shutdown plus method in laying hens. The results showed the addition of steam with
heat resulted in significantly faster first hen mortality and complete mortality compared to
ventilation shutdown plus heat by itself (Mendoza et al., 2024). Potentially, adding relative
humidity, there may be a reduction in time to death. Therefore, the objective of this study was to
evaluate the effects of adding relative humidity to ventilation shutdown (VSDHRh). Parameters
evaluated included hen time of death, electroencephalograms (EEGSs), blood chemistry,

corticosterone, and gene expression.
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MATERIALS AND METHODS
All animal research procedures used in these trials were approved by the North Carolina State
University Institutional Animal Care and Use Committee (IACUC #21-310). This study was
conducted in the Scott Hall bird wing at the Prestage Department of Poultry Science.
Veterinarians and animal welfare specialists employed by the university monitored the birds
throughout the process.
This study consisted of two phases, Phase 1 (P1) and Phase 2 (P2), with both occurring in a total
of four, 4.75 ft3 chambers made with Plexiglass. The Plexiglass was 0.25 in thick for each side,
with three sides having 1-inch thick, closed cell foil backed insulation foam boards to prevent
chamber heat loss. The front side was not covered which allowed for observations. The chambers
were built to allow for attachments to collect data, such as carbon dioxide (CO2) for measuring
and injection of the gas, and attachments for relative humidity and temperature sensors. Each
chamber was vented through a rigid barbed hose fitting (Grainger, Lake Forest, IL, USA; Model:
707020-0404) located on the top, back-right corner of each chamber. The venting allowed air to
exit the box during the VSDCO- treatment as CO. was injected. Each chamber was equipped
with a 100-watt incandescent light bulb. This provided a heat source for treatments with heat, or
additional heat, as described in Table 1, but the light was not turned on for VSDCO: as to not
provide additional heat. The chambers were located in a temperature-controlled, windowless
room that was kept around 26°C+5 (78°F) to prevent heat loss to the environment. The door to
the room was closed for the VSDH and VSDHRNh treatments, but for human safety, the door was
left open for VSDCO.. P1 and P2 had three treatments that were evaluated which were
Ventilation Shutdown plus Heat (VSDH), Ventilation Shutdown plus Heat and Relative

Humidity (VSDHRh), and Ventilation Shutdown plus Carbon dioxide (VSDCOy). For P1, the
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CO2 was injected into the chambers at 1% CO> per minute to try and achieve ~30% CO: to
correlate what would be seen in an industry setting.

Twelve, 42-day old mixed sex broilers were used for P1, allowing four replicates per treatment.
Broilers used in P1 and P2 were raised at the Poultry Teaching Unit in the Prestage Department
of Poultry Science and birds were randomly selected for each treatment. These birds were fed a
standard broiler diet and were raised in floor pens. Treatment broilers were transported to the
bird wing in Prestage Department of Poultry Science 1 day before the study began and were
provided broiler finisher feed and water ad libitum. Treatment broilers were removed and blood
was collected from the brachial vein and placed in 3 mL BD Vacutainer tubes with lithium
heparin to prevent clotting. This allowed for a baseline analysis of corticosterone levels and
blood chemistry prior to treatment. For blood chemistry, roughly 0.1 mL of heparinized blood
was placed on the i-STAT® diagnostic system using the CG8+ cartridges (Abbott Park, IL,
USA; Model: 03P8825) to be analyzed. The remaining blood in the tube was placed on a gentle
rocker to be centrifuged later. After centrifugation, the plasma was poured off and frozen at 20°C
for corticosterone analysis. Pre- and post-core body temperatures were collected before and after
treatments for P1 and P2 using a SuperMeter® cloacal temperature probe (Stamford, CT, USA,;
Model: HHM290). Throughout P1, an electroencephalogram (EEG) was used to measure each
bird’s brain electrical output in millivolts (mV). Before the EEG electrode placement, each bird
was hobbled which allowed them to stand and move but prevented them from scratching their
head resulting in the potential removal of the electrodes. The hobble, a rubber band, was put on
the shanks and above the dewclaws. All electrodes were insulated, except for the tips that were
32-gauge needles. There was a total of three electrode colors: green, black, and red. The green

electrode was the ground and was placed in between the waddles on the lower mandible. The red
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and black wires were placed on either side of the cranium, above the ear lobe and behind the
comb. Once inserted, each electrode was secured using surgical adhesive and by means of the
catheter taping method. Thereafter, these three leads were taped together and wrapped under the
joint of the wing that provided an additional method to reduce the likelihood of the bird pulling
out the inserted probes. Once the probes were secured, the birds were placed in their respective
chambers, which were then sealed. The terminal end of the EEG electrodes were plugged into a
pre-amplifier (AD Instruments, Colorado Springs, CO, USA), transferring the EEG readings to a
laptop that was continuously monitored. All EEG data was recorded at 10-50 Hertz (Hz) and
sampled at 100 Hz/channel and was recorded until time of death (TOD) was called by the
veterinarian. Time of death for all birds in P1 and P2 was determined by cessation of movement
as described in Table 2. Broiler behavior in P1 was observed and recorded in real time by a
trained person and recorded at 2-minute intervals, with behaviors described in Table 2 being
evaluated based on observations by Krish (2018). The unconscious behaviors were determined
after the broiler EEG readings dropped below 0.01 mV. Temperature and relative humidity of
each chamber and each phase was recorded every minute with sensors (Aranet, Riga, Latvia,;
Model: SKU: TDSPT8U2; Accuracy: £0.3°C and +2%) that were placed roughly 4 cm from the
top of the inside of each chamber. Carbon dioxide was measured using two 0-100% CO>
monitors (CO2Meter, Inc., Ormond Beach, FL; Model: CM-0003; Accuracy: +70 ppm * 5%) and
recorded every minute. Each chamber was equipped with a rigid barbed hose fitting (Grainger,
Lake Forest, IL, USA; Model: 707020-0404) for a Yz-in inside diameter (ID) wide tube to be
snugly fit over the fitting. The other end of the tube was attached to the CO. monitor. For
VSDHRNh, a fogger (AUAAQ, Seattle, WA, USA; Model: KLS-208) was utilized that was turned

on once start time was initiated and turned off when the Aranet sensors read 99% relative
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humidity. The average flow rate of the fogger was 0.27 L/min. A 1-in diameter hole on the left
side of each chamber allowed for the plastic tubing to be securely attached to the chamber with
the other end being attached to the fogger. This hole was plugged for VSDH and VSDCO:
treatments. To inject CO, each chamber was equipped with an attached ¥4-in 250 pounds per
square inch (PSI) air hose on the bottom right side. These hoses have a ¥-in body and hose
fitting size with a PARKER Quick Connect Hose Coupling push-to-connect female attachment
(Grainger, Lake Forest, IL, USA; Model: B33) at the end. An 11-gallon portable air tank (Torin
Big Red Jacks, Ontario, CA, USA; Model: T88011), with a 125-PSI max, and equipped with a
regulator, was charged with CO> from a tank to allow for easier control of flow and temper the
CO. temperature. The portable air tank was also equipped with a ¥-in 250 pounds per square
inch (PSI) hose with a ¥-in body and hose fitting size, PARKER Quick Connect Hose Coupling
push-to-connect male attachment (Grainger, Lake Forest, IL, USA; Model: B32) allowing for
attachment to the chamber. Each tank was equipped with an on/off ball valve with a lever
attached to regulate the CO; flow into the chamber. The CO2 was tempered to room temperature
for P1 and P2. For P1, the CO2 was injected into the chambers at 1% CO> per minute and was
verified by the CO, meter readings with a goal to achieve ~30% CO: to correlate what would be
seen in an industry setting. Once TOD for a bird was called, the bird was removed, body
temperature was measured, and blood was collected from the body cavity immediately. The
blood was removed using a syringe and this method was used due to the immediate blood
clotting issues observed, especially in VSDH and VSDHRh. The blood was then placed in a
labeled BD Vacutainer tubes with lithium heparin and blood gas was evaluated again for post
levels utilizing the same procedures as above for the i-STAT® diagnostic system using CG8+

cartridges and future corticosterone analysis. Birds were also necropsied to remove the brain
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which was placed in RNAlater® solution in a 25 mL conical tube. This tube was then placed in a
refrigerator (4°C) for 24 hours and then moved to a freezer (-20°C) for later RNA extraction and
analysis.

In P2 of this experiment, we aimed to determine the physiological aspects of the three treatments
over time by examining the corticosterone, gene expression, and blood chemistry. Ten 42-day-
old mixed sex broilers were used for each treatment allowing for two replications for each time
point. To determine removal times in order to understand the changes over time, the four TOD
from each treatment in P1 were averaged. The average was then quartered giving four removal
times, with a total of five including the baseline. The calculated time points for this experiment
are listed in Table 3. The flow rate of CO> for VSDCO; treatment was calculated similarly to the
removal times with the final CO, for VSDCO. treatment only being summed up and quartered to
determine the flow rate over time for this treatment. The flow rate of CO> for the VSDCO>
treatment was 4% CO: every five minutes. At time of removal, all birds were bled via the
brachial vein and methods described above were followed for i-STAT® diagnostic system using
CG8+ cartridges and corticosterone analysis. Broilers were then euthanized by a trained
individual via cervical dislocation and necropsied with the brain tissue being collected and
placed in RNAlater® solution following procedures described above.

An ELISA corticosterone kit (Cayman Chemical Company, Item: 501320, Ann Arbor MI, USA)
was used to analyze corticosterone concentration levels in P1 and P2 following manufacturer
guidelines. The concentration levels were evaluated using a standard curve of nanograms of
corticosterone per milliliter of plasma. A 1-cm portion of brain tissues from P1 and P2 was cut
and removed to isolate RNA. These pieces were placed into individually labeled screw cap

homogenization vials and then 1 mL of TRI Reagent™ Solution. Each sample was homogenized
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using a bead-beater for 20 seconds and then incubated at room temperature for five minutes.
Thereafter, 200 uL of chloroform was added to each sample and vortexed for a few seconds then
left at room temperature for two minutes. These samples were then centrifuged at 13,000xg for
20 minutes. Afterwards, the RNA isolation was completed using an RNeasy kit (QIAGEN,
Hilden Germany) following the manufacturer guidelines. A NanoDrop2000 (Thermo Fisher
Scientific-Waltham, MA) was used to quantify the RNA levels and ensure the correct RNA
dilution. The RNA was taken and transcribed into cDNA for quantitative polymerase chain
reaction (QPCR) using a high-capacity synthesis kit (Applied Biosystems Waltham,
Massachusetts, USA). All gPCR was completed on each sample in triplicate. In each of the wells
there was 2.5 ng of samples, 500 nM of gene specific forward and reverse primers (Table 4), and
2X power SYBR green master mix (Applied Biosystems Waltham, Massachusetts, USA) and
H>0 was added to a finalize the volume to 20 uL. The Applied Biosystems StepOnePlus real-
time PCR system was used to perform gPCR. The results were then normalized to Beta Actin
expression, a basic housekeeping gene. For ease of interpretation, the reciprocal was then taken
using the formula: 1/(target gene cycle threshold/beta actin cycle threshold). All data presented
as reciprocal cycle thresholds of CT.

Statistical Analysis
To determine the differences among treatments in both P1 and P2, a one-way ANOVA was used
with 0<0.05 and if there were any differences observed, a Tukey’s HSD was utilized to make
comparisons. The EEG data was transformed by taking the absolute value of the integral of all

EEG readings to mitigate variability, using the following equation:

|J F(©)dt|

The hyperbolic arcsin function was used on each value to emphasize the lower mV readings. The

transformed EEG data was analyzed with a GLM with full factorial effects. These factorial
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effects are VSDH, VSDHRh, and VSDCO: fit to each response variable. The transformed EEG
analysis used the integral under the curve, calculated with the Trapezoid method, and analyzed
using an NPARM analysis. The behaviors that broilers performed in P1 were summarized in
terms of frequency and were labeled as conscious (voluntary) or unconscious (involuntary).
Then, the summarized EEG brain activity over the same time intervals was overlaid with the
observed behavioral frequencies, and a correlation analysis examining the relationship between
VSDH, VSDHRHh, and VSDCO; was run. EEG activity, as well as conscious and unconscious
behaviors, were analyzed using Pearson Linear Correlation Analysis in SAS JMP-PRO® 12.2.0
(SAS Institute, 1989).

RESULTS AND DISCUSSION
Phase 1
There were no significant differences in broiler body weight between treatments as shown in
Table 5. Table 5 also shows there was a significant difference in start chamber temperature
(P<0.0001) with the VSDCO:- treatment having lower temperatures. This difference could be due
to the fact that, although the room was kept at 26°C + 5 (78°F), both the VSDH and VSDHRh
treatments had the door shut to reduce airflow, whereas the VSDCO: treatment had the door
open for human safety concerns. The ending chamber temperature was still significantly lower
(P=0.0029) in the VSDCO: at 27.84°C due to the other two treatments using supplemental heat
but not in the VSDCO: treatment. It could also be caused by the cooling effects from the
injection of CO; for the VSDCO: treatment. The starting chamber relative humidity percentages
for VSDH (35.05% Rh) and VSDHRh (33.08% Rh) were significantly lower than that of
VSDCO: at 43.43% (P=0.0017), however the ending chamber relative humidity percentage for

VSDCO: at 65.25% was significantly lower (P=0.0005) than the other treatments with VSDH at
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85.55% Rh and 82.70% Rh. This could be attributed to the added relative humidity in the
VSDHRNh treatment along with the respiratory moisture from the birds in the chamber. The
significant difference in starting relative humidity is likely due to the higher room temperature,
which reduced the relative humidity. Additionally, the longer time to TOD for both VSDH and
VSDHRNh allowed for moisture accumulation over time. The starting CO> levels were not
significantly different for any treatment, but the ending levels were significantly greater
(P<0.0001) with 16.85% CO for the VSDCO, treatment due to the addition of CO> into that
treatment only. The ending CO- for VSDH was 2.40% and was 1.89% for VSDHRh. Table 6
depicts the time of death (TOD) in minutes, as well as the pre and post core body temperature for
each treatment. There were no significant differences in the pre-core body temperatures of the
broilers, however the post-core body temperatures were significantly lower (P<0.0001) in the
VVSDCO: treatment at 41.80°C compared VSDH at 45.55°C and VSDHRNh at 45.75°C. This was
due to the lack of additional heat in this treatment compared to VSDH and VSDHRh. There was
no significant difference (P>0.05) in TOD between VSDH and VSDHRh, however VSDCO;
TOD was significantly lower (P<0.0001) than the other treatments which was to be expected due
to previous research findings (Eberle-Krish et al., 2018).

Results from the composite electroencephalographic (EEG) for the three treatments are shown in
Figure 1. From these results, the broilers did not become unconscious in the later stages of any of
the methods. Figure 2 depicts the integral area under the electroencephalographic (EEG)
composite graph for VSDH, VSDHRh, and VSDCO: to time of death using the trapezoid
method. The area under the graph of these transformed EEGs was not different amongst the three
treatments. This was unexpected because the time of death for the VSDCO: treatment was

significantly shorter, although the mV strength was more pronounced. These results could be
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because the brainwave activity was relatively high throughout the process for all the methods.
Figure 3 depicts the frequency of voluntary and involuntary behavioral responses from beginning
to time of death.

There were no significant differences between the behaviors of the birds undergoing their
respective treatments and the strength of the EEGs as shown in Table 7. This indicates that, even
though the EEGs in Figure 1 show different patterns of mV strength, the integral area under the
graphs in Figure 2 supports no significant differences in percentages within the mV strengths
between the methods. The behaviors observed in all three methods were consistent with
behaviors described by Webster and Fletcher (2001). There were shifts in conscious and
unconscious behavior observations shown in Figure 3. This shift from conscious to unconscious
behavior midway through the depopulation method was consistent except with the VSDCO;
method where there was a combination of conscious and unconscious behaviors in the latter half
of the method. The shift in behaviors throughout the course of both the VSDH and VSDHRh
appears to correspond with Wang et al. (2016), where neuron function declines in hyperthermic
conditions when core body temperatures exceed normal range. This was not the case with
VSDCO2 where EEGs and conscious behavior persisted for the duration until TOD. Table 8
illustrates that EEG wave strength and hen behaviors are poorly correlated.

Broiler blood chemistry from P1 is shown in Table 9. There were significant increases in total
CO2 (TCOy), partial pressure of CO2 (pCO>), partial pressure of oxygen (pO.), bicarbonate
(HCO3), and blood oxygen saturation (sO2) in VSDCO, compared to VSDHRh. The TCO.,
pCO., and sO: levels in the birds in the VSDCO; treatment were also higher than those birds in
the VSDH treatment. These higher levels are likely due to the addition of CO> in the VSDCO:

treatment, which increased CO: levels in the blood and elevated oxygen and bicarbonate levels
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to mitigate the major changes occurring because of the CO: levels (Stepanek et al., 2020). There
was also a significant increase in sodium (Na) in the VSDHRh at 150 mmol/L treatment
compared to VSDH and VSDCO: that both have Na levels of 139.5 mmol/L. This could be due
to dehydration from increased water loss associated with respiration, which leads to reduced
blood volume and increased sodium levels. This can also be a result of the impairment of kidney
function reducing the ability to excrete sodium resulting in an accumulation in the blood due to
the body’s inability to dissipate the heat effectively (Berglund, 1998; Finco, 1997).

There were also significant increases in the ionized calcium (iCa) at 1.81 mmol/L and base
excess in the extracellular fluid (BEecf) at -5.75 mmol/L in the VSDCO; treatment compared to
the others (Table 9). This could be due to the birds passing from respiratory acidosis, with
calcium acting as a buffering system. The BEecf levels are high as well due to increased buffers,
such as iCa and HCOz, which help reduce blood acidity. There were no significant differences in
the corticosterone levels between treatments for P1 broilers as shown in Table 10. These results
agree with those reported by Kang and Shim (2021) when analyzing broilers under acute stress.
Other reports of heat stress in broiler chickens also found no significant differences in
corticosterone in broilers exposed to heat stress at 32°C+1 for ten hours and then returned to the
control temperature of 24°C£1 (Sun et al., 2015). Table 10 also depicts the heat shock protein 70
(HSP70) levels in broilers undergoing each treatment. The HSP70 levels were significantly
higher (P=0.0014) in VSDH at 1.23 CT! compared to VSDHRh at 0.98 CT* and VSDCO:; at
0.90 CT! which could be due to the heat alone leading to more upregulation of HSP70 compared
to the VSDHRh in which potentially the relative humidity could have affected the upregulation

of the gene. It also could be due to the VSDH having a longer TOD. Although the difference was
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not significant, the extra duration may have contributed to greater upregulation of the HSP70
gene.
Phase 2
There were no significant differences in blood chemistry among treatments, as shown in Tables
11, 12, and 13. When analyzing corticosterone over time at the time removals described in Table
3, there were no significant differences. These times were only compared within treatments, not
across treatments and are shown in Table 14. No significant differences were observed in the
HSP70 levels in the broilers over time for either treatment, which are also depicted in Table 14.
However, there was a trend (P=0.06) in the VSDH treatment toward significance, so potentially,
with a larger sample size for each time point there might have been a significant treatment effect.
There was an increase in HSP70 levels at the end even though it was not significant.
CONCLUSIONS AND APPLICATIONS

1. There were no significant differences between conscious and unconscious behaviors at
the lower or upper EEG ranges. However, around the midway point of each treatment
there was a noticeable shift toward unconscious behaviors.

2. Inthe VSDCO; treatment, the influence of a high CO2 environment appeared to influence
the pH, pCO2, and pO2 more than in the VSDH or VSDHRh treatments.

3. The results from P2 appear to indicate similarity among these methods as effective
broiler flock depopulation methods with respect to their effects on each parameter
measured over time.

4. Based on the results above, VSDHRh may be a viable alternative method for broiler

depopulation considering how similar it is to VSDH. However, it did have reduced
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HSP70 levels compared to VSDH, but more research needs to be conducted to fully

understand how this treatment works in a non-environmentally controlled setting.
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Table 2.1. Definition and description of the treatments in the study

Treatment

Description

Ventilation Shutdown plus Heat (VSDH)

Ventilation is shut off and all inlets and
exhausts are sealed and heat is supplemented

Ventilation Shutdown plus Heat and Relative
Humidity (VSDHRh)

Ventilation is shut off and all inlets and
exhausts are sealed and heat and humidity is
supplemented with a target of ~99%

Ventilation Shutdown plus Carbon dioxide
(VSDCOy)

Ventilation is shut off, all inlets and exhausts
are sealed and Carbon dioxide (CO>) is
supplemented to ~30%
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Table 2.2. Description of observed behaviors and analyzed reported every two-minutes in P1.

Behaviors Description
Conscious
Headshake Rapid shaking or lateral movement of the

head

Mandibulation/Panting

Repetitive tasting movement with bill and
Deeper than normal expiration through open
mouth.

Standing Partially flexed hip, knee, and jock joints.
Wing Flapping A bout of continuous, rapid wing flapping
Crouch Leg joints are flexed maximally
Jump Spring from the floor with propulsive force

derived from the leg.

Unconscious (<0.01 mV EEG)

Respiratory Disruption/Gaping

Deep, open bill with prolonged open bill
gaping, or both, combined with apparent
inhalation attempts.

Loss of Posture

Loss of balance or posture, or both (lateral
recumbency)

Cessation of Movement

Exclusion of any bird movement due to loss
of posture, respiration, mouth gaping, specific
colonic and tonic convulsions, stiffening, and
feather trembling. This was the determination

of bird death.

1Behaviors adapted from Krish, 2018.
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Table 2.3. Calculated removal time in minutes for Phase 2 for each treatment. Sequence is
Baseline = 0, 25 is 25% to TOD, 50 is 50% to TOD, 75 is 75% to TOD, and 100% is TOD.

0 | 25 | 50 | 75 | 100
Treatment! Minutes
VSDH - 16 32 48 64
VSDHRh - 15 30 45 60
VSDCO; - 5 10 15 20

VSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide.



Table 2.4. Genes and their genetic sequences (forward and reverse) utilized for gene expression.

Gene Primer Directional Sequence
Sequence
GTCCACCTTCCAGCAGATG
Forward 1
Beta Actin b-Actin ATAAAGCCATGCCAATCTC
Reverse G
Heat Shock Forward GCGGAGCGAGTGGCTGACT
Protein HSPT70 G
Reverse CGGTTCCCCTGGTCGTTGGC

87




Table 2.5. Broiler bodyweight and start and end temperature, relative humidity, and CO: levels
during P1 for each treatment.

. Start End
Broiler Start Chamber | Start End Chamber End
1 | Body Chamber . Chamber .
Treatment . Relative CO; Relative CO,
Weight | Temperatur idi 0 Temperature idi )
(kg) e (°C) Humidity | (%) (°C) Humidity (%)
(%) (%)

VSDH 2.39 29.582 35.05° 0.31 38.812 85.55? 2.40°
VSDHRh 2.41 30.00? 33.08° 0.34 41.782 82.702 1.89°
VSDCO, 2.36 26.39° 43.43? 0.28 27.84P 65.25P 16.852

SEM 0.15 0.12 1.47 0.09 2.12 2.43 1.08

P-value 0.9734 <0.0001 0.0017 | 0.8745 0.0029 0.0005 | <0.0001

W/SDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and

relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide.
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Table 2.6. Broiler time of death and pre and post core body temperatures for each treatment.

Treatment? Core Body Temperature (°C) TOD (minutes)
Pre Post
VSDH 38.93 45,552 63.75°
VSDHRh 38.52 45,752 58.252
VSDCO; 39.70 41.80° 21.25
SEM 1.15 0.39 3.71
P-value 0.7671 <0.0001 <0.0001

VSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide.
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Table 2.7. Strength of EEG waves for each treatment group.

Percent EEG time within each mV range
Treatment? 0-0.01 mV (%) 0'01'2)'/?)3 mv 0'03'2,2)5 MV 5005 mv (%)
VSDH 73.28 16.14 4.18 6.41
VSDHRh 84.11 7.08 3.18 5.64
VSDCO; 84.11 8.27 2.03 5.59
SEM 12.69 6.00 2.28 4.68
P-value 0.7894 0.5340 0.8056 0.9905

WSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO; = ventilation shutdown plus carbon dioxide.
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Table 2.8. Pearson Linear Correlation Coefficients associated with Behavior Observations as
they relate to the EEG* waves.

Treatment! Conscious? Confidence Interval Behaviors
>0.01 mV Lower 95% | Upper 95% P-Value N=
VSDH 0.005 -0.162 0.172 0.9505 138
VSDHRhO -0.138 -0.308 0.040 0.1268 123
VSDCO; 0.006 -0.282 0.293 0.9680 47
Treatment Unconscious® Confidence Interval Behaviors
<0.01 mV Lower 95% | Upper 95% P-Value N=
VSDH 0.038 -0.130 0.204 0.6578 138
VSDHRh 0.117 -0.012 0.288 0.1982 123
VSDCO, -0.006 -0.293 0.282 0.9676 47

W/SDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO, = ventilation shutdown plus carbon dioxide. 2Conscious behavior
were defined as voluntary behaviors.2Unconscious behaviors were defined as involuntary and

were determined when the EEG readings dropped below 0.01 mV.

*EEG= electroencephalogram
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Table 2.9. Comparison of blood chemistry of broiler chickens depopulated using VSDH
(Hyperthermic method), VSDHRh and VSDCO; from P1.

Treatment! VSDH VSDHRh VSDCO: SEM P-value
pH 6.94 7.08 7.05 0.03 0.1716

pCO, (MmHg) 66.85° 59.08° 92.43? 6.35 0.04

pO2 (MmHg) 47.00P 42.50° 70.502 5.67 0.02
BEecf!(mmol/L) -18.00° -14.75° -5.752 1.79 0.0015
HCO3 (mmol/L) 14.28° 15.38P 24.932 1.54 <0.0001
TCO2? (mmol/L) 16.25P 16.75P 28.00° 1.71 <0.0001
sO23 (%) 55.25° 58.25% 79.002 4.38 0.0343
Na (mmol/L) 139.50° 150.00? 139.50° 2.18 0.0469
K (mmol/L) 9.00 9.00 8.80 0.07 0.4053
iCa* (mmol/L) 1.24P 1.22° 1.812 0.08 <0.0001
Glucose (mg/dL) 338.50 300.00 275.75 22.87 0.5741
Hct® (% PCV) 20.25 20.75 17.00 0.96 0.2354
Hb® (g/dL) 6.88 7.05 5.80 0.35 0.3642

WSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO, = ventilation shutdown plus carbon dioxide. 2BEecf= base excess in
the extracellular fluid.3TCO,=total Carbon dioxide.*sO,=blood oxygen saturation.’iCa=ionized
calcium.®Hct=hematocrit."Hb=Hemoglobin
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Table 2.10. Effects of VSDH, VSDHRNh, and VSDCO- on broiler chicken corticosterone and

heat shock protein 70 (HSP70) levels.

Treatment? VSDH VSDHRh VSDCO3 SEM P-value
Corticosterone 0.11 0.10 0.12 0.002 0.07
(ng/mL)
HSP70 (CT™) 1.232 0.98° 0.90° 0.06 0.0014

WSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide
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Table 2.11. P2 blood chemistry of broiler chickens depopulated using VSDH (Hyperthermic
method) using the TOD from P1 to evaluate changes.

Treatment VSDH! SEM P-value
Sequence? 0 25 50 75 100
pH 7.42 755 7.46 755 7.46 0.04 0.23
pCO2 4135 | 3495 | 3790 | 3455 | 38.40 4.85 0.85
(mmHg)
pO2 66.50 53.00 59.50 63.50 46.00 13.04 0.80
(mmHg)
3
BEect 2.00 7.50 3.50 3.00 0.50 2.44 0.43
(mmol/L)
HCOs 26.80 | 30.10 27.10 24.20 26.60 2.35 0.58
(mmol/L)
4
TCO: 28.00 | 31.00 28.00 27.50 26.00 2.54 0.73
(mmol/L)
sO5(%) | 91.00 90.50 93.50 84.50 82.50 6.07 0.68
Na 14050 | 14000 | 14250 | 153.00 | 141.00 5.94 055
(mmol/L)
K 4.95 4.80 515 4.80 6.05 0.84 0.81
(mmol/L)
H 6
ICd 1.96 222 216 152 1.45 0.36 0.49
(mmol/L)
Glucose | 1000 | 22150 | 224.00 | 22800 | 228.00 1157 0.96
(mg/dL)
Hct” (%
PCV) 23.00 25.50 25.00 25.50 24.00 2.95 0.96
Hbe (g/dL) |  7.85 8.65 8.50 8.20 7.80 1.00 0.96

W/SDH = ventilation shutdown plus heat. 2Sequence is Baseline = 0, 25 is 25% to TOD, 50 is
50% to TOD, 75 is 75% to TOD, and 100 is TOD. ®BEecf= base excess in the extracellular

fluid.*TCO=total Carbon dioxide.>sO,=blood oxygen saturation.®iCa=ionized

calcium.”Hct=hematocrit.®Hb=Hemoglobin
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Table 2.12. P2 blood chemistry of broiler chickens depopulated using VSDHRh (Hyperthermic
method) using the TOD from P1 to evaluate changes.

Treatment VSDHRh! SEM P-value
Sequence? 0 25 50 75 100
pH 7.41 754 755 758 7.47 0.05 0.24
pCO: 45.25 34.45 31.90 29.70 32.90 4.09 0.20
(mmHg)
pO: 54.50 37.50 51.50 48.50 42.50 8.82 0.68
(mmHg)
3
BEect 4.00 750 5.50 6.00 0.00 2.66 0.43
(mmol/L)
HCOs 28.70 29.65 27.75 27.65 23.60 216 0.43
(mmol/L)
2
TCO; 30.00 30.50 29.00 28.50 24.50 2.40 0.49
(mmol/L)
sO5 (%) | 82.00 78.50 90.50 90.00 81.50 5.32 0.47
Na 14850 | 151.00 | 15550 | 14750 | 149.00 3.09 0.46
(mmol/L)
K 5.80 5.35 5.70 5.55 5.75 0.48 0.95
(mmol/L)
iCab
1.43 1.42 1.50 152 1.36 0.19 0.97
(mmol/L)
Glucose | 0500 | 22150 | 23750 | 251.00 | 234.00 8.34 0.30
(mg/dL)
Hct” (%
PCV) 22.00 21.00 21.00 19.50 23.00 1.43 0.56
Hb?® 750 7.15 7.15 6.65 7.85 0.49 0.55
(dL) . . . . . . .

WSDHRh = ventilation shutdown plus heat and relative humidity. 2Sequence is Baseline = 0, 25
is 25% to TOD, 50 is 50% to TOD, 75 is 75% to TOD, and 100 is TOD. *BEecf= base excess in
the extracellular fluid.*TCO,=total Carbon dioxide.’sO,=blood oxygen saturation.®iCa=ionized

calcium.”Hct=hematocrit.®Hb=Hemoglobin
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Table 2.13. P2 blood chemistry of broiler chickens depopulated using VSDHCO: (Hyperthermic

method) using the TOD from P1 to evaluate changes.

Treatment VSDCO,! SEM P-value
Sequence? 0 25 50 75 100
pH 7.38 7.28 7.28 7.23 727 0.05 0.39
pCO: 47.90 61.80 54.70 66.30 61.70 8.47 0.61
(mmHg)
pO2 42.50 57.50 54.00 58.00 54.00 7.87 0.66
(mmHg)
3
BEect 3.50 2.00 11,00 0.00 1.50 3.05 0.85
(mmol/L)
HCOs 28.55 28.75 25.65 27.45 28.55 273 0.91
(mmol/L)
2
TCO: 30.00 31.00 27.50 29.50 30.50 2.89 0.92
(mmol/L)
sOS5 (%) | 7650 84.0 81.00 83.00 81.50 453 0.80
Na 15450 | 14550 | 14600 | 15350 | 143.00 431 0.35
(mmol/L)
K 6.00 6.60 6.60 5.80 6.15 0.32 0.39
(mmol/L)
H 6
ICa 1.51 1.39 1.52 1.66 1.81 0.18 0.56
(mmol/L)
Glucose | 51900 | 24650 | 239.00 | 24350 | 259.00 19.21 0.69
(mg/dL)
Hct” (%
PCV) 22.50 22.50 24.50 22.50 24.00 3.03 0.98
Hbe (g/dL) | 7.65 8.15 8.35 7.65 8.20 1.07 0.98

vSDCO:; = ventilation shutdown plus carbon dioxide. 2Sequence is Baseline = 0, 25 is 25% to

TOD, 50 is 50% to TOD, 75 is 75% to TOD, and 100 is TOD. 2BEecf= base excess in the

extracellular fluid.3TCO=total Carbon dioxide.*sO.=blood oxygen saturation.’iCa=ionized
calcium.®Hct=hematocrit."Hb=Hemoglobin
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Table 2.14. P2, Corticosterone and HSP70 levels of broiler chickens depopulated using VSDH,
VSDHRNh, or VSDCO:> using the average TOD from P1 to evaluate changes

Treatment Sequence 0 25 50 75 100 SEM | P-value
Corticosterone | 13 | 518 | 019 | 027 | 019 | 006 | 082
VSDH (ng/mL)
HSP70 (CTY) |0.84| 089 | 086 | 099 | 116 | 006 | 006
Corticosterone | o1\ 514 | 020 | 022 | 020 | 005 | 020
VSDHRh (ng/mL)
HSP70 (CTY) |088| 095 | 086 | 1.07 | 1.06 | 006 | 0.12
Corticosterone | 17| 950 | 024 | 023 | 020 | 006 | 057
VSDCO, (ng/mL)
HSP70 (CTY) |1.10| 067 | 087 | 079 | 088 | 013 | 032

1Sequence is Baseline = 0, 25 is 25% to TOD, 50 is 50% to TOD, 75 is 75% to TOD, and 100 is

TOD.

97




VSDH

VSDHRh

7 0 |- a}

VSDCO,

— o — o —

Time (Hr:Min:Sec)
Figure 2.1. Composite electroencephalogram (EEG) graphs of broilers close to time of death
(TOD) in chambers during P1 for the three treatments. VSDH = ventilation shutdown plus heat;
VVSDHRh = ventilation shutdown plus heat and relative humidity; VSDCO. = ventilation
shutdown plus carbon dioxide.
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Figure 2.2. Integrated area under the EEG graph calculated from the transformed composite
EEGs for VSDH, VSDHRNh, and VSDCO: through TOD using the trapezoidal method. VSDH =
ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and relative
humidity; VSDCO: = ventilation shutdown plus carbon dioxide.
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Figure 2.3. Frequency of voluntary and involuntary behavioral responses of broilers undergoing

VSDH, VSDHRh, and VSDCO: through to time of death in correlation with EEG signals. VSDH
= ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and relative
humidity; VSDCO: = ventilation shutdown plus carbon dioxide.
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CHAPTER 4
The Effects of Different Ventilation Shutdown Plus (VSD+) Methods on Turkey Stress
Levels
SUMMARY
The poultry industry has battled with outbreaks of Highly Pathogenic Avian Influenza for many
years, with large outbreaks occurring in 2015 and 2022. These outbreaks have led to a depletion
of supplies necessary to depopulate poultry houses that have tested positive for this disease. This
has led to the increased need for alternative depopulation methods to achieve the 24-48 hour
depopulation goal to decrease the spread of the disease as best as possible. This study analyzed
three different treatments, ventilation shutdown plus heat (VSDH), ventilation shutdown plus
heat and relative humidity (VSDHRNh), and ventilation shutdown plus carbon dioxide (VSDCOy).
This study was conducted in two environmentally controlled chambers with two different phases,
Phase 1 and Phase 2. Phase 1 used 12 turkey hens and analyzed different stressors including heat
shock protein 70 levels (HSP70), corticosterone, blood chemistry, behavior, and each hen’s
electroencephalographic (EEG) and the differences between treatments. Phase 2 analyzed
corticosterone, blood chemistry, and HSP70 levels overtime. There was no significant
differences between VSDH and VSDHRh time of death (TOD) however the VSDCO> was
significantly faster (P=0.015). There were no significant differences between the HSP70
expression or the corticosterone levels. No differences were observed between the treatments
between the conscious and unconscious behaviors of the turkey for any of the mV ranges. There
was an observed relationship that was associated with unconscious behaviors in the VSDH
treatment birds. Neither the VSDHRh nor VSDCO: treatments had this relationship. During

Phase 2, there were no significant differences observed overtime in corticosterone levels
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however there was a significant interaction between VSDHRh and sequence 100 (time of death)
when compared to VSDH. There were significant differences in the partial pressure of CO-
(pCOy) in the VSDCO; treatment compared to VSDH. The pCO- levels on average an increase
in 11.55 mmHg compared to VSDH. Overall, VSDHRh could potentially be used as an
alternative method to choose in the event of an outbreak and a depletion of other supplies,
however more research should be conducted to fully understand the effects of this treatment on
turkey hens.

DESCRIPTION OF PROBLEM

Highly Pathogenic Avian Influenza (HPAI) has plagued the poultry industry for years, with the
first major outbreak in turkeys occurring in 2015, and most recently 2022 carrying through to
today. Close to 7.4 million turkeys were lost in the 2015 outbreak (USDA-APHIS, 2016). From
the 2022 outbreak to now, there has been a loss of almost 14.7 million turkeys (USDA-APHIS,
2024). This disease is carried by migratory birds, particularly dabbling ducks, that spread the
disease through the Pacific, Central, and Mississippi flyways (USDA-APHIS, 2015). This caused
a rapid spread of HPAI across these pathways even with the response measures that were being
taken to prevent the spread. There was an overwhelming need to depopulate flocks in a timely
manner to reduce the spread of HPAI and protect other poultry. However, utilizing CO; carts for
laying hens and firefighting foam for turkeys for timely depopulation, both of which are AVMA

approved methods, proved to be difficult.

This led to stakeholders from Federal, State, and Industry to create a HPAI stamping-out policy
in which the goal was defined as: under the presumptive positive classification, poultry must be
depopulated within 24-48 hours (USDA-APHIS, 2022). In May of 2015, the American

Veterinary Medical Association (AVMA) released a statement detailing how other methods,

102



including ventilation shutdown, need to be applied due to the rapid expansion of HPAI
(Gingerich, 2015). The Department for Environment, Food and Rural Affairs (DEFRA) in the
United Kingdom took their stance in 2009 recognizing the usage of ventilation shutdown and
describing how it would be used in the time of emergency (DEFRA, 2009). Ultimately, in 2019
the AVMA created and released guidelines for mass depopulation to assist in the decision-

making on the optimal depopulation method depending on the circumstances (AVMA, 2019).

While the USDA makes the final decision on which method will be administered, the guidelines
define methods which are preferred, and those that are permitted in constrained circumstances
(USDA-APHIS, 2017). Regarding turkeys that are floor-reared and confined, some of the
preferred methods include water-based foam generators, water-based foam nozzles, whole house
gassing, and captive bolt gun. Those that are permitted in constrained circumstances include
gunshot, VSD+, controlled demolition, exsanguination, and decapitation (AVMA, 2019). There
is very limited research on ventilation shutdown as it relates to turkeys and their physiological
response. Zhao, Xin, and Li (2019) reported that along with supplemental heat, elevated relative
humidity levels could accelerate the process potentially reducing turkey stress and the disease

spread.

When focusing on layers that are housing in a conventional caged system, ventilation shutdown
plus the addition of CO: resulted in a complete time of death in ninety minutes with one hundred
percent mortality. When supplemental heat was the treatment in the same study, it took one
hundred and twenty minutes to achieve one hundred percent mortality and ventilation shutdown
alone could not reach full mortality after two hundred and twenty-five minutes (Eberle-Krish et
al., 2018). Another study conducted with layers in an aviary setting reported that steam alone or

paired with heat could be an effective addition with ventilation shutdown (Mendoza et al., 2024).
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Therefore, this study focused on how the addition of heat (VSDH), heat and relative humidity
(VSDHRh), and ventilation shutdown plus CO. (VSDCO:) would affect turkey hens in an
environmentally controlled setting. The objectives of this study were to evaluate how ventilation
shutdown plus relative humidity effects turkey hen blood chemistry, corticosterone, behavior,
electroencephalographic (EEG), and how these change overtime. The hypothesis of this study
was that by adding relative humidity, there would be a quicker time of death compared to that of
just heat alone.

MATERIALS AND METHODS
This trial was carried out in the Prestage Department of Poultry Science in the bird wing. This
research and all procedures were approved by the North Carolina State University Institutional
Animal Care and Use Committee (IACUC #21-310). University veterinarians and animal welfare
specialists were on site to monitor the turkeys throughout the process.
There were two phases in this trial: Phase 1 and Phase 2. Both phases were run in two separate
chambers. These chambers had an inside volume of 16 ft® each and were made of white-painted
plywood that was 3/8 inches thick. The door was made of a ¥ inch thick Plexiglass®. These
chambers had ports to collect specific parameters like chamber temperature, relative humidity
levels, and carbon dioxide (CO2). The chambers were equipped with a recirculating convection
heating system coupled to a 3-inch 120-volt fan (McMaster 1976K37, McMaster-Carr, ElImherst,
IL) installed at the top. The fans blew heat through a 400-W resistive heater (McMaster
20055K112, McMaster-Carr, EImherst, IN) and as hot air traveled toward the chamber base, it
was pulled out by the fan via an exterior insulated duct. Temperature levels inside the chambers
were controlled with a digital thermostat (Dwyer TSW-250, Dwyer Instruments, Inc., Michigan

City, IN) mounted on the outside of the chambers with the temperature sensor installed in the
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chamber at mid-height. These chambers were housed in a windowless room that allow for
temperature control. The room temperature was maintained around 26°C to reduce heat loss to
the environment. A total of three treatments were evaluated in both phases which were
Ventilation Shutdown plus Heat (VSDH), Ventilation Shutdown plus Heat and Relative
Humidity (VSDHRh), and Ventilation Shutdown plus Carbon Dioxide (VSDCO.) which are
described in Table 1.

For Phase 1, twelve eighteen-week-old white turkey hens were randomly assigned to a treatment
with four turkeys per treatment. The turkeys were fed a standard diet, raised in floor pens, and
had no treatments beforehand. Turkeys were reared at the Talley Turkey Education Unit and
were transported to the bird wing in the Prestage Department of Poultry Science a few hours
before Phase 1 of the trial began. Blood was collected from each turkey via the brachial vein
prior to being placed in a chamber. The blood was then placed in a BD Vacutainer tube with
Lithium Heparin to help prevent clotting, allowing for baseline analysis of corticosterone and
blood chemistry for each treatment hen prior to treatment. The blood tubes were then placed on a
gentle rocker, then within 5 minutes of collection approximately 0.1 mL of the heparinized blood
was removed and analyzed using an i-STAT® diagnostic system (CG8) with the blood tube then
being closed and returned back to the rocker to be centrifuged in the future. Each turkey had its
core body temperature taken before (Pre) and after (Post) treatment using a SuperMeter®
(Stamford, CT, USA; Model: HHM290).

Each turkey from Phase 1 had an electroencephalographic (EEG) electrode attached to measure
each turkey’s brain electrical output reported in millivolts (mV). Prior to electrode placement,
each bird was hobbled permitting them to move and stand normally, however it inhibited them

from scratching their heads leading to the electrodes being prematurely removed. The hobble
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was created using rubber bands and was placed above the dewclaws on the shanks. There were
three electrodes, a green, black, and red color that were completely insulated except for the tip,
which each consisted of thirty-two-gauge needles. The green was the ground and was placed
underneath the lower mandible and in between the waddles. Both the red and black electrodes
were inserted subcutaneously on either side of the cranium, directly above the earlobe in the A.
temporalis region. After the electrodes were placed, to help ensure they were secure, the catheter
taping method was implemented using surgical adhesive. Then, the electrode wires were taped
together and wound around the turkey’s scapular joint to minimize the chances of the turkeys
tangling the wires and dislodging the electrode insertions.

Once secured, the turkeys were placed one per chamber and the chamber was shut and sealed.
The other electrode ends were then plugged into a preamplifier (AD Instruments, Colorado
Springs, CO, USA), resulting in the EEG readings appearing on the laptop that was closely
monitored throughout the process. All readings were recorded between the ranges of 10-50 Hertz
(Hz) and were sampled at 100 Hz per channel and kept recording until time of death (TOD) was
announced by a veterinarian. Behavior was assessed during real time by a trained individual with
behaviors recorded every two minutes. Behaviors that were recorded and observed are described
in Table 2. All temperature and relative humidity readings were recorded every minute using
Aranet sensors (Aranet, Riga, Latvia; Model: SKU: TDSPT8UZ2; Accuracy: 0.3 °C and £2%)
that were placed roughly 4cm above each bird’s head. Carbon dioxide levels were measured each
minute as well using 0-100% CO2 monitors (CO.Meter, Inc., Ormond Beach, FL; Model: CM-
0003; Accuracy: £70 ppm * 5%).

When TOD was determined, the turkey was removed from the chamber with the core body

temperature measured, and blood was collected via the body cavity and transferred into an empty
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BD Vacutainer tube with lithium heparin with the blood being evaluated using the same protocol
as above and rocked for future use. Turkeys were necropsied with their brains removed and
placed into a 25 mL conical tube containing RNAlater®. They were then placed into a 4°C
refrigerator for 24 hours and was then transferred to a -20°C freezer for future analysis. After the
trial ended, the rocked blood was centrifuged with the supernatant being poured off into a labeled
bullet tube and placed into a -20°C freezer.

The main objective for Phase 2 of this trial was to determine how the three treatments compared
in turkey hens over physiological time points progressing to TOD. To evaluate this, there were
specified removal times that were calculated using each treatment’s average TOD from the four
turkeys. The average was quartered into four removal timepoints with the baseline turkey, which
never entered a chamber representing the fifth bird. The calculated times for each treatment are
listed in Table 3. A total of 30, 20-week-old turkeys were used for Phase 2 with a total of 10 per
treatment. Each timepoint was replicated twice. Core body temperature and blood was collected
before each turkey entered the chamber with evaluations occurring exactly as in Phase 1. After
removal, the turkeys were bled via the brachial vein and core body temperature reported. All
procedures were conducted for blood chemistry and corticosterone as stated in Phase 1. Turkeys
were then humanely euthanized by a trained individual using a Koechner Euthanizing Device
(KED). The turkeys were necropsied with brains removed and placed into RNAlater® following
methods stated above.

Corticosterone levels for both Phases 1 and 2 were analyzed using an ELISA corticosterone kit
(Cayman Chemical Company, Item: 501320, Ann Arbor MI, USA) following the manufacturer’s
instructions. These levels were assessed utilizing a standard curve of nanogram of corticosterone

per milliliter of plasma. The RNA from the brain tissue from Phase 1 and Phase 2 was isolated,
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and to do this a 1cm portion from each was cut. Then the pieces were placed into labeled screw
cap homogenization vials with ImL of TRI Reagent™ solution. Each vial was then placed on a
bead-beater for 20 seconds to allow for homogenization and then incubated at room temperature
for five minutes. Afterwards, 200uL of chloroform was added to each vial and then vortexed,
then remained at room temperature for two minutes. Samples were centrifuged for 20 minutes at
13,000xg. RNA isolation was finalized using an RNeasy kit (QIAGEN, Hilden Germany)
following manufacturer instructions. To quantify RNA levels and ensure accurate RNA
dilutions, a NanoDrop2000 (Thermo Fisher Scientific-Waltham, MA) was utilized. After
validation, the RNA was transcribed into cDNA for gPCR using a high-capacity synthesis Kit
(Applied Biosystems Waltham, Massachusetts, USA). Each sample was run in triplicate for
gPCR. Each of the wells contained 2.5 nanograms of sample, 500 nM of gene specific forward
and reverse primers which are depicted in Table 4, and 2X power SYBR green master mix
(Applied Biosystems Waltham, Massachusetts, USA) with water added for a final volume of
20uL. The Applied Biosystems StepOnePlus real-time PCR system was used to perform gPCR.
All results were normalized to Beta Actin expression which is a basic housekeeping gene. The
reciprocal was taken using the formula: 1/(target gene cycle threshold/beta actin cycle threshold
allowing for ease of interpretation with all data presented in the reciprocal cycle thresholds of
CTL

Statistical Analysis
Differences between treatments for both phases were analyzed using a one-way ANOVA with
0<0.05 with Tukey’s HSD used to determine differences if there was significance. To transform
the EEG data by taking the absolute value of the integral. This was done using the equation that

follows:
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Each value utilized the hyperbolic arcsin to emphasize lower mV readings with the transformed
EEG data being analyzed with full factorial effects. The effects were VSDH, VSDHRh, and
VSDCO: fit to each response variable. The analysis of the transformed EEG integral under the
curve was determine by the Trapezoid method using NPARM analysis. Recorded behaviors from
Phase 1 were categorized as conscious (voluntary) or unconscious (involuntary) and their
frequencies were summarized. The EEG results were then overlaid with behavior frequencies
during the same time intervals and a correlation analysis was conducted to determine the
relationship between the three treatments. A Pearson Linear Correlation Analysis in SAS JMP-
PRO® 12.2.0 (SAS Institute, 1989) was used to evaluate the EEG activity along with the
conscious and unconscious behaviors.
For the analysis of blood chemistry parameters, the data was analyzed using the R software 4.3.3
R Core Team, 2024). Data was read into R using the “read xI” package (Wickham and Bryan,
2023) and processed using the “tidyverse” (Wickham, et al., 2019) package. Bayesian
Regression Models were developed using the ‘brms’ (Paul-Christian Biirkner, 2017) Package,
with four Markov chains run for 20,000 iterations with a 15,000 iteration warm-up period. The
target sampling acceptance rate was set at 0.80. Convergence was assessed by inspecting visual
traceplots, Rhat values, and effective sample sizes. All estimated sample sizes including the bulk
and tail were greater than 10,000. Comparisons among treatments were made using VSDH as the
reference level (i.e., model Intercept). All R? values were calculated following methods
explained by Gelman et al. (2018a; 2018b). Because of the nature of VSD+ research, limitations
on the number of birds, and limited previous data. For Phase 1, the regression equations (Eq. 1)

included truncated flat priors (weakly informative) were used to limit the Hamiltonian Monte
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Carlo sampling to only physiologically plausible regions for each blood parameter. The
regression equations for Phase 2 (Eq 2.) included the estimates obtained for Phase 1 as priors for
the analysis.
Eqg. 1:
yi ~ N(u;, 02), where p; = Bo+ Bit; + Byl °
Where:
y; is the post treatment blood concentration for i*" observation
t; is the treatment indicator (with VSDH as the reference)
yP"¢ is the baseline measurement and,
Bo, B1, B, are the regression coefficients.
Eq. 2:
yi ~ N(u;, 02), where ;= Bo+ Biti + Basi + Ba(ti - si) + B¢
Where:
y; is the post treatment blood concentration for it" observation
t; is the treatment indicator (with VSDH as the reference)
s; is the sequence indicator (with sequence 25% as the reference)
y["¢ is the baseline measurement and,
Bo, B1, B2, B3, B4 are the regression coefficients.
RESULTS AND DISCUSSION
Table 5 shows the starting temperatures, relative humidities, carbon dioxide levels in the turkey
chambers as well as turkey hen weight in Phase 1. There were no significant differences in the
turkey weights, starting chamber temperature, or starting CO. levels among the treatments. There

was significantly higher (P<0.0001) relative humidity in the VSDCO. treatment whereas the
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VSDH and VSDHRh were not significantly different from one another. The ending relative
humidity percentage was greater (P=0.0015) in the VSDHRh treatment compared to the other
treatments analyzed, which was expected due to the addition of humidity into these chambers.
There was also a significant difference in ending chamber temperature with VSDCO> having a
lower (P=0.0143) temperature compared to the other two treatments. This is most likely due to
the lack of additional heating in the VSDCO; treatment chambers.

A significant (P=0.0027) ending CO- was reported at 31.79% for VSDCO3, which was greater
than both VSDH at 1.23% and VSDHRh at 0.68%. Much like the ending relative humidity
levels, the ending CO; levels were expected to be higher in the VSDCO; treatment because it
received CO>. The VSDCO: treatment TOD for the turkeys was significantly lower (P=0.015) at
28.75 minutes compared to VSDH at 79.75 minutes and VSDHRh at 85.67 minutes as depicted
in Table 6. Prior to placement in the chamber, the turkey hen’s body temperatures were
significantly greater (P=0.0024) in the VSDCO: treatment than the other two. However, after
removal from the chambers, these VSDCO; treatment birds had significantly lower (P<0.0001)
core body temperature than VSDH and VSDHRh, which is most likely due to the
supplementation of heat that was added to the latter two treatments.

The strength of the EEG waves in specific ranges and the percentage of EEG time within each
range is depicted in Table 7. There was no significant difference between treatments for either O-
0.1 mV or >0.05 mV. However, there was a greater percentage of time within the 0.01-0.03 mV
range (P=0.0018) for VSDCO; compared to the other two treatments. This treatment also had a
significantly greater (P=0.0381) percentage of EEG time within the 0.03-0.05 mV range than
VVSDH. Figure 1 depicts the EEG graphs for all treatments. VSDH had an elevated EEG level to

begin with, then there was a period of minimal activity around the midpoint and then before
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TOD, there was another increase in EEG activity. To begin, the VSDHRh treatment turkey’s
EEGs began with minimal activity then throughout the midpoint and before TOD, the EEG was
elevated. VSDCO: treatment varied between unconscious (<0.01 mV) and conscious (>0.01)
ranges indicating a mix of consciousness and unconsciousness throughout the treatment process.
There were no significant differences between treatments when evaluating the area under the
EEG graphs which is shown in Figure 2. Figure 3 portrays the frequency of unconscious and
conscious behaviors throughout each treatment during Phase 1. There was not a definitive shift
between conscious and unconscious behaviors in the turkeys for any treatment analyzed. When
categorizing behaviors, there was not a correlation with conscious behaviors and EEGs above
0.01 mV (Table 8). However, the EEGs for VSDH unconscious behaviors were significantly
related to the EEG mV (P=0.0419). This could be associated with the percentage of time that the
turkey hen EEGs were at 0.01 or lower, whereas neither VSDHRh nor VSDCO; were at as high
of a percentage in the unconscious range.

Baseline regression models using VSDH as the reference level (i.e., Intercept) were run to
establish no differences in Phase 1 blood chemistry parameters for turkey hens receiving VSD+
treatments. The use of these models was done based on limited previous data and limited number
of birds based on the nature of the research. This allows a more principled approach using the
Bayesian model allowing for more understanding of the effects of different VSD+ treatments and
being able to incorporate them into future work (Gelman et al., 2018a, Hulting and Harville,
1991). As expected, there were no differences in the VSDHRh and VSDCO; from the VSDH
group. The regression models using VSDH as the reference level were run for each blood
chemistry parameter to compare the impact of VSDHRh and VSDCO; with VSDH, which are

summarized in Table 9. No differences from VSDH were observed for blood chemistry
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parameters, with the exceptions of ionized calcium (iCa) and blood pH for VSDCO; treatment.
Mean point estimates were determined for each blood chemistry parameter for each treatment,
summarized in Table 10. When compared to VSDH, the iCa for VSDCO; was significantly
higher, with an estimated average increase of 0.37 mmol/L (Table 9). This could be due to heat
stress reducing the presence of iCa because it binds to proteins when the pH of the blood is
increased (Franco-Jimenez et al., 2007; Koelkebeck and Odon, 1994). Studies have reported
significant drops in iCa levels during chronic heat stress (Odom, Harrison, and Bottje, 1986;
Barrett et al., 2019). Similarly, comparing VSDCO> to VSDH for pH, a significant reduction in
blood pH level was observed (Table 9), with point estimates provided in Table 10. This was due
to the increased inhalation of COz in this treatment, creating a more acidic environment in the
blood (Gerritzen et al., 2006).

Just as the blood chemistry, the baseline corticosterone levels from Phase 1 were analyzed to
determine that there were no differences before treatment. Another regression model was
conducted to analyze the corticosterone levels for each treatment using VSDH as the reference.
There was no significant difference amongst treatments when compared to VSDH as shown in
Table 11. The mean point estimates of corticosterone were collected and reported in Table 12.
There was also no significant difference between VSDHRh and VSDCO; when compared to
VSDH for HSP70 levels (Table 13).

For Phase 2, a baseline regression model was also utilized using heat as the reference level to
determine that there were no significant differences between treatment and sequence for blood
chemistry parameters. There were no significant differences observed in either VSDHRh or
VSDCO: in comparison to VSDH. Regression models analyzing the Phase 2 treatment,

sequence, and the treatment and sequence interaction were conducted to determine the impact of
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these treatments when compared to VSDH overtime. There was no significant difference
between treatment, sequence, and their interaction in sodium, potassium, iCa, glucose,
hematocrit, hemoglobin, blood pH, or the partial pressure of oxygen (pO.). Though there was not
a significant difference in the blood pH in Phase 2 as there was in Phase 1, it did steadily reduce
in VSDCO:, treatment as shown in Figure 4. There was no significant difference in the partial
pressure of CO2 (pCO>) from VSDH in either the sequence or the treatment, sequence
interaction, however there was a significant difference amongst treatments. When compared to
VSDH, the pCO> in VSDCO: was significantly higher with an average increase of 11.55 mmHg
(Figure 5). This was due to the injection of CO- into only the VSDCO: treatment.
The treatment, sequence, and interaction were analyzed for Phase 2 corticosterone. There were
no significant differences in either treatment, sequence, or their interaction. These results were
similar to those in Phase 1 which also showed no significant differences between treatments.
When comparing the regression model for Phase 2 in which treatment, sequence, and their
interaction was considered for turkey hen HSP70 there was no significant difference amongst
treatment, sequence, or interaction, except for the interaction of the average time of death, or
sequence 100% (Figure 6). This interaction indicated an average increase of 0.10 of HSP70
expression compared to VSDH. This could be due to the increased relative humidity in VSDHRh
causing the turkey hens to have more trouble dissipating the heat due to higher humidity
reducing ability to lose latent heat through panting (Crawford and Schmidt-Nielsen, 1967; Arad
etal., 1985; Yahav et al., 1995; Yahav, et al., 1998).
CONCLUSIONS AND APPLICATIONS
1. The TOD was not significantly different between VSDH and VSDHRh but VSDCO; was

significantly shorter.
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. There were no differences between treatments related to conscious and unconscious

behaviors of the hens with respect to the percentage of time in the conscious mV range
(>0.05 mV) or any of the other mV ranges. However, there was a relationship associated
with unconscious behaviors in the VSDH treatment birds. This relationship was not
shown in either of the other treatments of VSDHRh or VSDCO.

. There were no significant differences between treatments, sequence, or their interaction
in regards to corticosterone.

. There were no significant differences between treatment in Phase 1 HSP70 expression,
however there was a significant interaction between VSDHRh and sequence 100 (average
TOD), meaning VSDHRh could be more stressful due to bird inability to cool effectively.
Phase 1 VSDCO:, treatment increased iCa and decrease in pH .

Phase 2 VSDCO: resulted in a not significant decline of the pH , and a significant
increase in pCO: in this treatment compared to VSDH.

Based on these results, VSDHRh may not be a suitable alternative to heat and CO. due to

increased stress parameters measured.
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Table 3.1. Treatment definitions and descriptions.

Treatment Description

Ventilation Shutdown plus Heat (VSDH) Ventilation is shut off and all inlets and
exhausts are sealed and heat is supplemented
Ventilation Shutdown plus Heat and Relative | Ventilation is shut off and all inlets and
Humidity (VSDHRh) exhausts are sealed and heat and humidity is
supplemented with a target of ~99%
Ventilation Shutdown plus Carbon Dioxide Ventilation is shut off, all inlets and exhausts
(VSDCOy) are sealed and Carbon dioxide (CO) is
supplemented to ~30% ppm
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Table 3.2. Descriptions of turkey behavior observed throughout Phase 1 of the trial.

Behavior Description
Conscious
Headshake Rapid shaking or lateral movement of the head

Mandibulation Repetitive tasting movement with beak

Standing Legs extended, fully upright

Wing flapping A bout of continuous, rapid wing flapping

Tail fanning Tail is spread and moves up and down
Crouch Legs are folded under bird with body positioned on top
Jump Vertical jJump

Unconscious

Panting Deeper than normal inspiration through the open mouth, generally
accompanied by movement of the tongue and bill

Head back Backward flexion of the neck so the head approaches or touches the back

Respiratory Deep open bill breathing with prolonged inspiration or prolonged open bill

disruption gasping, or both, combined with difficulty inhaling

Piloerection Erection of feathers due to the involuntary contraction of small muscles at

the base of the feather follicles that occurs as a reflexive response of the
sympathetic nervous system

Loss of posture Loss of balance or posture, or both (lateral recumbency)
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Table 3.3. Calculated removal time in Phase 2 for each treatment.

0 | 25 | 50 | 75 | 100

Treatment Minutes
VSDH - 20 40 60 80
VSDHRh - 21 42 63 84
VSDCO; - 7 14 21 28

Baseline = 0, 25 is 25% to TOD, 50 is 50% to TOD, 75 is 75% to TOD, and 100% is TOD.
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Table 3.4. Genes and their forward and reverse genetic sequences analyzed for gene expression.

Gene Primer Directional Sequence
Sequence
Beta Actin b-Actin Forward CATCACAAGGGTGTGGGTGT
Reverse GGCTCTATCCTGGCCTCTCT
Heat Shock Protein HSP70 Forward TGAATCAACAGCAGTTGCCC
Reverse AATTTCCTGCCTCCAAGCGT
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Table 3.5. Turkey hen body weight, beginning and ending temperatures, relative humidities, and
carbon dioxide levels for each treatment.

Treatment | Turkey Start Start Start End End End
Body Chamber | Chamber | CO: Chamber | Chamber | CO2
Weight | Temperature | Relative | (ppm) | Temperature | Relative | (ppm)
(kg) (°C) Humidity (°C) Humidity
(%) (%)

VSDH | 13.82 33.13 21.38° 0.26 45.21° 37.35° | 1.23"
VSDHRh | 13.91 30.77 18.7° 0.13 51.23% 76.00% 0.68"
VSDCO, | 13.52 23.84 34.18° 0.18 26.31° 42.63° | 31.79%

SEM 0.46 3.36 2.15 0.07 5.22 5.44 5.46

P-value | 0.7936 0.1259 <0.0001 | 0.5017 0.0143 0.0015 | 0.0027
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Table 3.6. Turkey time of death (minutes) and pre and post core body temperature for all

treatments.
Treatment Core Body Temperature (°C) TOD (minutes)
Pre Post

VSDH 40.30° 46.47° 79.752

VVSDHRh 40.68" 47.28° 85.67°

VSDCO; 41.61° 42.06° 28.75

SEM 0.312 0.865 12.85

P-value 0.0024 <0.0001 0.015
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Table 3.7. Turkey EEG wave strength during each treatment.

Treatment Percent EEG time within each mV range
0-0.01 mV (%) | 0.01-0.03mV | 0.03-0.05mV | >0.05mV (%)
(%) (%)

VSDH 80.06 8.56" 1.68° 9.82
VSDHRh 61.26 13.94° 5.01% 19.78
VSDCO; 51.43 32.86% 10.56% 5.14

SEM 11.78 3.38 2.09 8.92

P-value 0.2467 0.0018 0.0381 0.5473
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Table 3.8. Behavior Observations and Pearson Linear Correlation Coefficients in relation to EEG

waves.
Treatment Conscious Confidence Interval Behaviors
>0.01 mV Lower 95% | Upper 95% P-Value N=
VSDH -0.010 -0.165 0.145 0.8991 160
VSDHRhO 0.017 -0.163 0.196 0.8539 119
VSDCO; 0.037 -0.282 0.348 0.8240 39
Treatment Unconscious Confidence Interval Behaviors
<0.01 mV Lower 95% | Upper 95% P-Value N=
VSDH 0.161 0.006 0.309 0.0419 160
VSDHRhO -0.029 -0.208 0.152 0.7521 119
VSDCO, -0.291 -0.556 0.027 0.0723 39
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Table 3.9. Regression coefficients and 95% confidence intervals for blood chemistry parameters
obtained for Phase 1 Turkey hens after undergoing VSDH, VSDHRh or VSDCO:..

Blood 4 . 2
Chemistry2 Treatment Estimate CI Lower Cl Upper R
Intercept® 80.12 -75.35 240.17
VSDHRh -1.90 716 3.78
Na (mmol/L.) VSDCO; 22,50 762 3.16 0.94
Na Pre 0.44 -0.62 1.46
Intercept 558 161 1251
VSDHRh -0.20 -1.66 1.25
K (mmol/L) VSDCO, 012 1165 1.38 0.87
K Pre 0.67 0.77 216
Intercept 0.29 132 1.94
. VSDHRh 0.02 2012 0.16
ICa (mmoliL) VSDCO; 0.37 0.26 0.49 0.97
iCa Pre 0.61 -0.63 1.81
Intercept 21163.52 -2165.68 2124.95
VSDHRh 177 21.28 17.71
Glucose (mg/dL) VSDCO, 4.46 1514 24.25 0.94
Glucose Pre 5.48 1.47 9.36
Intercept 29.64 -11.73 69.90
VSDHRh -1.48 583 3.25
0,
Het (% PCV) VSDCO 23.40 7.23 0.84 0.91
Hct Pre 0.08 115 134
Intercept 10.15 707 2711
VSDHRh 20.63 263 1.45 0.01
Hb (g/dL) VSDCO; -1.38 319 0.43
Hb Pre 0.08 144 161
Intercept 7.44 4.65 10.12
VSDHRh 0.02 2021 0.26
pH VSDCO; 052 0.76 20.25 0.99
pH Pre -0.01 -0.38 0.36
Intercept 94.06 -130.05 328.58
VSDHRh -3.19 2167 29.66
pCO2 (mmHg) VSDCO, 9.33 10.93 15.68 0.54
nCO; Pre -0.95 -6.16 4.01
Intercept 18.59 -10.16 48.72
VSDHRh 2493 21488 541
pO2 (mmHg) VSDCO; 7.07 415 1756 0.80
pO2 Pre 0.18 -0.85 118

Al R hat values were below 1.05. 2All estimated sample sizes (Bulk and Tail) were greater than
10,000. 3All intercepts use VSDH as a reference.*VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide.
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Table 3.10. Point Estimates (mean) and highest posterior density summary of blood chemistry
arameters for Phase 1 turkey hens after undergoing VSDH, VSDHRNh, or VSDCO,.

CheBlTllci);:(:yl'z Treatment* Point Estimate | Lower HPD?® | Upper HPD?
VSDH 146.00 142.00 150.00
Na (mmol/L) VSDHRh 144.00 140.00 149.00
VSDCO; 144.00 139.00 148.00
VSDH 8.76 7.90 9.64
K (mmol/L) VSDHRh 8.56 7.36 9.76
VSDCO; 8.65 7.35 9.80
VSDH 1.15 1.04 1.26
iCa (mmol/L) VSDHRh 117 1.09 1.25
VSDCO; 1.52 1.43 1.61
VSDH 256.00 229.00 284.00
Glucose (mg/dL) VSDHRh 254.00 223.00 284.00
VSDCO; 260.00 230.00 288.00
VSDH 32.30 29.60 34.90
Hct (% PCV) VSDHRh 30.80 27.30 34,50
VSDCO; 28.90 25.60 32.20
VSDH 11.03 9.86 12.20
Hb (g/dL) VSDHRh 10.40 8.86 11.90
VSDCO; 9.65 8.24 11.10
VSDH 7.33 7.17 7.49
pH VSDHRh 7.35 7.17 7.53
VSDCO; 6.81 6.62 7.01
VSDH 50.90 31.10 71.90
pCO, (MmHg) VSDHRh 47.70 24.60 71.60
VSDCO; 60.30 36.60 87.50
VSDH 24.40 18.90 30.10
pO2 (MMHg) VSDHRh 19.40 12.50 26.80
VSDCO; 31.40 22.30 40.70

LAl R hat values were below 1.05. 2All estimated sample sizes (Bulk and Tail) were greater than
10,000. 3Highest Posterior Density; HPD, Lowest Posterior Density; LPD. *VSDH = ventilation
shutdown plus heat; VSDHRh = ventilation shutdown plus heat and relative humidity; VSDCO.
= ventilation shutdown plus carbon dioxide.
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Table 3.11. Regression coefficients and 95% confidence intervals for corticosterone obtained for
Phase 1 turkey hens after undergoing VSDH, VSDHRh. or VSDCO:..

Treatment®2* Estimate CI Lower CI Upper R?
Intercept® 0.12 0.10 0.15
VSDHRh 0.00 -0.02 0.02 0.15
VSDCO; 0.00 -0.02 0.02 '
Pre Corticosterone 0.00 -0.19 0.19

LAl R hat values were below 1.05. 2All estimated sample sizes (Bulk and Tail) were greater than
10,000. 3All intercepts use VSDH as a reference. “VSDHRh = ventilation shutdown plus heat

and relative humidity; VSDCO> = ventilation shutdown plus carbon dioxide.
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Table 3.12. Point estimates (mean) and highest posterior density summary of blood chemistry
arameters for Phase 1 turkey hens after undergoing VSDH, VSDHRNh, or VSDCO>.

Treatment®2* Point Estimate Lower HPD? Upper HPD?®
VSDH 0.123 0.111 0.134
VSDHRh 0.124 0.111 0.137
VSDCO; 0.123 0.113 0.135

LAl R hat values were below 1.05. 2All estimated sample sizes (Bulk and Tail) were greater than
10,000. *Highest Posterior Density; HPD, Lowest Posterior Density; LPD. *VSDH = ventilation
shutdown plus heat; VSDHRh = ventilation shutdown plus heat and relative humidity; VSDCO-
= ventilation shutdown plus carbon dioxide.
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Table 3.13. Regression coefficients and 95% confidence intervals for HSP70 parameters for

turkey hens after undergoing treatment.

Treatment!2* Estimate CI Lower Cl Upper R?
Intercept® 0.97 0.90 1.03
VSDHRh -0.05 -0.14 0.05 0.18
VSDCO; 0.01 -0.08 0.10

LAl R hat values were below 1.05. 2All estimated sample sizes (Bulk and Tail) were greater than
10,000. 3All intercepts use VSDH as a reference. “VSDHRh = ventilation shutdown plus heat

and relative humidity; VSDCO> = ventilation shutdown plus carbon dioxide.
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Figure 3.1. The effects of different ventilation shutdown treatments on turkey hen

electroencephalograms (EEGs). VSDH = ventilation shutdown plus heat; VSDHRh = ventilation
shutdown plus heat and relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide.
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Figure 3.2. The effects of different ventilation shutdown treatments on the integral area under the
turkey hen electroencephalograms (EEGs). VSDH = ventilation shutdown plus heat; VSDHRh =
ventilation shutdown plus heat and relative humidity; VSDCO- = ventilation shutdown plus
carbon dioxide.
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Figure 3.3. The effects of different depopulation treatments on conscious (voluntary) and
unconscious (involuntary) behavioral responses. VSDH = ventilation shutdown plus heat;
VSDHRh = ventilation shutdown plus heat and relative humidity; VSDCO. = ventilation
shutdown plus carbon dioxide. Unconscious behaviors were determined when the
electroencephalogram (EEG) readings were below 0.01 millivolts.
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Figure 3.4. The effects of different depopulation methods and their interaction over time on
turkey hen blood pH. Heat = VSDH = ventilation shutdown plus heat; Rh = VSDHRh =
ventilation shutdown plus heat and relative humidity; CO, = VSDCO; = ventilation shutdown
plus carbon dioxide. Sequence is 25 is 25% to average TOD, 50 is 50% to average TOD, 75 is
75% to average TOD, and 100 is average TOD.
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Figure 3.5. The effects of different depopulation methods on partial pressure of CO- in turkey
hens. Heat = VSDH = ventilation shutdown plus heat; Rh = VSDHRh = ventilation shutdown
plus heat and relative humidity; CO, = VSDCO: = ventilation shutdown plus carbon dioxide.
pCO:> = partial pressure of COx.
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Figure 3.6. The effects of different depopulation methods and their interaction over time on
turkey hen HSP70 expression. Heat = VSDH = ventilation shutdown plus heat; Rh = VSDHRh =
ventilation shutdown plus heat and relative humidity; CO2 = VSDCO: = ventilation shutdown
plus carbon dioxide. Sequence is 25 is 25% to average TOD, 50 is 50% to average TOD, 75 is
75% to average TOD, and 100 is average TOD. HSP70 = heat shock protein 70.
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CHAPTER S
Can Nitrogen (N2) gas be used as an alternative depopulation method?

SUMMARY
The poultry industry has experienced major outbreaks of Highly Pathogenic Avian Influenza
(HPAI) in 2014-15 as well as 2022 to date. These outbreaks have resulted in millions of birds
being lost in both outbreaks and led to a depletion of resources necessary to depopulate poultry
facilities. Due to this, ventilation shutdown plus (VSD+) procedures were implemented to
efficiently depopulate poultry flocks that tested positive for HPAL. These methods can always be
improved, and it is important to find better alternative methods to not only depopulate quickly,
but to reduce bird stress as much as possible. This study evaluated three treatments, ventilation
shutdown plus heat (VSDH), ventilation shutdown plus carbon dioxide (VDSCO3), and
ventilation shutdown plus nitrogen gas (VSDN). Two phases were implemented in this trial. In
Phase 1, four laying hens per treatment were evaluated for the time of death, core body
temperature, blood chemistry, heat shock protein 70 (HSP70) expression, and
electroencephalogram (EEG) readings. Phase 2 evaluated the differences in blood chemistry and
HSP70 overtime to determine how these treatments vary throughout the processes. In Phase 1,
both VSDCO- and VSDN: were significantly quicker time of deaths compared to VSDH.
Regarding EEGs, the major differences were a significantly greater area under the curve for
VSDN_ compared to VSDH. This difference was concerning because it indicates greater
behaviors compared to those in VSDH. In Phase 2, a significant increase in the corticosterone
levels was observed at 75% to average time of death for VSDN> compared to VSDCO.. This
could compare to the higher areas under the curve seen in Phase 1, meaning that this treatment

could result in greater stress due to the potential bird realization of oxygen depletion. While the
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time of death in Phase 1 were significantly quicker for VSDN>, there was an increase in some
stress parameters like corticosterone levels and EEG size which could represent a greater hen
stress response. Further research should be conducted to fully understand how these methods
affect laying hen stress.

INTRODUCTION
Major outbreaks of Highly Pathogenic Avian Influenza (HPAI) affected the poultry industry
beginning in 2014 and into 2015 before it was finally believed to be controlled. The total loss of
laying hens and pullets from this outbreak alone was approximately 45 million (Greene, 2015).
Another massive outbreak of HPAI began in February 2022 and still has yet to end with farms
still testing positive. Currently, this outbreak has resulted in the loss of over 94 million laying
hens and pullets (USDA, 2024). From February to current day, 122.79 million birds have been
affected by HPAI. This disease has been detected in 1,294 flocks, and of these flocks 578 have
been commercial while the other 716 have been backyard (USDA, 2023). To reduce the spread
of the outbreak, all positive farms must be depopulated within 24-48 hours of the positive test as
part of the HPAI stamping-out policy introduced by federal, state, and industry stakeholders
(USDA-APHIS, 2022).
As per the American Veterinary Medical Association (AVMA), depopulation is defined as “the
rapid destruction of a large number of animals in response to urgent circumstances” (AVMA,
2019). There are current depopulation methods that are approved by the AVMA and that
includes CO; carts, water-based foam, and ventilation shutdown plus (VSD+) (AVMA, 2019).
Before it can be used, VSD+ has to be approved by the Veterinary Medical Officers that are put
in charge of the outbreak. Ventilation shutdown plus heat (VSDH) as well as ventilation

shutdown plus CO2 (VSDCO:) are depopulation methods that are approved, however it is still
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necessary to explore other methods to determine if they are quicker and/or less stressful. The
AVMA published guidelines for mass depopulation provides guidance as an aid in determining
the best method based on the circumstances (AVMA, 2019) These guidelines outline which
methods are preferred and which are acceptable in constrained circumstances, however the
United States Department of Agriculture (USDA) makes the final decision as to which method
will be used (USDA-APHIS, 2017). During large outbreaks, especially those affecting laying
hens and pullets, supplies like CO2 become unobtainable resulting in the need for other effective
methods.

Currently, there is very little research on ventilation shutdown methods and how they affect
laying hens. When evaluating high humidity levels in addition to heat, Zhao et al. (2019)
observed a time reduction for total depopulation. Eberle-Krish et al. (2018) examined the effects
of ventilation shutdown plus heat (VSDH), ventilation shutdown plus CO2 (VSDCO3) and
ventilation shutdown (VSD) on laying hens. It was reported that VSDCO, was significantly
quicker than the other three treatments and VSDH was quicker than VSD. Both VSDCO, and
VSDH achieved the full mortality standard, whereas VSD did not (Eberle-Krish et al., 2018).
Mendoza et al. (2024) demonstrated that adding steam or adding steam with heat had
significantly reduced the time to first hen mortality as well as 100% mortality compared to
ventilation shutdown plus heat.

Due to reports of nitrogen being used as a method to assist suicide, also referred to as human
euthanasia, in Switzerland, questions were posed if this would be applicable as an alternative
depopulation method. Nitrogen has no odor, color, or taste which makes it very dangerous. When
Nitrogen levels are elevated, people lose consciousness from the lack of oxygen before they are

in danger (AIChE, 2021). Only one study to date has evaluated a how nitrogen gas and carbon
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dioxide gas compared to compressed air foam (CAF), compressed air foam plus 50% CO, (CAF
CO2) and compressed air foam plus 100% N2 (CAF N) affects laying hens. No differences in
serum corticosterone levels were reported between any of the treatments. Both N2 and CO2 gases
were significantly quicker to time to cessation of treatment (time of death) compared to all other
treatments (Gurung et al., 2018). There are currently no studies comparing nitrogen gas to
ventilation shutdown plus heat and how they compare in terms of laying hen physiology and
behavior. This study aimed to determine the effects of ventilation shutdown plus nitrogen
(VSDN3) on laying hen time of death, blood chemistry, electroencephalogram, corticosterone,
and gene expression.

MATERIALS AND METHODS
The North Carolina State University Institutional Animal Care and Use Committee (IACUC #21-
310) approved all research method and procedures used with these animals. This study was
conducted in the bird wing at the Prestage Department of Poultry Science. All animals were
monitored throughout each trial by veterinarians and animal welfare specialists from the
university.
Four individual chambers, made with Plexiglass® and that had fittings to attach carbon dioxide
(CO2) and/or nitrogen (N2) monitors were utilized for each phase of this experiment (Phase 1 and
Phase 2). Chamber top, bottom, and three sides of the chamber were covered with 2.5 cm of
closed cell insulation board. The front side remained uncovered allowing for animal observation.
Each chamber was 4.75 ft3 to mimic the space volume per hen in a typical laying hen facility.
Chambers also had provisions for relative humidity and temperature monitors to be attached to
collect data. Each chamber was equipping with one, 100W incandescent light bulb which served

as a heat source for the treatments requiring heat as described in Table 1. The bottom of each
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chamber was raised with 1 in. x 2 in. welded wire floor, allowing for hens to mimic behaviors
and postures as in a typical cage. These chambers were housed in a windowless room that was
temperature controlled. The three treatments evaluated for both phases were Ventilation
Shutdown plus Heat (VSDH, Ventilation Shutdown plus Carbon dioxide (VSDCO), and
Ventilation Shutdown plus Nitrogen (VSDN>).

Phase 1 of the trial used a total of 12, white commercial laying hens that were approximately 69
weeks of age. There were four hens per each treatment that were chosen at random. Hens were
housed in the bird wing at the Prestage Department of Poultry Science in conventional cages. No
additional treatments or procedures were performed on these hens at least a week before the trial
began. Immediately after birds were removed, they were bled via the brachial vein to collect
around 1.5 to 2 mL of blood. This allowed for baseline levels of blood chemistry and
corticosterone before treatment. The blood was then put into a BD Vacutainer tubes with
Lithium heparin to prevent clotting and was gently rocked. Approximately 0.1 mL of heparinized
blood was then put in an i-STAT diagnostic system (CG8) and allowed to run for blood
chemistry analysis. The blood tube was placed back on the rocked and then later removed to be
centrifuged. After centrifugation, the supernatant was poured off into labeled bullet tubes and put
into a -20°C for future analysis of corticosterone levels. Each hen’s core body temperature was
determined before and after treatment by using a SuperMeter® (Stamford, CT, USA; Model:
HHM290) rectal thermometer. The electroencephalogram (EEG) of each hen was measured to
determine the electrical output in millivolts (mV) of each hen’s brain. To do this, hens were first
hobbled which allowed for them to stand and walk as usual, but prevented them from
prematurely removing the electrodes that would be inserted. Rubber bands were used for

hobbling and they were placed on the shank, just above the dewclaws. Three electrodes were
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used, with one end being 32-gauge needles that were attached to insulated wires. These
electrodes were one of three colors, green (ground), red, and black. Both the red and black
electrodes were inserted just above the ear lobe and behind the comb on each side of the head.
The green electrode was inserted in the lower mandible in between the wattles. These electrode
tips were secured in place using the catheter taping method with surgical adhesive. Leads were
taped together and wrapped once around each hen’s scapular joint reducing the likelihood the
birds would get tangled in the wires and pull the leads out. After electrode were secured, the hens
were placed in individual chambers for their specific treatment. The chamber was sealed and the
other end of the electrodes were attached to a pre-amplifier (AD Instruments, Colorado Springs,
CO, USA). The pre-amplifier transmits the EEG signals to a recording laptop, which allowed for
continuous monitoring. The data was recorded at the standard frequency band of 10-50 Hertz
(Hz) which was then sampled at 100 Hertz/channel. Each EEG continuously recorded until a
veterinarian called the time of death (TOD). Throughout the treatments, each hen had their
behavior monitored and documented every 2 minutes by a trained evaluator. To accurately
document behaviors every 2 minutes, timers were utilized. Behaviors that were observed and
documented are described in Table 2 and are based on definitions by Hurnik et al. (1995).
Chamber temperatures and relative humidities were recorded every minute using Aranet sensors
(Aranet, Riga, Latvia; Model: SKU: TDSPT8U2; Accuracy: 0.3 °C and +2%). These sensors
were placed approximately 4 cm from the top of the chamber, reaching bird head level if
standing erect, and were used in both phases. Carbon dioxide levels were recorded using two 0-
100% CO2 monitors (CO2Meter, Inc., Ormond Beach, FL; Model: CM-0003; Accuracy: =70
ppm=5% of measured value). Nitrogen levels were measured using two 0-25% Oxygen (O2)

monitors (Model: CM- 1000-00-00-52-00); Accuracy: £70 ppm +5% of measured value) and
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two 0-100% N2 monitors (ATO, Diamond Bar, CA, Model: GD200-N2; Accuracy:+3% F.S.)
each which recorded every minute. These monitors were used in conjunction with each other to
verify each reading. To determine the N levels when using the O monitors, the following
equation (Equation 1) was used.
Equation 1:

N2 = 100% — 02% — CO2%
Once TOD was called for each bird, the chamber was unsealed and electrodes were unplugged
from the pre-amplifier. The core body temperature was recorded and the blood was collected
using a syringe with no needle from the body cavity due to difficulties with blood clotting in the
veins, particularly in the VSDH treatment. The blood was placed in BD Vacutainer tube with
Lithium Heparin and steps to collect blood chemistry and future corticosterone analysis were
followed as described earlier. Hens were necropsied and the brain was removed and placed in
RNAIlater solution in a 25 mL conical tube. The tubes were placed into a -4°C refrigerator for 24
hours and then moved into a -20°C freezer for future analysis.
To understand the physiological changes overtime in blood chemistry, corticosterone, and gene
expression levels for the three treatments, Phase 2 was implemented. The average TODs of each
of the four birds per treatment was determined and then quartered to provide four time intervals
to remove the birds and these are depicted in Table 3. This allowed for an analysis of
physiological progression overtime for each treatment. Before the hens were placed into a
chamber, the body temperature was measured, and blood was sampled in the same manner as
Phase 1. At each calculated time point, the hen was removed, and blood was collected via the
brachial vein and placed in a BD Vacutainer with Lithium Heparin and treated as in Phase 1.

The hens were then euthanized via cervical dislocation by a trained individual. The brain was
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then collected and stored in Phase 1 for later gene expression analysis. For gene expression
analysis, brain samples from both phases were thawed and a small piece of brain tissue, 1 cm,
was cut and placed into labeled screw cap homogenization tubes to allow for RNA isolation. In
each of these tubes, 1 mL of TRI Reagent solution was added, the caps were screwed on, and
then homogenized for 20 seconds using a bead-beater. They were then allowed to sit at room
temperature for 5 minutes. Thereafter, 200uL of chloroform was added to each tube, vortexed for
around 10 seconds, then left to sit at room temperature for 2 minutes. The samples were then
centrifuged at 13,000xg for 20 minutes. To completely isolate the RNA, an RNeasy Kit
(QIAGEN, Hilden Germany) was used following manufacturer guidelines. The RNA levels of
each sample were quantified by utilizing a NanoDrop2000 (Thermo Fisher Scientific-Waltham,
MA). This was to evaluate the RNA dilutions and to make sure the right levels were achieved.
RNA was then transcribed into cDNA by utilizing a high-capacity cDNA synthesis kit (Applied
Biosystems Waltham, Massachusetts, USA). This allowed for a gqPCR to be run and each
samples was run in triplicate. Each well was filled with 2.5 ng of sample, 500nM of gene specific
forward and reverse primers which are listed in Table 4. They also contained 2X power SYBR
green master mix (Applied Biosystems Waltham, Massachusetts, USA), and RNase-Free H,O
was added to achieve a final volume of 20uL. The Applied Biosystems StepOnePlus real time
PCR system was used to perform the gPCR. All results obtained were then normalized to the
basic housekeeping gene Beta Actin expression. Then, for ease of interpretation, the reciprocal
was taken. The formula used for this was as shown in Equation 2.

Equation 2:

HSP70 Expression = 1/(target gene cycle threshold /beta actin cycle threshold)
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All data is presented as the reciprocal cycle threshold or CTL. For the determination of the
plasma corticosterone levels for Phases 1 and 2, an ELISA corticosterone kit was used following
manufacturer instructions. The plasma corticosterone concentrations were determined by using a
standard curve as nanograms of corticosterone per milliliter of plasma (Cayman Chemical
Company, Item: 501320, Ann Arbor MI, USA).

Statistical Analysis
To determine differences between treatment for Phase 1 for parameters including time of death
(TOD), pre and post core body temperature, along with the starting and ending temperatures,
relative humidities, oxygen (O2), COz, and nitrogen (N.) levels were done using a one-way
ANOVA. A significance value of a< 0.05 was utilized and if any differences were observed, a
Tukey’s HSD was used to make comparisons. The raw EEG data had to be transformed. To
transform the data, the absolute value of the integral of the raw data was implemented to mitigate
the baseline noise using the following Equation 3.
Equation 3:

|J F(t)dt|

To emphasis the lower mV readings, a hyperbolic arcsin function was used. Then, transformed
EEG data was analyzed using GLM with full factorial effects. These effects were VSDH,
VSDCO3, and VSDN and they were fit to each response variable. This transformed analysis
utilized the integral area under the curve and was determined using the Trapezoid method with
an NPARM analysis. The behavior data that was collected was summarized into how often the
behaviors were performed as either conscious (voluntary), or unconscious (involuntary). The
summarized EEG was overlapped with the observed behavioral frequency behaviors over the

same time periods. A correlation analysis was then used to determine if there was a relationship
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between the treatments using a Pearson Linear Correlation Analysis in SAS JMP-PRO 12.2.0
(SAS Institute, 1989).

For blood chemistry, corticosterone, and HSP70 parameters, data was analyzed using R software
4.3.3 (R Core Team, 2024). All data was read into R utilizing the “read xI” packages and the
data was then processed using the “tidyverse” package (Wickham and Bryan, 2023; Wickham, et
al., 2019). The regression models that were used for each parameter was created using the
“brms” package (Paul-Christian Burkner, 2017). The estimated sample sizes, including the bulk
and tails were greater than 10,000. Comparisons amongst treatments were done using VSDCO>
and is referred to as the intercept. Methods explained by Gelman et al. (2018a, 2018b) were
followed to calculate R? values. This model was used due to the limitations of this research
which includes small sample sizes and limited previous data. Equation 4 represented the
regression equation utilized for Phase 1 in which truncated flat priors that were weakly
informative, were used. This was to limit the Hamiltonian Monte Carlo sampling to only the
physiologically plausible regions for each parameter. Equation 5 represents the regression
equations that were used for Phase 2 with priors included from the estimates that were collected
from Phase 1.

Equation 4:
yi ~ N(u;, 0%), where w; = Bo+ Piti + Byl ¢
Where:
y; is the post treatment blood concentration for i*" observation
t; is the treatment indicatored (with VSDCO, as the reference)

re . .
yl.p is the baseline measurement and,

Bo, B1, B are the regression coefficients.
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Equation 5:

pre

yi ~ N(u;, 0%), where p; = Bo+ Bit; + Basi + B3(ti - si) + BaY;
Where:
y; is the post treatment blood concentration for i** observation
t_i is the treatment indicatored (with VSDCO, the reference)
s; is the sequence indicatored (with sequence 25% as the reference)
yP"¢ is the baseline measurement and,
Bo, B1, B2, B3, B4 are the regression coefficients

RESULTS AND DISCUSSION

Table 5 displays the comparison between laying hen bodyweights, starting and ending chamber
temperatures and relative humidities. There were no significant differences between the laying
hen bodyweights or the starting chamber temperatures. There was a significantly lower levels of
starting relative humidity levels in VSDN: at 44.83% compared to VSDH at 49.33% and
VVSDCO:? 48.95%. This could have happened due the relative humidity in the room not being
controlled like the room temperature was, leading to differences in beginning humidity levels.
The doors were also kept open between replicates for both VSDCO, and VSDN: so the variable
humidity levels outside of the room could have been a contributing factor as well. There was a
significantly greater ending chamber temperatures in VSDH than either VSDCO or VSDN>
which was expected due to the additional heat in this treatment. The cooling effects of VSDCO>
and VSDN: could have contributed to their lower temperatures as well. The ending chamber
relative humidity was significantly greater in VSDH compared to VSDCO; and VSDN2 which

was again expected due to increased panting leading to greater evaporative water loss from the
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respiratory system as well as the lack of fresh air coming in to help remove the moisture (Lee
Douglas et al., 1945).

There were no significant differences observed between starting oxygen (O>), carbon dioxide
(COy), or nitrogen gas (N2) levels (Table 6). There was, however, a significant reduction in O
levels in VSDN at 7.11% compared to VSDH and VSDCO; at 17.01% and 14.66% respectively.
This was expected due the O> displacement that occurs when N is raised. There was also a
significantly greater ending CO> percentage compared to the other two treatments due to this
treatment being the only one injecting CO> into the chamber. This caused a displacement of N>
with the ending N2 percentages being significantly lower in VSDCO; compared to the other two
treatments. The ending N2 levels were significantly greater in the VSDN treatment as this is the
only injected Na.

The pre core body temperature for the laying hens before entering the chamber were not
statistically different from one another as shown in Table 7. The post core body temperature of
laying hens was greater in VSDH compared to the other two treatments that were not different
from one another. VSDH also had significantly longer time of deaths (TOD) compared to
VSDCO:2 and VSDN which were not different from one another. Figure 1 contains the
composite electroencephalograms (EEGS) for laying hens undergoing each treatment. There was
a shift at the midpoint with the hens displaying more brain activity even though for the majority
of the process the hens were unconscious (Table 8). Figure 2 displays the frequency of voluntary
and involuntary behavioral responses to the different treatments. As shown in Table 9, there were
no significant differences between the behaviors and the strength of the EEGs for the hens.
Figure 3 depicts the differences in the integral areas under the EEG graph between the three

treatments analyzed. There was a significantly greater area in VSDN> compared to VSDCO..
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This indicated that EEG activity in these hens was much greater than those compared to
VSDCO:s.

For laying hen blood chemistry and corticosterone, baseline regression models were run to
establish that there were no differences amongst the hens used for either of the three treatments.
VSDCO> was used as the reference levels, or the intercept. This model was utilized due to the
limitations brought on by the nature of this research including lack of previous data along with
limited number of birds. Using a Bayesian models leads to a greater understanding of how
different VSD+ treatments effect laying hens and how these results can potentially be
incorporated in future work (Gelman et al., 2018a, Hulting and Harville, 1991). There were no
significant differences between the baseline hen blood chemistry results and the corticosterone
levels.

Table 10 depicts the regression coefficients and confidence intervals for the blood chemistry
parameters analyzed in Phase 1. There was a significant decrease in the potassium (K) levels in
VSDH treatment hens compared to VSDCO». This agrees with other research in laying hens and
broilers in which the birds were experiencing heat stress (Ajakaiye et al., 2011, Beckford et al.,
2020). The VSDH treatment also resulted in increases in ionized calcium (iCa), hematocrit (Hct),
hemoglobin (Hb), pH, base excess in extra cellular fluid (BEecf), and TCO>. The increase in pH
was expected due to previous research findings reporting that increased heat levels increased pH
(Franco-Jimenez et al., 2007, Koelkebeck and Odom, 1994). The increase in pH can also cause
any bioavailable iCa to bind to proteins (Etches et. al., 2008). When compared to VSDCO.,
VSDN: had significantly lower iCa and bicarbonate (HCO3), and total CO, (TCO2) and had a
significant increase in pH. The greater presences of HCOz and TCO: in the VSDCO; group were

expected due to the additional CO: in this treatment leading to more acidic environments
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resulting in HCOs increasing attempting to return the body to homeostasis. The point estimates
for these blood chemistry parameters are reported in Table 11. There were no differences in
corticosterone amongst laying hens undergoing any of the three treatments as shown in Table 12,
which the point estimates being reported in Table 13. There were no significant differences when
comparing the HSP70 levels in VSDCO; to HSP70 levels in VSDN> (Table 14). There was a
significantly greater HSP70 expression in VSDH compared to VSDCO; which was expected due
to the increase in heat for VSDH as well as the cooling effects of CO..

Regression models were conducted analyzing the treatment, sequence, and the interaction of the
two in Phase 2. There were no significant differences evaluated for treatment, sequence, or their
interaction for sodium (Na), iCa, Glucose (Glu), Hct, Hb, partial pressure of oxygen (pO.),
pCO,, HCOs3, TCO-, and saturated Oxygen (sO2). There was also a significant difference
between sequence 50% and 100% average time of death (ATOD) in K as shown in Figure 4.
There was a significant difference in the sequence at 50% ATOD, and 100% to ATOD with
sequence 75% ATOD being close to significant in the laying hen pH. There was also an
interaction effect between VSDH at sequence 50, 75 and 100% ATOD when compared to the
VSDCO:> and sequence interaction (Figure 5). There were the same interaction effects for
VSDN: at the same sequences as well. Figure 6 showed that there was a significant treatment
difference between VSDH and VSDCO:; in BEecf with VSDH being significantly greater with
an average increase of 11.89. For the laying hen corticosterone, there was only a significant
difference in VSDN; at 75% ATOD when compared to VSDCO: (Figure 7). There were also no
significant differences between treatment, sequence, or their interaction for the HSP70 levels.

CONCLUSIONS AND APPLICATIONS
1. The time of death for laying hens undergoing VSDN: not significantly different from

VSDCO:..
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2. The EEG analysis indicated that the only difference between the three methods were
associated with the area under the EEG graphs. Concerning brain wave indicators are
greater during VSDN. than VSDH resulting in greater bird stress.

3. InPhase 2, there was a significant increase in corticosterone levels for laying hens
undergoing VSDN2 compared to VSDCO: at sequence 75% ATOD. This could be due to
the O2 levels in VSDN: depleting to where the laying hens recognized that O levels were
low.

4. Even though VSDNg just as quick as VSDCOg, it may not be an optimal alternative
method due to the EEG levels from this study potentially indicating a greater hen stress
response. Further research is needed to fully evaluate laying hen stress using these

methods.
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Table 4.1. Descriptions of each treatment utilized in Phase 1 and Phase 2.

Treatment Treatment Description
VSDH? Exhaust fans are turned off and all inlets are
sealed and heat is added to the chamber.
VSDCO,? Exhaust fans are turned off and all inlets are
sealed and CO:z is injected into the chamber to
30%!
VSDN,? Exhaust fans are turned off and all inlets are

sealed and N is injected into the chamber to
~97%

1TOD for Phase 1 and 2 occurred prior to reaching 30% CO: likely due to the chambers being an
optimal environment.2VSDH=Ventilation Shutdown plus Heat.®\VSDCO,=Ventilation Shutdown
plus Carbon dioxide.*VSDN,=Ventilation Shutdown plus Nitrogen.
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Table 4.2. Description of behaviors of laying hens observed in each treatment over every two-

minute interval.

Behaviors Description1
Conscious
Headshake Rapid shaking or lateral movement of the

head

Mandibulation

Repetitive tasting movement with beak

Standing Legs extended, fully upright
Wing Flapping A bout of continuous, rapid wing flapping
Crouch Legs are folded under the bird with body

positioned on top

Unconscious

Panting/Gasping

Deeper than normal expiration through an
open mouth generally accompanied by
movements of the tongue and beak

Respiratory Disruption

Deep, open beak breathing with prolonged
inspiration or prolonged open beak gasping,
or both, combined with difficulty inhaling.

Loss of Posture

Loss of balance or posture, or both (lateral
recumbency

1Behavior observations were based on definitions by Hurnik et al. (1995).
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Table 4.3. Calculated removal times for Phase 2, based off the average time of death (TOD) from

Phase 1.
Sequence? 0 | 25% | 50% | 75% | 100%
Treatment? Minutes
VSDH 0 17 34 51 68
VSDCO; 0 5 10 15 20
VSDN; 0 4 8 12 16

1Sequence is Baseline = 0, 25 is 25% to TOD, 50 is 50% to TOD, 75 is 75% to TOD, and 100 is
TOD. 2VSDH=Ventilation Shutdown plus Heat.>vVSDCO=Ventilation Shutdown plus Carbon
dioxide.*VSDN,=Ventilation Shutdown plus Nitrogen.
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Table 4.4. Forward and reverse genetic sequences of genes that were used for gene expression in

Phase 1 and Phase 2.

Gene Primer Directional Sequence
Sequence
Beta Actin b-Actin Forward GTCCACCTTCCAGCAGATGT
Reverse ATAAAGCCATGCCAATCTCG
Heat Shock HSP70 Forward GCGGAGCGAGTGGCTGACTG
Protein Reverse CGGTTCCCCTGGTCGTTGGC
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Table 4.5. Laying hen bodyweight, start, and end temperatures, and relative humidity levels

during P1 for each treatment.

Start End
Hen Body | Start Chamber Chamber End Chamber Chamber
Treatment Weight Temperature Relative Temperature Relative
(kg) (°C) Humidity (°C) Humidity
(%) (%)
VSDH 1.82 31.86 49.33% 42.99° 68.98?
VSDCO; 1.81 27.96 48.95° 31.25 53.65°
VSDN; 1.70 25.20 44,83 28.43° 34.83°
SEM 0.10 2.04 0.834 0.185 1.31
P-value 0.6333 0.1204 0.0072 <0.0001 <0.0001
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Table 4.6. Beginning and ending oxygen (Oz2), carbon dioxide (COz2), and nitrogen gas (N2)

ercentages.
Treatment Start O» End O, Start CO» End CO> Start N> End N>
%
VSDH 20.25 17.012 0.18 1.80P 79.57 81.20°
VSDCO; 19.87 14.66% 0.158 22.222 79.98 63.12°
VSDN> 20.07 7.11° 0.143 3.18° 79.78 89.712
SEM 0.193 0.82 0.024 1.06 0.195 1.27
P-value 0.4092 <0.0001 0.5718 <0.0001 0.3818 <0.0001
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Table 4.7. Laying hen time of death and pre and post core body temperatures for each treatment.

TOD (minutes)

Treatment Core Body Temperature (°C)
Pre Post
VSDH 41.10 45,632 61.002
VSDCO:; 40.75 41.04° 21.75°
VSDN: 40.71 40.56" 13.50°
SEM 0.35 0.49 2.69
P-value 0.3261 <0.0001 <0.0001

164



Table 4.8. Strength of EEG waves for each treatment group in laying hens.

Treatment Percent EEG time within each mV range
0-0.01 mV (%) 0'01'2;/?)3 mv 0'03'2,2)5 MV 1 50,05 mv (%)
VSDH 95.9 2.5 0.55 1.1
VSDCO> 97.8 1.5 0.21 0.6
VSDN2 94.8 2.3 1.4 15
SEM 2.99 1.32 0.84 0.90
P-value 0.7831 0.8464 0.5892 0.7837
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Table 4.9. Pearson linear correlation coefficients associated with behavior observations as they
relate to the laying hen electroencephalogram (EEG) waves.

Treatment Conscious Confidence Interval Behaviors
>0.01 mV Lower 95% | Upper 95% P-Value N=
VSDH 0.038 -0.132 0.207 0.6602 134
VSDCO; -0.151 -0.423 0.146 0.3159 46
VSDN3 -0.069 -0.414 0.292 0.7107 31
Treatment Unconscious Confidence Interval Behaviors
<0.01 mV Lower 95% | Upper 95% P-Value N=
VSDH 0.005 -0.165 0.174 0.9557 134
VSDCO; 0.287 -0.003 0.553 0.0530 46
VSDN3 -0.142 -0.562 0.223 0.4449 31
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Table 4.10. Regression coefficients and 95% confidence intervals for blood chemistry parameters obtained for Phase 1 laying
hens after undergoing treatment.

Blood Chemistry!:2 Treatment* Estimate Cl Lower Cl Upper R?
Intercept® 114.15 4.21 234.92
VSDH 6.52 -1.46 13.92
Na (mmol/L) VSDN: 7.65 1407 -0.65 0.54
Na Pre 0.23 -0.55 0.94
Intercept 10.54 7.45 13.66
VSDH -2.85 5.24 -0.37
K (mmol/L) VSDN; -0.27 -0.80 0.24 0.97
K Pre 0.31 -0.94 0.30
Intercept -0.11 -1.90 1.74
. VSDH 0.53 0.18 0.87
iCa (mmol/L) VSDN; -0.47 0.72 0.22 0.81
iCa Pre 1.03 -0.34 2.37
Intercept 383.35 75.99 683.13
VSDH -1.25 -11.08 8.74
Glucose (mg/dL) VSDN; 0.82 -8.96 10.65 0.10
Glucose Pre -0.33 -1.49 0.84
Intercept 17.59 1.80 34.95
VSDH 5.19 0.84 9.08
0,
Het (% PCV) VSDN, 0.75 2.19 3.45 0.52
Hct Pre 0.21 -0.43 0.79
Intercept 7.94 7.13 8.77
VSDH 1.65 0.46 2.80
Hb (g/dL) VSDN> 0.25 2087 133 0.52
Hb Pre -0.01 -0.04 0.02
Intercept 5.21 -0.42 10.86
VSDH 0.37 0.24 0.50
pH VSDN; 0.23 0.11 0.34 0.81
pH Pre 0.24 -0.54 1.01
Intercept 116.14 35.22 192.28
VSDH -1.36 -10.56 8.06
PCO2 (mmHg) VSDN -3.88 1381 5.94 0.28
pCO2 Pre -1.74 -3.81 0.34
Intercept 58.19 32.81 83.54
VSDH 0.13 9.22 9.38
pOz (MmHg) VSDN -1.85 0.35 0.49 0.11
pO2 Pre 0.07 -0.35 0.49
Intercept -10.23 -17.75 -4.07
VSDH 11.89 4.81 16.71
BEecf VSDN. 4.15 _8.87 1.28 0.73
BEecf Pre 0.47 -0.38 1.09
Intercept 10.01 -2.42 25.58
VSDH 7.09 2.18 11.15
HCOs VSDN; -6.47 -11.06 -0.90 0.71
HCO3 Pre 0.41 -0.48 1.10
Intercept 13.99 -0.06 31.62
VSDH 5.89 2.49 0.68
TCO: VSDN2 -7.00 -12.12 -0.84 0.66
TCO; Pre 0.30 -0.64 1.04
Intercept -64.57 -202.01 74.61
VSDH 0.98 -8.44 10.33
5Oz VSDN: 0.21 8.73 912 0.32
sO2 Pre 1.65 0.03 3.25

AIl R hat values were below 1.05. 2All estimated sample sizes (Bulk and Tail) were greater than 10,000. 2All intercepts use

VSDCO: as a reference. *VSDCO; = ventilation shutdown plus carbon dioxide; VSDN:2 = ventilation shutdown plus nitrogen

gas.
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Table 4.11. Point estimates (mean) and highest posterior density summary of blood chemistry parameters for Phase 1 laying hens after

undergoing treatment.

Blood Chemistry*? Treatment* Point Estimate Lower HPD?® Upper HPD?®
VSDH 156.00 159.00 161.00
Na (mmol/L) VSDCO, 149.00 144.00 154.00
VSDN, 141.00 136.00 147.00
VSDH 5.75 4.14 7.49
K (mmol/L) VSDCO, 8.63 7.80 9.44
VSDN; 8.35 7.36 9.27
VSDH 1.76 1.50 2.03
iCa (mmol/L) VSDCO, 1.23 1.06 1.40
VSDN; 0.76 0.54 0.98
VSDH 298.00 254.00 342.00
Glucose (mg/dL) VSDCO;, 299.00 254.00 342.00
VSDN; 300.00 255.00 344.00
VSDH 28.00 25.20 30.70
Hct (% PCV) VSDCO, 22.70 20.50 25.10
VSDN; 23.50 21.40 25.60
VSDH 9.44 8.61 10.28
Hb (g/dL) VSDCO, 7.79 6.99 8.57
VSDN;, 8.04 7.23 8.82
VSDH 7.30 7.20 7.39
pH VSDCO, 6.93 6.85 7.01
VSDN;, 7.16 7.07 7.25
VSDH 49.70 35.20 62.20
pCO, (MmHg) VSDCO, 51.10 37.70 63.90
VSDN;, 47.00 33.90 60.20
VSDH 62.60 52.40 73.80
pO, (MmHg) VSDCO, 62.50 52.60 72.30
VSDN;, 60.60 50.30 71.70
VSDH -2.19 -7.37 2.01
BEecf VSDCO;, -14.47 -17.55 -11.04
VSDN;, 18.76 -22.68 -13.61
VSDH 24.50 20.27 27.90
HCO; VSDCO;, 17.30 14.46 20.10
VSDN, 10.60 6.77 14.90
VSDH 25.70 21.24 29.70
TCO, VSDCO;, 19.60 16.50 22.80
VSDN, 12.40 8.29 17.30
VSDH 77.60 65.00 90.40
SO, VSDCO; 76.60 64.60 88.30
VSDN, 76.90 63.70 89.30

Al R hat values were below 1.05. 2All estimated sample sizes (Bulk and Tail) were greater than 10,000. 3All intercepts use VSDCO, as a

reference. *VSDCO, = ventilation shutdown plus carbon dioxide; VSDN, = ventilation shutdown plus nitrogen gas.
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Table 4.12. Regression coefficients and 95% confidence intervals for corticosterone obtained for
Phase 1 laying hens after undergoing treatment.

Treatment®2* Estimate CI Lower CI Upper R?
Intercept® 0.08 -0.02 0.16
VSDH 0.05 -0.09 0.18 0.34
VSDN; 0.11 -0.07 0.29
Pre Corticosterone -1.33 -2.91 0.29

LAl R hat values were below 1.05. 2All estimated sample sizes (Bulk and Tail) were greater than
10,000. 3All intercepts use VSDCO; as a reference. *VSDCO; = ventilation shutdown plus
carbon dioxide; VSDN2 = ventilation shutdown plus nitrogen gas.
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Table 4.13. Point Estimates (mean) and highest posterior density summary of laying hen

corticosterone parameters for Phase 1 laying hens after undergoing treatment.

Treatment®2* Point Estimate Lower HPD? Upper HPD?®
VSDH 0.07 -0.02 0.16
VSDCO; 0.02 -0.08 0.13
VSDN» 0.14 0.01 0.25

LAl R hat values were below 1.05. 2All estimated sample sizes (Bulk and Tail) were greater than
10,000. 3All intercepts use VSDCO; as a reference. *VSDCO; = ventilation shutdown plus
carbon dioxide; VSDN2 = ventilation shutdown plus nitrogen gas.
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Table 4.14. Regression coefficients and 95% confidence intervals for HSP70 parameters for
laying hens after undergoing treatment in Phase 1.

Treatment!2* Estimate CI Lower Cl Upper R?
Intercept® 0.81 0.70 0.93

VSDH 0.30 0.15 0.46 0.71
VSDN; 0.02 -0.13 0.18

LAl R hat values were below 1.05. 2All estimated sample sizes (Bulk and Tail) were greater than
10,000. 3All intercepts use VSDCO; as a reference. *VSDCO, = ventilation shutdown plus

carbon dioxide; VSDN2 = ventilation shutdown plus nitrogen gas.
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Figure 4.1. The effects of different ventilation shutdown treatments on laying hen
electroencephalograms (EEGs). VSDH = ventilation shutdown plus heat; VSDCO: = ventilation
shutdown plus carbon dioxide; VSDN: = ventilation shutdown plus nitrogen.
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Figure 4.5. The effects of different depopulation methods and their interaction over time on
laying hen blood pH. VSDH = ventilation shutdown plus heat; VSDCO; = ventilation shutdown
plus carbon dioxide; VSDN: = ventilation shutdown plus nitrogen. Sequence is 25 is 25% to
average TOD, 50 is 50% to average TOD, 75 is 75% to average TOD, and 100 is average TOD.
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Figure 4.7. The effects of different depopulation methods and their interaction over time on
turkey hen corticosterone levels. VSDH = ventilation shutdown plus heat; VSDCO. = ventilation
shutdown plus carbon dioxide; VSDN: = ventilation shutdown plus nitrogen. Sequence is 25 is
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TOD.
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CHAPTER 6
How Different Depopulation Techniques Affect Poultry in Scaled Studies to Mimic
Industry Models
SUMMARY

The poultry industry needs more approved alternative depopulation methods in the event of a
food animal disease outbreak as with the Highly Pathogenic Avian Influenza outbreaks of 2014-
15 as well as the 2022 to current day outbreak. Other issues have proven to disrupt the poultry
industry leading to the need for depopulation such as COVID-19. In the first three of the four
trials discussed, three treatments were analyzed: ventilation shutdown plus heat (VSDH),
ventilation shutdown plus heat and relative humidity (VSDHRh), and ventilation shutdown plus
carbon dioxide (VSDCOy). These treatments and their effects were evaluated using laying hens,
broiler chickens, and turkey hens in an industry model. The final trial evaluated only laying hens
with the three treatments being VSDH, VSDCO, and ventilation shutdown plus nitrogen gas
(VSDNb).
In trial one, laying hens were subjected to VSDH, VSDHRh, or VSDCO; and resulted in various
time of deaths (TOD) with VSDCO: being the quickest at 30 minutes, VSDHRh at 64 minutes,
and then the slowest of the three was VSDH at 73 minutes. The change in corticosterone were
significantly higher in the VSDHRNh treatment compared to the other two. This treatment also
had significantly higher change in heat shock protein 70 (HSP70) levels compared to VSDH and
VSDCOz. Much like trial one, when the same treatments were applied to broiler chickens,
VSDCO: had a much quicker TOD than the either VSDHRh or VSDH. There was no significant

difference in corticosterone (P>0.05), however VSDH did have a significantly greater
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survivability percentage at 0.4% compared to VSDHRh and VSDCO; which both had zero. The
VSDH group also had significantly greater HSP70 levels compared to VSDCO:..
Turkey hens were used in trial three and VSDH hens had the longest TOD of 328 minutes, which
was much longer than the 154 and 69 minutes for VSDHRh and VSDCO: respectively. VSDH
also had significantly higher survivability at 25.7% compared to 0% in both the other two
treatments. The turkey hens undergoing VSDCO: also had a significantly greater change in
corticosterone compared to either of the other two treatments. The HSP70 levels of the turkey
hens are similar to those of the broiler chickens with the gene expression being significantly
greater in VSDH birds than VSDCO: birds. In the final trial, a laying hen model was used with
VSDH, VSDCOg, and VSDN: as the treatments. The VSDN had the longest TOD at 95 minutes
whereas VSDH was at 73 and VSDCO: at 31 minutes. There was no difference between
treatments when analyzing the changes in corticosterone. There was a significantly greater
presence of HSP70 in VSDH compared to VSDCO> and VSDN.. Based on trials one through
three, VSDHRh could be a potential option for depopulation due to its similarity in TOD and
100% mortality regardless of the outside temperatures. Trial four showed that using nitrogen gas
may not be an optimal alternative due to the length to TOD and the amount of N2 needed to
reach lethality. Research should continue to be conducted to investigate best alternative methods
in terms of quickness and bird welfare.
Keywords: Ventilation Shutdown, Relative Humidity, Nitrogen Gas, Poultry, Highly Pathogenic
Avian Influenza

DESCRIPTION OF PROBLEM
The poultry industry has been battling with Highly Pathogenic Avian Influenza (HPAI), a viral

infection that is highly contagious amongst birds. The first major outbreak for in 2014 and
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continued throughout 2015. This outbreak led to major losses for the poultry industry including
approximately 43 million egg-laying hens and pullets, 7.4 million turkeys, and 5 million broilers
(USDA-APHIS, 2016). In comparison to the laying hen, pullets and turkeys, the broilers were
not as drastically affected. It was hypothesized that the reason for this was due to regional
distribution of broilers (USDA-ERS, 2022). The most recent outbreak commenced in 2022 and
has yet to be contained in 2025. Currently, this has caused the loss of roughly 102.8 million egg-
laying hens, 4.8 million pullets, 17.4 million turkeys, and over 11.5 million broilers (USDA-
APHIS, 2024). It is hypothesized that the disease along with the rapidity of its spread is
primarily due to migratory birds, namely ducks, and their travel along the Pacific, Central, and
Mississippi flyways (USDA-APHIS, 2015).

The swift spread of this disease in both outbreaks have overwhelmed the industry due to the need
to depopulate large poultry flocks in a timely manner within 24-48 hours after a positive test
(USDA-APHIS, 2022). The American Veterinary Medical Association (AVMA) has guidelines
based on preferred methods for depopulating each bird type, as well as permitted methods in
constrained circumstances (AVMA, 2019). For floor-confined poultry, which can include laying
hens, turkeys, and broilers, some preferred methods include whole-house gassing and water-
based foam. In constrained circumstances, other methods are gunshot, ventilation shutdown plus
(VSD+), and exsanguination. While gunshot and exsanguination can be used, they are not as
feasible to use as the only depopulation method in large poultry flocks. For poultry in a caged
facility or aviary style housing where the system uses vertical construction, the AVMA’s
preferred methods include whole-house gassing, partial-house gassing, and containerized

gassing. Their permitted methods in constrained circumstances include compressed air foam,
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captive bolt gun, and VSD+. However, ventilation shutdown (VSD) alone is not recommended
(AVMA, 2019).

Due to the effectiveness of gassing to depopulate poultry flocks, there was a shortage of CO3, as
was observed in 2014-15. This lead to the AVMA to release a statement stating that other
methods needed to be applied because of the rapid spread of HPAI. One of the methods listed
was VSD+ (Gingerich, 2015). This followed the decision of the United Kingdom’s Department
for Environment, Food, and Rural Affairs (DEFRA) that permitted the use of VSD and detailed
how it would be used in the event of an emergency outbreak (DEFRA, 2009). Depopulation may
also be necessary in the event of other emergencies such as COVID-19 outbreak that began in
2020 that resulted in a greatly reduced demand and processing plant capacity (due to worker
illness). The COVID-19 outbreak led to the depopulation of approximately two million broiler
chickens (Kevany, 2020).

Current approved alternative VSD+ methods are ventilation shutdown plus heat and ventilation
shutdown plus carbon dioxide. While COz can be paired with VSD, the method may not be
possible due to lacking supplies. There is still a need for methods that are equally as quick or
quicker, more easily obtainable with less supply issues, as well as potentially less stressful on the
birds. A 2024 study that investigated if the addition of steam could be beneficial for VSD+ for
depopulation of laying hens reported that hens had a significantly faster first hen mortality along
with complete mortality compared to ventilation shutdown plus heat alone (Mendoza et al.,
2024). Another study evaluating VSD alone along with additions of heat and CO> reported that
with the addition of either heat or CO> with ventilation shutdown had 100% mortality in laying

hens, whereas VSD alone did not. A past report on turkeys reported that elevated humidity levels
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in addition to heat could expedite the process in hopes to both reduce bird stress and disease
spread.
The potential for the use of nitrogen as an alternative method was considered to circulate due to
the suicide pods created for human euthanasia in Switzerland, though they have currently not
been approved (Kochan, 2021). Nitrogen can be dangerous because of it has no odor, taste, or
color therefore it is hard to detect. As nitrogen levels rise, oxygen levels decrease which results
in loss of consciousness in humans before they can sense they are in danger (AIChE, 2021) At
this time, only one study has evaluated 100% nitrogen gas and compared it with CO; gas,
compressed air foam with 50% CO-, and compressed air foam with 100% nitrogen gas on spent
laying hens. Both N2 and CO> gases were significantly quicker to time of death compared to the
other treatments (Gurung et al., 2018).
This series of trials aimed to determine if adding relative humidity during ventilation shutdown
plus heat was a feasible option for depopulating laying hens, broiler chickens, and turkeys in an
industry model. The final trial examined the relevance of nitrogen gas as an alternative method in
only a laying hen model. It was hypothesized that in each of these trials, the new alternative
method would have similar, or quicker time of death (TOD) times, and reduced stress compared
to the other, already approved treatments. To evaluate this, time of death was documented, blood
chemistry and corticosterone were evaluated, along with HSP70 levels of laying hens in each
treatments.

MATERIALS AND METHODS
All research trials were conducted at the Poultry Entomology Research Unit (PERU) at North
Carolina State University. Each trial was approved by North Carolina State University’s

Institutional Animal Care and Use Committee (IACUC) under ID# 21-310. University
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veterinarians and welfare specialists were on site during the trials for monitoring and time of
death determination.
Housing

All trials were conducted in a room at the Poultry Entomology Research Unit (PERU) as
described by Eberle-Krish et al. (2018) with the same precautions and safety measures taken.
The layer trials contained two, conventional, multi-level cages, whereas the turkey and broiler
chicken trials had the cages removed and 4 in. (0.102 m.) of litter spread across the floor. In the
southwest corner of the room, a 2 in (0.51 m.) diameter hole in the wall allowing for the steam to
be injected through a copper fitting attached to a steam generator (EliteSteam, Gurgaon, India;
Model: ES-12). The room was sealed by shutting down the ventilation along with taping the
partition wall seams, the evacuation panel, and the intake vent. A 1.5 in. (0.038 m.) foam
adhesive was used to avoid leakages and airflow on the other side of the partition wall. A
variable speed 75,000 BTU/hour propane jet heater was used to inject heat into the room through
a dedicated opening in the partition wall. No water or feed was provided for any of the birds
from the point in time when they were placed in the room at the PERU.

Monitoring: Environmental and Animal
All temperature and relative humidity readings were measured using Aranet sensors (Aranet,
Riga, Latvia; Model: SKU: TDSPT8UZ2; Accuracy: +0.3°C and + 2%) that recorded every
minute. For the layer trials, six sensors were used (three on each level), with two at the south end
of the room, two in the middle, and two at the north. The top-level sensors were placed at bird
height for the top cages and the bottom level sensors were at bird height for the bottom cages. In
the broiler and turkey trials, four Aranet sensors were placed with one in the south end and one

in the north end of the room at bird height and two in the middle with one being bird height and
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the other being a 4 ft. above the floor. This was to monitor thermal stratification, ensure that the
PVC plumbing on the ceiling was not damaged by high temperatures. Four 0-100% CO>
monitors (CO.Meter, Inc., Ormond Beach, FL; Model: CM-0003; Accuracy: + 70 ppm * 5%),
were used to monitor CO2 concentrations at the same locations as the Aranet sensors in the
broiler and turkey trials. These monitors were placed outside the room and drew air from the
sampling location through 1/8-in. (3.2 mm.) PVC tubing. Moistures traps and dust filters were
used to prevent condensation and clogging in the line or the monitors. Two 0-25% oxygen (O2)
monitors (Model: CM - 1000-00-00-52-00; Accuracy: = 70 ppm £ 5%) and two 0-100% N>
monitors (ATO, Diamond Bar, CA, Model: GD200-N2; Accuracy: + 3% F.S.) which recorded
every minute. These monitors were placed and handled exactly as the CO2 monitors and were
only utilized for the nitrogen trial.
Four, remote closed-circuit television (CCTV) cameras were mounted in each corner of the room
to monitor bird activity. The cameras provided a visual of all the birds and helped to determine
behaviors, such as loss of posture and cessation of breathing to allow the veterinarian to
determine when 100% mortality was achieved (Webster and Fletcher, 2001).

Experimental Animals
For each trial, 16 birds were randomly selected to determine body weights and pre- and post-core
body temperatures using a SuperMeter® cloacal temperature probe (Stamford, CT, USA; Model:
HHM290). All 16 birds were bled via the brachial vein and the blood was deposited into labeled
3 mL BD Vacutainer® tubes with lithium heparin to prevent clotting. The tubes were gently
rocked then, roughly 0.1 mL was removed and injected into a CG8+ cartridge (Abbott Park, IL,
USA; Model: 03P8825) and placed in the i-STAT® diagnostic system for measurement. The

remaining blood sample was allowed to continue to rock and then placed in a cooler for transport
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back to the lab for future corticosterone analysis before treatment. Ten birds were placed in the
room and then the room was sealed and treatments commenced. Six other birds were humanely
euthanized by a trained individual and used as baselines. These birds were necropsied, and their
brains were removed and placed in 25 mL conical tubes containing RNAlater® solution.

Once time of death was called, the room was maintained at the temperature, relative humidity,
COo, or N2 levels for another 15 minutes to ensure 100% mortality. Upon entering the room, the
10 sample birds were located and their post-core body temperatures were measured using the
cloacal temperature probe. Blood was collected from the body cavity of each of these birds using
a needless due to rapid blood clotting issues namely in VSDH and VSDHRh treatments. These
blood samples were analyzed for the same parameters as the initial samples using i-STAT®
diagnostics. The rest of the blood collected from these birds was then transported to the lab to
analyze corticosterone levels after treatment. The sample birds were necropsied and their brains
were removed (same as the baseline birds), and transported back to the lab and stored at 4°C
refrigerator for 24 hours. Then samples were transferred to a -20°C freezer for later HSP70
analysis.

The blood samples from each trial was transported back to the lab and centrifuged at 20,000 rpm
for 20 minutes. Thereafter, the plasma was decanted into labeled bullet tubes and frozen at -20°C
for corticosterone analysis. An ELISA corticosterone kit (Cayman Chemical Company, Item:
501320, Ann Arbor MI, USA) was used to evaluate corticosterone concentrations following
manufacturer guidelines. Each plate analyzed had known standards run in duplicate which were
then plotted with a best fit line being added. A standard curve of nanograms of corticosterone per

milliliter of plasma was used to analyze corticosterone levels. Plates were validated if R?> 0.90.
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After brain tissues were removed from the freezer and allowed to thaw, a 1-cm. piece of brain
tissue was removed to isolate the RNA. Each individual piece was placed into its respective pre-
labeled screw cap homogenization vial. After adding 1 mL of TRI Reagent™ Solution each
sample subsequently being homogenized using a bead-beater for 20 seconds. The samples were
then allowed to sit at room temperature for 5 minutes. Then, 200 pL of chloroform was pipetted
into each vial and was then closed securely and vortexed for a few seconds and allowed to sit at
room temperature again for two minutes then the vials were centrifuged at 13,000xg for 20
minutes. RNA isolation was finalized using an RNeasy kit (QIAGEN, Hilden, Germany)
following manufacturers guidelines.
To ensure correct RNA dilutions and to quantify RNA levels, a NanoDrop2000 (Thermo Fisher
Scientific-Waltham, MA, USA) was utilized. RNA was taken and transcribed to create cDNA for
quantitative polymerase chain reaction (QPCR) utilizing a high-capacity synthesis kit (Applied
Biosystems Waltham, Massachusetts, USA). The gPCR was run in triplicate. All wells contained
2.5 ng of sample, 500 nM of gene specific forward and reverse primers (Table 1), and 2X power
SYBR green master mix (Applied Biosystems Waltham, Massachusetts, USA), and RNase-Free
H>0 was added to finalize the volume to 20 pL. To perform the g°PCR an Applied Biosystems
StepOnePlus real-time PCR system was used. Beta-Actin, a basic housekeeping gene was used
to normalize the results. The reciprocal of the results was then used for ease of interpretation.
The formula used was the following equation:
Equation 1:

HSP70 Expression (CT™1)

= 1/(target gene cycle threshold/beta actin cycle threshold)

All HSP70 data is presented as the reciprocal cycle threshold, or CT™,
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Trial 1 — Effects of three different depopulation methods on laying hens in an industry model
This trial examined the impact of three treatments: ventilation shutdown plus heat (VSDH),

ventilation shutdown plus heat and relative humidity (VSDHRh) and ventilation shutdown plus
carbon dioxide (VSDCOz) on depopulation of laying hens in an industry model. All treatments
are described in Table 2. Each treatment was run on a separate day as to avoid residual effects of
the previous treatments.

All hens used in this trial were housed at the North Carolina State University Chicken Education
Unit (CEU). At the start of each experiment, 150 late-cycle, white laying hens were randomly
selected and transported to the PERU. At the PERU, 144 hens were placed in one of two, multi-
tiered, conventional cage system with three hens being placed per cage. The remaining six hens
were utilized for baseline measurements. Each cage was 12 in. (0.31 m.) x 18 in. (0.46 m.)
providing 72 in.2 (0.05 m.?) per bird. Sample hens were placed in specific cages with a
representative on each side of the room, each end (north or south) of the room, and each tier of
the cages. Sample hens were labeled with a piece of green tape wrapped around one of their legs
for ease of identification. Once all sample hens were placed, all doors and seams were sealed,
and treatment began.

Trial 2 — Effects of three depopulation methods on broiler chickens in an industry model
This trial examined the same three treatments as Trial 1 for their effect on broiler chickens in an

industry model. As in Trial 1, each treatment was conducted on a separate day.

Broilers used in this trial were hatched and raised at the North Carolina State University CEU.
The 42-day-old birds were transported to the PERU every morning for treatment. Each 253
straight-run broilers were placed in the treatment room providing 1.7 ft.2 (0.30 m.?) per broiler
which is slight lower than industry standards (Aviagen Broiler Management Handbook, 2018;

Cobb Broiler Management Guide, 2012). Of these, 10 birds that were sampled as described
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above and placed randomly around the room to being. Each sample broiler was marked by
spraying orange spray paint on their backs for ease of identification. An additional six broilers
were used to obtain baseline data.

Trial 3 — Effects of three depopulation methods on turkey hens in an industry model
This trial examined the effects of the VSDH, VSDHRh, and VSDCO- on turkey hens in an

industry model. A total of 111 white turkey hens were used in each treatment. These hens were
raised at the North Carolina State University Talley Turkey Education Unit (TTEU) and were
transported to the PERU the morning of each treatment day. A total of 105 turkey hens were
placed in the treatment room (3.9 ft.2, 0.37 m.2 per bird), with 10 of these hens being sampled as
described previously before they were randomly placed around the room. Each sample hen was
sprayed on the back with orange spray paint to be easily identified. The remaining six hens for
each treatment were used to collect baseline data.

Trial 4 — Effects of three depopulation methods on laying hens in an industry model
This trial examined three treatments: VSDH, VSDCO; and ventilation shutdown plus nitrogen

gas (VSDN?2) and how they affected laying hen depopulation in an industry model. All
treatments are described in Table 2 and just as in previous trials, all treatments were run on
separate days to prevent treatment crossover effects. The same number of hens were utilized in
this trial as were used in Trial 1.

Statistical Analysis
All blood chemistry, HSP70, and corticosterone levels along with core body temperatures were
analyzed using a one-way ANOVA with a<0.05 with the bird as the experimental unit. If there
was a significant treatment effect, Tukey’s HSD was used to separate the means. Due to the lack
of replication, other parameters such as time of death for each of these trials were reported but

not evaluated statistically.
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RESULTS AND DISCUSSION

Trial 1
Table 3 depicts the time of deaths (TOD), and amount of propane and CO> used in each

treatment. The TODs varied with VSDCO: having the shortest TOD at 30 minutes whereas
VSDHRh was 64 minutes and VSDH was 73 minutes. The VSDHRh treatment consumed >20%
more propane than VSDH. The amount of CO> was calculated to be 66.25 kg being used. The
temperatures and relative humidities at the start of and end of treatment are listed for each
location in Table 4. The VSDHRh treatment had numerically lower start temperatures compared
to the other two treatments. The beginning relative humidities were also a bit lower in VSDHRh
than the other treatments, which were in the high 70s. The end treatment levels ranged from
mostly high forties for VSDH and fifties for the VSDHRh treatment. Both treatments exceeded
the goal of 40°C, which was based on the DEFRA Guidelines (DEFRA, 2009).

Both VSDH and VSDHRh had lower ending relative humidity (Rh) levels that varied from 37%
to0 59.9% compared to those for VSDCO: had the lowest Rh at 63.9% due to higher temperatures
in the VSDH and VSDHRh treatments. The VSDCO: treatment also had much lower ending
temperatures with the highest value being 22.6°C, which was expected because no additional
heat was added to this treatment like the others. Table 5 depicts the starting and ending CO-
levels. The starting CO> levels varied slightly, whereas the ending CO> levels were much greater
in the VSDCO: treatment with readings being as low as 29.32% and as high as 46.98%. At the
highest sensor point, this trial reached a >40% CO: level which was the goal based on previous
research that reported complete depopulation at 40% or greater CO> levels (Gerritzen, et al.,
2006; Sparks et al., 2010; Turner et al., 2012).

Table 6 shows hen body weights along with the pre- and post-core body temperature (CBT).

There were no significant differences in hen body weights. Pre-core body temperatures in the
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VSDHRNh treatment were significantly higher than the VSDH treatment. This could be due to the
variability in temperatures on the different days. Both post-CBT levels for VSDH at 46.2°C and
VSDHRNh at 46.6°C were significantly greater than the VSDCO; treatment at 36.9°C. This was
due to the addition of heat in VSDH and VSDHRNh.

Table 7 shows the comparison of the baseline corticosterone levels for the sample hens along
with the changes in corticosterone levels. The corticosterone levels were significantly greater in
the VSDHRNh baseline hens compared to the other two treatments. This could have been due to
VSDHRh room being cooler than it was when VSDH was completed. There was also a
significantly greater change in corticosterone levels for VSDHRh at 0.18 ng/mL compared to
both VSDH and VSDCO: at 0.1 ng/mL. This could be due to a greater dump of corticosterone in
the laying hens in the VSDHRNh treatment because they had much higher initial levels. These
greater changes in VSDHRh agree with some previous research showing significantly greater
corticosterone in laying hens subjected to 75% relative humidity for twelve hours of the day over
four weeks (Kim et al., 2022).

When comparing the heat shock protein 70 (HSP70) levels of the six baseline hens there were no
significant differences. Table 8 depicts the HSP70 expression levels for each treatment. VSDCO:
treatment had significantly lower HSP70 expression compared to the other two treatments. This
could be due to the lack of heat added to this treatment resulting in less presences of the HSP70
gene, or it could be due to the quicker time of death compared to the other two treatments. This
conclusion is based on how HSP70 functions to help regulate a bird’s normal body temperature.
When the body temperature exceeds the homeostatic level, HSP70 increases to help protect cells
from apoptosis as well as correct misfolding and reducing protein denaturation (Hassan et al.,

2019).
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Table 9 shows the baseline blood chemistry of hens for each treatment. There was no difference
in the glucose, blood pH, partial pressure of carbon dioxide (pCQO2), base excess in the
extracellular fluid (BEecf), bicarbonate (HCO3) or total carbon dioxide (TCOy) levels among the
treatments. All other parameters examined which include sodium (Na), potassium (K), ionized
calcium (iCa), hematocrit (Hct), hemoglobin (Hb), partial pressure of oxygen (pOz), and blood
oxygen saturation (sO2) had significant differences. These differences could be due to
transporting the laying hens on different days with leads to different environmental conditions
resulting in more stress leading to these differences based on previous research evaluating heat
stress in laying hens at different temperatures (Franco-Jimenez and Beck, 2007; Nidamanuri,
Murugesan, and Krishna, 2017).

There was a significant change in some blood chemistry parameters which are reported in Table
10. There was a smaller change in K for the VSDHRh group at 4.1 mmol/L compared to VSDH
and VSDCOz which were both significantly greater at 4.9 and 5.3 mmol/L respectively. This
smaller change could have been due to the already significantly higher levels of K in the baseline
hens of VSDHRh compared to the two other treatments that were much lower in the baseline
hens. The VSDHRh treatment also had a significantly lower change in pH compared to the other
two treatments. The increased change in blood pH in VSDCO: could be due to the significantly
higher change of pCOzat 68.5 mmHg which would create a more acidic environment and
resulting in larger pH changes to compensate (Renaudeau et al., 2011). The larger change
increase in pH in VSDH compared to VSDHRh could be the greater presence of BEecf even
though it is not significantly different, could have led to a large change in the pH levels along
with the increased TOD for this treatment allowing for more change in pH levels. The change in

sO2 was significantly greater in VSDCO2 compared to the other two treatments. This was most
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likely due to the increase in pCO2 in the blood therefore greatly changing the oxygen in the
blood (Bottje and Harrison, 1985; Teeter et al., 1985).

Trial 2
For broiler chickens, VSDCO:? had a quicker TOD of 51 minutes compared to VSDHRh or

VSDH at 101 and 180 minutes, respectively, as shown in Table 11. Table 11 also shows the
amount of propane and CO> used for each treatment. VSDHRh used a total of 1.44 kg of
propane, VSDH used 1.59 kg of propane and VSDCO- used 57.15 kg. Table 12 contains the
starting and ending temperatures and the start and ending humidities. The starting temperatures
for VSDH ranged from 23.6°C to 29.8°C and the VSDHRh ranged from 27.1°C to 29.7°C. The
starting temperatures for VSDCO> were between 23°C and 25°C. Starting relative humidity for
was greatest in the VSDHRh ranging between 56.6% to 58.9%. Both VSDH and VSDCO; had
lower starting relative humidities ranging in the higher 20s. When looking at the ending relative
humidities, VSDHRh had the lowest Rh while VSDCO> had the higher ending Rh percentages.
The starting CO: levels in all three treatments were relatively low shown in table 13. The ending
CO: levels for VSDH and VSDHRh were similar to their starting levels. The VSDCO: had the
greatest CO> percentages that ranged from 32.3% to 43%.

The body weights, core body temperatures and survival rates were added to Table 14. There
were no significant differences in body weights or the pre-core body temperatures. Broilers
subjected to VSDCO: had significantly lower (P<0.0001) post-core body temperatures than the
other two treatments. This could have been due to the lack of supplemental heat in this treatment
along with the cooling effects that CO> has (Oldenburg, 2007). VSDH also had significantly
greater survival rate at 0.4% compared to the 0% of both VSDHRh and VSDCO:.. This could be

due to the limitations of not being able to raise the temperatures past 53.3°C because it would
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damage the facility. It also could be because the broilers were able to move against the concrete
knee wall and burrow into the litter to get to the concrete floor allowing them to cool themselves.
There were no significant differences between the baseline levels across treatments or the change
in corticosterone after treatment (Table 15). This could be due to the chickens dumping their
corticosterone early and not replenishing it during treatment (Shini, Shini, and Huff, 2009).
Table 16 shows the HSP70 expression levels after treatment. The HSP70 levels were
significantly greater in the VSDH group at 1.1 CT"* compared to the VSDCO, at 0.9 CT™.
VSDHRh HSP70 levels were not significantly different from either treatment.

Table 17 depicts the various baseline blood chemistry parameters that were measured and
compared amongst treatments. Unlike Trial 1, there were no significant differences between any
of the parameters, however both Glu (P=0.0555) and K (P=0.0693) trended toward significance.
Both the K and iCa differences were significantly greater in the VSDH treatment compared to
the other two treatments analyzed shown in Table 18. These larger changes could be due to the
longer TOD causing the body to respond longer to the heat stressor compared to the other two
treatments. This could have resulted in increased dehydration which would then pull iCa and K
into the blood for birds subjected to VSDH. This prolonged TOD and heat could have also
resulted in cellular damage leading to more K in the bloodstream. It also could have been a result
of increased panting and respiration leading to a disruption in the electrolyte balance and leading
to a larger change (Kim et al., 2024; Borges et al. 2004; Sahin et al. 2002). The change in Hb
was significantly greater in VSDCO: at 5.9 g/dL compared to VSDHRNh at 2.2 g/dL. The greater
change in Hb for VSDCO: could be due to the significantly greater change in pCO: for this

treatment as well. The Hb increase is expected for increased CO> levels due to the oxygen
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deprivation in the air and the increase in acidity in the blood. Elevated Hb levels is the body’s
response to these stressors to improve oxygen transport throughout the body (Hong et al., 2021).
The change in blood pH was significantly greater in the VSDH treatment compared to the
VSDHRNh treatment. The pH difference could be due to the significantly greater levels of K and
iCa in VSDH (Hamm, Hering-Smith, and Nakhoul, 2013). Differences in HCOs, TCO2, and sO>
were greater in VSDCO> compared to VSDH and VSDHRh which were not different from one
another. The differences in TCO2 and sO. were expected due to the increased CO: in the blood.
The increased levels of HCOs in this treatment could have been due to the longer TOD allowing
the kidneys to begin to respond to the stressor and leading to greater levels of HCO3 to
counteract the acidity in the blood (Hopkins, Sanvictores, and Sharma, 2022). All other
parameter differences were not significantly different.

Trial 3
Trial 3 examined the effects of the three VSD+ treatments on turkey hens. Table 19 depicts the

turkey hen TOD in minutes along with the amount of propane and CO- used for each treatment.
VSDH had a longer TOD at 328 minutes compared to VSDHRh and VSDCO- at 154 and 69
minutes, respectively. The VSDH treatment required more propane at 2.43 kg compared to
VSDHRNh at 2.20 kg. The weight of carbon dioxide that was used was calculated to be 73 kg. The
starting and ending temperatures and relative humidities are reported in Table 20. VSDH had
varied starting temperatures with the lowest being 14.8°C and the greatest being 22.9°C. The
VSDHRNh treatment reported the lowest starting temperature at 22.1°C and the highest being
23.8°C. The lowest starting temperature for VSDCO, was 17.4°C whereas the highest was
21.6°C. The starting relative humidities for VSDH ranged from 38.2% to 65.8% while VSDHRh
had a smaller range between 61% to 66.9%. The ending temperatures for VSDCO, were similar

to the starting temperatures varying from 21.2°C to 22.0°C.
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Both VSDH and VSDHRh had much higher ending temperatures due to the addition of heat in
both of these treatments compared to VSDCO>. The range for VSDH was 48.8°C to 56.9°C
while VSDHRh ranged from 40.9°C to 58.1°C. In both treatments, temperatures exceeded 40°C
as required by DEFRA (2009). The VSDH treatment had lower ending relative humidities
between 17.4% and 32.4% while VSDHRh ranged from 38.9% to 85.6%. The ending relative
humidity levels for VSDCO: had a smaller range compared to the other treatments with values
ranging from 78.2% to 81%. The variability could have been due the lower temperatures along
with the addition of humidity due to bird panting. The starting CO> percentages (Table 21) for
each treatment were relatively close together with the values across treatments being the lowest
at 0.1% and the greatest at 0.8%. The ending CO> percentages remained low (<1%) in both
VSDH and VSDHRh. The ending levels of CO. for VSDCO: were much higher ranging from
33.7% to 56.8% due to the addition of COa.

The hen body weights were not significantly different from one another (Table 22). The pre-core
body temperatures were significantly different with the VSDCO- turkey hens having a
significantly higher core body temperature at 42.4°C compared to the VSDH at 41.1°C and
VSDHRNh at 41.6°C. The post-core body for VSDCO, temperatures were significantly lower at
41.8°C in VSDCO, compared to VSDH and VSDHRNh at 45.7°C and 46.7°C, respectively. There
was a significantly greater survival percentage in the turkeys for VSDH at 25.7% whereas both
VSDHRh and VSDCO: both had 0% survivors as shown in Table 22. This survival rate could
have been due to the facility limitations and the inability to temperature higher due to damaging
equipment. This could have also been due to the birds moving litter and making contact with the

cool concrete floor and the cinderblock walls allowing them to remain cool.
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There was not a significant difference between baseline hen corticosterone levels across
treatments, however there was a trend (P=0.0619) toward significance as shown in Table 23.
There was a significant difference in the change in corticosterone levels (P=0.0337) between
treatments. VSDCO: hens had a significantly higher change at 0.06 ng/mL compared to that of
VSDH and VSDHRh which had changes of 0.03 ng/mL and 0.02 ng/mL respectively. These
results could have been due to the turkey hens having a greater reaction to the VSDCO-
treatment compared to the VSDH and VSDHRh treatments. As shown in Table 24, VSDH had
significantly higher levels of HSP70 than compared to VSDCO; while VSDHRh was not
significantly different from either treatment. This could have been due to the longer TOD in
VSDH compared to the other two treatments allowing HSP70 to upregulate longer than the other
two treatments. This also could be the reason that HSP70 was significantly lower in VSDCO
compared to VSDH, because it had a lower TOD and HSP70 could not upregulate as much. The
additional heat could have supported the upregulation of HSP70 in VSDH as well.

A baseline comparison in blood chemistry amongst treatments is shown in Table 25. There were
significant differences in the iCa, Glu, pCO2, pO2, HCO3, TCOz, and sO>. The other parameters
were not significantly different. These differences could have been due to different
environmental temperatures and humidities on the different days that these hens were
transported. The changes in each blood chemistry parameter between before and after treatment
are reported in Table 26. The change in pO. for turkey hens was the only parameter that was not
significantly different. Both the Na and K changes were significantly lower in the VSDH
treatment compared to VSDHRh and VSDCO: treatments. These changes being greater in

VSDHRh could have been due to the increasing dehydration due to increased panting and
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resulting in the sodium potassium pump increasing function due to the stressful situation (Asim
etal., 2019).

Greater changes in Na and K in VSDCO: could potentially be due to the acidity in the blood
which could be why there are significantly greater changes in both the pH and the pCO: for this
treatment compared to VSDH. This affects enzyme activity and results in a decrease in
adenosine triphosphate (ATP) leading to a less efficient Na-K pump resulting in a greater change
compared to heat (Churchill and Storey, 1995). There was an increase in pH in both VSDHRh
and VSDCO; as compared to heat. The VSDHRh change could be due to the significant increase
in BEecf and HCO3 compared to VSDH. The pH change in VSDCO: could be due to the
increased change in pCO- in blood as well as the significant increase in TCOz in this treatment
compared to VSDH. This was expected due to the injection of CO; in this treatment.

Trial 4
This trial was used to examine the effects of VSDH, VSDCO», and VSDN on laying hens in an

industry caged model. Both VSDH and VSDCO; had lower TOD at 73 and 31 minutes
respectively, compared to the VSDN: treatment at 95 minutes shown in Table 27. When using
nitrogen gas, it seemed difficult to displace the oxygen in the room with N». Potentially,
vaporization of liquid N2 could have accelerated the TOD and the displacement of O in the
space. Table 27 also shows the amount of propane, CO2, and N used for each treatment. Starting
temperatures varied for each treatment with the VSDH ranging from 27.8°C to 28.0°C and
VSDCO; ranging from 27.9°C to 28.5°C, and finally the VSDN treatment ranging from 24.5°C
to 26.0°C (Table 28). Relative humidities in VSDH and VSDCO- ranged from 79.9% to 84.5 %
whereas VSDN> ranged from 64.3% to 68.4%. The ending temperatures for VSDCO; and
VVSDN_ were recorded in the 20s while the VSDH treatment had temperatures in the 50s due to

heating shown in Table 28. Ending humidity percentages for the VSDH ranged from 29.0% to
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39.7%. The VSDCO: treatment had the highest ending relative humidity levels, which ranged
from 68.4% to 74.4%. The VSDN treatment resulted in ending relative humidity percentages
varying from 53.2% to 55.1%.

Table 29 shows the starting and ending COz, N2 and Oz percentages for each treatment. The
starting CO- percentages for all treatments were all at or under 0.2%. The ending CO>
percentages were slightly higher in the VSDH treatment ranging from 0.7% to 0.8%, the VSDN
CO; percentages were the same as the starting at 0.2%. The ending CO: levels were much higher
in the VSDCO: treatment ranging from 32.9% to 38.4% due to the injection of CO,. The starting
N2% in all the treatments were relatively similar as were the starting O.% concentrations. The
ending N2 levels were lower in the VSDCO- treatment than the other two levels in the high
forties and low fifties. This was due to the COz injection which displaced N> as well as O2 which
ranged between 12.2% to 13.7%. The ending N2 levels were much higher in the VSDNz than the
other two treatments with the lowest value being 96.4% with the ending O levels being the
lowest in this treatment at 3.6%.

There was a significant difference in hen body weights between treatments. The hens used for
the VSDH treatment were significantly heavier than those that were used for either of the other
two treatments as shown in Table 30. There was no significant difference in the pre-core body
temperatures, however, there was a difference in the post-core body temperatures. There was a
significantly greater core-body temperature in VSDH at 45.7°C with VSDCO: being
significantly higher than VSDN_ at 39.9°C. Table 31 depicts the differences in baseline and the
change in corticosterone when compared across treatments. There were significantly higher
levels of baseline corticosterone in VSDN at 0.17 ng/mL compared to VSDCO; at 0.11 ng/mL

and VSDH at 0.02 ng/mL, however there were no significant changes in the corticosterone. The
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VSDH treatment had significantly greater HSP70 levels when compared across treatments at 1.1
CT! compared to VSDCO, and VSDN: which both had levels of 0.9 CT*as shown in Table 32.
This is again most likely due to VSDH being the only treatment to include additional heat, and
the time HSP70 could upregulate due to the TOD.
Table 33 depicts the baseline blood chemistry parameters for the sampled hens in each treatment.
There were no significant differences in glucose, Hct, Hb, or pH. There were significant
differences in the other parameters, and this is most likely due to the differences in days and
environmental conditions. When comparing the differences in these parameters between
treatments (Table 34), the iCa, glucose, and pCO> were the only parameters with significant
changes. The iCa was significantly higher in VSDN> compared to VSDCO.. This was thought to
be due to the displacement of oxygen in the blood leading to hypoxia and the body’s response to
maintain calcium balance (Arnould et al., 1992). The change in glucose was also significantly
greater in VSDN2 when compared to VSDCO.. This was potentially due to an increase in blood
glucose because of the hypoxic conditions. This is potentially due to the lack of insulin
sensitivity and secretion of glucagon (Larson et al., 1997). The VSDCO; treatment had
significantly greater changes in pCO2, which was expected due to the injection of CO- in this
treatment only.
CONCLUSIONS AND APPLICATIONS
1. VSDHRNh as an alternative in laying hens resulted in greater corticosterone change, which
could have been due to greater levels to begin with.
2. Using VSDHRh in laying hens did not reduce TOD compared to VSDH in this trial (1),
however, it also resulted in 100% mortality so it may be useful to analyze in colder

temperatures where heat is more difficult to raise.
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In broilers, VSDHRh resulted in 100% mortality whereas there was 0.4% survival rate
for VSDH alone. Hence, VSDHRh might be a better alternative for broilers.

. VSDHRN also resulted in no differences in corticosterone change or HSP70 levels when
compared to either VSDH or VSDCO: in broilers meaning it could be less stressful,
however more research is crucial.

In turkeys, VSDH had a survival percentage of 25.7% whereas both VSDHRh and
VSDCO:2 had 100% mortality. While heat may be useful option when outdoor
temperatures are warmer, based on this trial, VSDHRh might be the better option when
the temperatures are cooler.

For nitrogen in layers, the TOD was much longer than either treatment evaluated to reach
100% mortality with 118.14 kg of N2 used. Based on this, using N2 gas on laying hens

may not be the ideal alternative nor cost effective.
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Table 5.1. The genes and their genetic sequences, both forward and reverse) used for gene
expression for laying hens, broiler chickens, and turkey hens.

Bird Type Gene Primer DS|rect|onaI Sequence
equence

Lavin : . Forward GTCCACCTTCCAGCAGATGT
Hoosg | Be@Actn | b-Actin Reverse | ATAAAGCCATGCCAATCTCG
Broiler | Heat Shock Forward GCGGAGCGAGTGGCTGACTG
Chickens Protein HSP70 Reverse CGGTTCCCCTGGTCGTTGGC
Beta Actin b-Actin Forward CATCACAAGGGTGTGGGTGT
Turkey Reverse GGCTCTATCCTGGCCTCTCT
Hens Heat Sh_ock HSP70 Forward TGAATCAACAGCAGTTGCCC
Protein Reverse AATTTCCTGCCTCCAAGCGT
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Table 5.2. Description of the treatments utilized in either trial 1, 2, 3, or 4, or across all trials.

Treatment!

Description

VSDH

Room was sealed as described above with
the ventilation shut off. Supplemental heat
was added to the treatment room with a goal
to achieve at or above 40°C.

VSDHRh

Room was sealed as described above with
the ventilation shut off. Supplemental heat
was added to the treatment room along with
steam, There was a goal to achieve at or
above 40°C and ~99% humidity level.

VSDCO,23

Room was sealed as described above with
the ventilation shut off. Only supplemental
CO2 was added with a target of 40% CO..

VSDN,?

Room was sealed as described above with
the ventilation shut off. Only supplemental
N2 was added with a target of ~97%.

W/SDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO, = ventilation shutdown plus carbon dioxide. 2Both CO2 and N2
cylinders were located outside of the treatment room. Both were injected through a tube at the
top of the room and the bottom. For both treatments, the roll door was open as per requirements
of NCSU-EHS. 3CO cylinders had regulators which were heated using a 1,500-W heat gun and

ensure a controlled COs release.
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Table 5.3. Time of deaths (TOD) and amount of propane and carbon dioxide used for each

treatment in trial 1.

Treatment? TOD (minutes) Propane (kg)? CO: (kg)®
VSDH 73 1.20 ~

VSDHRh 64 1.46 =

VSDCO; 30 -- 66.25

VSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO- = ventilation shutdown plus carbon dioxide. 2One kg = 47,880.63

BTU. %0One kg = 0.51 m® at 1 atm at 21.11°C.
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Table 5.4. The PERU? room start and end temperatures and relative humidities levels and
locations for each treatment for trial 1.

Start Treatment End Treatment
Treatment! Sensor _ Relative
Location Temperature Relative Temperature Humidity
o i i 0 o
(cC) Humidity (%) (cC) %)
Front High 28.2 51.3 79.2 39.0
Front Low 28.1 49.1 78.6 42.5
VSDH Ml.ddle High 28.2 42.3 78.0 37.0
Middle Low 28.2 49.1 78.8 42.5
Back High 27.9 49.6 79.3 40.7
Back Low 28.0 48.8 78.2 42.2
Front High 21.6 59.1 62.8 38.5
Front Low 19.9 50.6 64.4 55.2
Middle High 21.4 55.1 61.8 47.6
VSDHRR Middle Low 20.05 50.4 65.3 59.9
Back High 23.15 56.4 58.6 45.4
Back Low 19.8 52.2 63.4 56.1
Front High 28.8 22.1 77.6 66.2
Front Low 28.4 21.0 76.0 68.9
Middle High 28.8 21.3 74.8 68.0
VSDCO:  P\iddle Low 28.5 22.6 75.5 63.9
Back High 27.9 20.1 77.9 71.0
Back Low 27.9 21.9 77.1 65.3

WSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO, = ventilation shutdown plus carbon dioxide. 2Poultry Entomology

Research Unit.
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Table 5.5. PERU? room start and ending CO; levels and locations for each treatment in trial 1.

Start Treatment End Treatment
Treatment Location CO2 (%)
Front 0.15 0.84
Middle High 0.11 1.02
VSDH Middle Low 0.13 0.90
Back 0.17 0.92
Front 0.14 0.53
Middle High 0.25 0.71
VSDHRR Middle Low 0.24 031
Back 0.27 0.85
Front 0.14 29.32
Middle High 0.16 46.88
VSDCO, Middle Low 0.15 45.34
Back 0.13 46.98

W/SDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO, = ventilation shutdown plus carbon dioxide. 2Poultry Entomology

Research Unit.
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Table 5.6. Body weights, pre- and post-core body temperatures (CBT) for each treatment in trial

1.
Treatment! Hen Bo((lj(yg/)nght Pre-CBT (°C) Post CBT (°C)
VSDH 1.8 40.3° 46.22
VSDHRh 1.6 40.82 46.62
VSDCO:> 1.7 40.3° 36.9°
Std. Dev. 0.30 0.60 1.24
P-Value 0.5144 0.0288 <0.0001

WSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and

relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide.
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Table 5.7. Baseline and change in corticosterone of laying hens subjected to VSDH, VSDHRAh,
or VSDCOzin trial 1.

Treatment?
VSDH | VSDHRh | VSDCO; | SEM | P-Value
Corticosterone Baseline 0.042 0.41° 0.04° 0.006 <0.0001
(ngmb) Co?tr:gggtee rigne 0.01° | 0.8 0.01° | 0.0005 | 0.0213

WSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and

relative humidity; VSDCO; = ventilation shutdown plus carbon dioxide.
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Table 5.8. Differences in HSP70 in laying hens subjected to VSDH, VSDHRh, or VSDCO: in

trial 1.
Treatment!
VSDH VSDHRh VSDCO:; SEM P-Value
HSP70 CT™! 0.402 0.412 0.04° 0.006 <0.0001

WSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide.
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Table 5.9. Baseline blood chemistry levels for each treatment in trial 1.

Blood Treatment®
Chemistry? units VSDH VSDHRh | vspco, | FValue
Na mmol/L 137.1455° | 142.8+2.6° | 147.9+1.6* | <0.0001
K mmol/L 4.2+0.6° 4.9+0.6° 3.7£0.4° <0.0001
iCa mmol/L 2.4+0.22 1.5+0.1° 1.5+0.1° <0.0001
Glu mg/dL 231.0+24.4 | 217.748.3 | 221.6+8.6 0.1758
Hct % PCV 20.9+3.1° 23.9+1.6% | 23.9+1.72 0.0098
Hb g/dL 7.1+1.1° 8.1+0.5% 8.1+0.6° 0.0097
pH 7.4+0.7 7.4+0.1 7.4+0.1 0.5151
pCO:; mmHg 32.744.0 36.5+5.1 31.746.2 0.1297
pO2 mmHg 59.0+9.6° | 71.6+23.5" | 117.0+22.1° | <0.0001
BEecf mmol/L -2.1+3.8 2.1+25 3.4+3.2 0.5929
HCO3 mmol/L 22.05+3.0 22.5+1.4 20.9+2.4 0.3349
TCO> mmol/L 23.1+3.1 23.5+1.6 22.0+2.3 0.3546
sO; % 90.6+2.3° 91.4+7.0° | 98.4+1.6 0.0013

WSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and

relative humidity; VSDCO, = ventilation shutdown plus carbon dioxide. 2Na = Sodium; K =

Potassium; iCa = ionized Calcium; Glu = Glucose; Hct = Hematocrit; Hb = Hemoglobin; pH =
blood pH; pCO2 = partial pressure of CO2; pO2 = partial pressure of O2; BEecf = Base excess in
extracellular fluid; HCOs = bicarbonate; TCO. = total COx.
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Table 5.10. Differences in blood chemistry after laying hens were subjected to VSDH, VSDHRA,

or VSDCO: in trial 1.

Blood Treatment®
Chemistry? units VSDH VSDHRh | vspco, | ©-Vele
Na mmol/L 15.1+7.1 16.2+6.7 15.6+3.2 0.9322
K mmol/L 4.9+0.62 4.1+0.6° 5.3+0.12 0.0006
iCa mmol/L 0.4+0.6 0.3+0.2 0.1+0.1 0.4110
Glu mg/dL 68.9+60.8 | 78.3+32.9 | 73.7+51.8 0.9197
Hct % PCV 6.3+3.1 7.1+3.8 7.0+2.2 0.8381
Hb g/dL 6.0+3.0 6.0+3.6 5.3+3.4 0.9063
pH 0.6+0.12 0.4+0.2° 0.6+0.22 0.0034
pCO; mmHg 33.1+23.0° | 22.9+19.8° | 68.5+28.7% | 0.0023
pO; mmHg 56.8+27.3 | 50.4+33.3 | 51.0+31.4 0.2699
BEecf mmol/L 20.4+3.32 14.5+4.4% | 9.3+8.2° 0.0028
HCOs mmol/L 10.7+2.1 8.0+2.1 0.7+8.9 0.5323
TCO; mmol/L 9.8+2.1 7.3+1.9 9.0+10 0.6325
sO; % 4.8+3.5° 7.347.7° 35.9+9.4% 0.0342

WSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and

relative humidity; VSDCO, = ventilation shutdown plus carbon dioxide. 2Na = Sodium; K =

Potassium; iCa = ionized Calcium; Glu = Glucose; Hct = Hematocrit; Hb = Hemoglobin; pH =
blood pH; pCO2 = partial pressure of CO2; pO2 = partial pressure of O2; BEecf = Base excess in
extracellular fluid; HCOs = bicarbonate; TCO. = total COx.
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Table 5.11. Time of deaths (TOD) and amount of propane and carbon dioxide used for each

treatment from trial 2.

Treatment! TOD (minutes) Propane (kg)? CO> (kg)®
VSDH 180 1.59 --

VSDHRh 101 1.44 --

VSDCO; o1 -- 57.15

WSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO- = ventilation shutdown plus carbon dioxide. 2One kg = 47,880.63

BTU. %0One kg = 0.51 m® at 1 atm at 21.11°C.
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Table 5.12. The PERU? room start and end temperatures and relative humidities levels and
locations for each treatment for trial 2.

Start Treatment End Treatment
Sensor
Treatment )
Location . Relative
Temperature Relative Temperature Humidit
(=C) Humidity (%) (=C) %) y
Front High 29.4 61.8 29.9 52.0
Middle High 28.4 62.6 29.3 53.8
VSDH
Middle Low 23.6 55.7 29.2 56.5
Back High 29.8 62.2 29.7 55.4
Front High 27.1 59.5 56.6 43.3
Middle High 29.5 58.9 57.3 44.9
VSDHRh
Middle Low 28.9 54.9 58.9 47.9
Back High 29.7 61.2 57.3 44.6
Front High 24.1 46.9 23.7 73.5
Middle High 24.5 45.8 23.6 73.2
VSDCO;
Middle Low 22.9 38.8 23.1 75.0
Back High 24.2 46.1 23.6 76.5

W/SDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide. 2PERU = Poultry
Entomology Research Unit.
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Table 5.13. PERU? room start and ending CO; levels and locations for each treatment in trial 2.

Start Treatment |

End Treatment

Treatment Sensor Location CO2 (%)
Front 0.7 0.9
Middle High 0.7 0.9
VSDH Middle Low 0.5 0.8
Back 0.6 0.8
Front 0.6 0.9
Middle High 0.3 0.8
Middle Low 0.6 0.9
VSDHRN Back 0.6 0.8
Front 0.4 37.1
VSDCO; Middle High 0.5 43.0
Middle Low 0.3 32.3
Back 0.8 33.4

WSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO, = ventilation shutdown plus carbon dioxide. 2PERU = Poultry
Entomology Research Unit.
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Table 5.14. Body weights, pre- and post-core body temperatures (CBT) for each treatment in

trial 2.
Treatment! BOd%Q’gV)e'ght Pre-CBT (°C) | PostCBT (°C) | Survival (%)
VSDH 3.0 41.4 45,72 0.42
VSDHRh 3.1 41.3 46.82 0.0°
VSDCO, 33 415 40.7° 0.0°
SEM 0.62 0.61 0.90 0.002
P-Value 0.0919 0.7167 <0.0001 <0.0001

WSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide.
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Table 5.15. Baseline and change in corticosterone of broiler chickens subjected to VSDH,
VSDHRNh, or VSDCO: in trial 2.

Treatment!
VSDH | VSDHRh | VSDCO; SEM P-Value
Corticosterone Baseline 0.2 0.2 0.2 0.1 0.5547
(ng/mt) Cocr:trilgggtiri(r)\ne 0.1 0.1 0.1 0.1 0.4180

VSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and

relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide.
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Table 5.16. HSP70 expression in broiler chickens subjected to VSDH, VSDHRh, or VSDCO: in

trial 2.
Treatment?!
VSDH VSDHRh VSDCO> SEM P-Value
HSP70 CT! 1.28 1.1 0.9 0.1 0.0046

VSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide.
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Table 5.17. Baseline blood chemistry levels for each treatment in trial 2.

Treatment!

ChE'IT?iZ?WZ onie VSDH VSDHRh | VSDCO» value
Na mmol/L 143.5£2.6 144.2+1.8 142.8+2.5 0.4170
K mmol/L 5.6£0.5 6.2+0.6 5.9+0.6 0.0693
iCa mmol/L 1.4+0.1 1.3+0.1 1.3+0.1 0.2374
Glu mg/dL 239.3+£9.8 247.3x18.4 | 231.4+11.2 0.0555
Hct % PCV 20.5+1.9 19.6£2.2 20.3£2.1 0.6181
Hb g/dL 7.0£0.6 6.8+£0.5 6.9+0.7 0.9054
pH 7.3x0.1 7.310.1 7.3x0.1 0.8806

pCoO; mmHg 47.7+6.8 49.2+9.4 45.4+7.6 0.5829
pO2 mmHg 75.8£23.1 86.5+49.3 92.1+41.4 0.7902
BEecf mmol/L -1.4+2.5 -2.2+4.0 -3.2x4.7 0.6211
HCO3 mmol/L 24.7+£1.5 24.2+3.0 23.0£3.4 0.4408
TCO, mmol/L 26.2+1.5 25.7+3.0 24.5%+3.4 0.4557
sO2 % 91.0£9.0 88.8+£9.7 91.1+11.1 0.8641

W/SDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO, = ventilation shutdown plus carbon dioxide. 2Na = Sodium; K =
Potassium; iCa = ionized Calcium; Glu = Glucose; Hct = Hematocrit; Hb = Hemoglobin; pH =
blood pH; pCO2 = partial pressure of CO2; pO2 = partial pressure of O2; BEecf = Base excess in
extracellular fluid; HCOs = bicarbonate; TCO> = total CO..
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Table 5.18. Differences in blood chemistry after broiler chickens were subjected to VSDH,
VSDHRNh, or VSDCO: in trial 2.

Blood Treatment!

Chemistry units VSDH VSDHRh | vspco, | ©-value
Na mmol/L 12.8+14.1 7.646.6 10.0+4.2 0.4883
K mmol/L 3.9+3.6° 0.6+0.8° 3.1+0.6° 0.0070
iCa mmol/L 0.5+0.4? 0.2+0.2° 0.1+0.1° 0.0128
Glu mg/dL 35.4+28.2 23.7424.2 | 45.3+21.0 0.2762
Hct % PCV 7.949.3 3.1+2.4 5.3+2.1 0.2082
Hb g/dL 3.2+3.4%® 2242 5° 5.9+2.22 0.0194
pH 2.5+3.32 0.240.2° 0.6+0.22 0.0324

pCO; mmHg 33.5+34.3° | 19.9+18.9° | 84.67.6° <0.0001
pO; mmHg 43.0+#30.4 | 40.4+38.7 | 29.1+17.3 0.1801
BEecf mmol/L 8.7+10.6 10.4+8.2 4.443.4 0.2405
HCO3 mmol/L 8.0+8.1° 6.3+4.6" 23.0+3.4° <0.0001
TCO:> mmol/L 8.4°+8.8" 6.945.9° 24.5+3.42 <0.0001
sO; % 29.3+37.9° | 27.9436.4° | 41.1+11.12 0.0002

WSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and

relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide. Na = Sodium; K =

Potassium; iCa = ionized Calcium; Glu = Glucose; Hct = Hematocrit; Hb = Hemoglobin; pH =
blood pH; pCO2 = partial pressure of CO2; pO2 = partial pressure of O2; BEecf = Base excess in
extracellular fluid; HCOs = bicarbonate; TCO. = total COx.
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Table 5.19. The time of deaths (TODs) and amount of propane and carbon dioxide used for each

treatment from trial 3.

Treatment! TOD (minutes) Propane (kg)? CO; (kg)®
VSDH 328 5 43 -

VSDHRh 154 29 -

VSDCO:> 69 - 73.0

VSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and

relative humidity; VSDCO, = ventilation shutdown plus carbon dioxide. ?One kg = 47,880.63

BTU. *0One kg = 0.51 m3at 1 atm at 21.11°C.
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Table 5.20. The PERU? room start and end temperatures and relative humidities levels and
locations for each treatment for trial 3.

Start Treatment End Treatment
N Sensor Temperature Rela_tn_/e Temperature Rela_tn_/e
Treatment Location (-C) Humidity (-C) Humidity
(%) (%)
Front High 20.3 56.2 44.9 18.6
VSDH Mi'ddle High 14.8 48.8 65.8 32.4
Middle Low 19.5 55.9 49.3 18.5
Back High 22.9 56.9 38.2 17.4
Front High 22.1 41.0 66.9 85.6
Middle High 22.7 40.9 64.7 81.0
VSDHRR Middle Low 22.7 58.1 64.6 38.9
Back High 23.8 54.9 61.0 47.3
Front High 21.4 21.5 60.0 80.0
Middle High 17.4 22.0 65.7 78.2
VSDCO: Middle Low 21.3 21.4 59.3 80.1
Back High 21.6 21.2 56.4 81.0

WSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO- = ventilation shutdown plus carbon dioxide. 2Poultry Entomology

Research Unit.
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Table 5.21. PERU? room start and ending CO; levels and locations for each treatment in trial 3

Start Treatment \ End Treatment
Treatment! Location CO2 (%)
Front 0.3 0.8
Middle High 0.4 0.9
VSDH Middle Low 0.1 0.6
Back 0.2 0.7
Front 0.3 0.2
Middle High 0.7 0.9
VSDHRR Middle Low 0.3 0.1
Back 0.2 0.7
Front 0.3 435
Middle High 0.8 56.8
VSDCO: Middle Low 0.2 33.7
Back 0.3 40.5

W/SDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO, = ventilation shutdown plus carbon dioxide. 2Poultry Entomology
Research Unit.
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Table 5.22. Body weights, pre- and post-core body temperatures (CBT) for each treatment in

trial 3.
1 Hen Body i o . o
Treatment Weight (kg) Pre-CBT (°C) Post CBT (°C) Survival (%)
VSDH 12.2 41.1° 45.72 25.72
VSDHRh 12.4 41.6° 46.72 oP
VSDCO, 12.4 42.42 41.8° oP
SEM 0.8 0.5 0.6 0.1
P-Value 0.9267 <0.0001 <0.0001 <0.0001

W/SDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide.
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Table 5.23. Baseline and change in corticosterone of turkey hens subjected to VSDH, VSDHRA,

or VSDCO:z in trial 3.

Treatment!
VSDH | VSDHRh | VSDCO, | SEM | P-Value
Corticosterone Baseline 0.13 0.15 0.15 0.03 0.0619
(ngfmt) Co?{:gggt‘z rigne 0.02° | 0.03° 0.06° 0.02 0.0337

WSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and

relative humidity; VSDCO; = ventilation shutdown plus carbon dioxide.
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Table 5.24. HSP70 expression in turkey hens subjected to VSDH, VSDHRh, or VSDCO: in trial

3.
Treatment!
VSDH VSDHRh VSDCO» SEM P-Value
HSP70 CT?! 1.28 1.18b 0.9 0.08 0.0046

\VSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO; = ventilation shutdown plus carbon dioxide.
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Table 5.25. Baseline blood chemistry levels for each treatment in trial 3.

Treatment!
Bloc_)d Units P-Value
Chemistry VSDH VSDHRh VSDCO:

Na mmol/L 149.7+2.8 147.0+1.4 | 148.8+2.6 0.1690
K mmol/L 4.4+0.5 4.2+0.4 4.6+0.68 0.2036
iCa mmol/L 1.4+0.12 1.4+0.12 1.3+0.1° 0.0346
Glu mg/dL 306.4+9.9° | 287.1+155" | 282.2+9.0° 0.0005
Hct % PCV 31.3+2.7 30.8+1.8 30.7+1.8 0.7868
Hb g/dL 10.7+0.9 10.5+0.6 10.4+0.6 0.7729
pH 7.310.1 7.3+0.1 7.3+0.6 0.3640
pCO; mmHg 55.2+7.32 52.6+4.8% | 45.6+5.4 0.0055
pO2 mmHg 99.1+35.4% | 108.2+42.0% | 61.3+15.3" 0.0134
BEecf mmol/L 1.742.3 2.6+1.6 1.744.2 0.0593
HCO3 mmol/L 27.942.1% 28.3+1.4% 25.0+3.6" 0.0167
TCO; mmol/L 29.3+2.2% 29.9+1.42 26.7+3.4° 0.0212
sO % 95.0+3.4? 96.0+4.0° | 86.3+11.0° 0.0113

W/SDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO; = ventilation shutdown plus carbon dioxide. Na = Sodium; K =
Potassium; iCa = ionized Calcium; Glu = Glucose; Hct = Hematocrit; Hb = Hemoglobin; pH =
blood pH; pCO2 = partial pressure of CO2; pO2 = partial pressure of O2; BEecf = Base excess in
extracellular fluid; HCOs = bicarbonate; TCO- = total CO».
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Table 5.26. Differences in blood chemistry after turkey hens were subjected to VSDH,

VSDHRNh, or VSDCO: in trial 3.

Blood Treatment

: Units P-Value
Chemistry VSDH VSDHRh VSDCO:

Na mmol/L 3.943.2° 13.7+45.82 10.6+5.3? 0.0006
K mmol/L 0.7+0.6" 4.7+0.52 4.4+0.7° <0.0001
iCa mmol/L 0.1+0.0° 0.5+0.12 0.1+0.1° <0.0001
Glu mg/dL 32.9423.9° | 150.7469.4% | 190.1+99.12 0.0001
Hct % PCV 3.8+3.4° 5.6+3.2° 10.4+2.12 0.0002
Hb g/dL 1.3+1.2° 2.742.6% 4.1+2.12 0.0198
pH 0.240.2° 0.5+0.22 0.7+0.17 <0.0001
pCO; mmHg 30.3+14.4° 39.0+31.9° | 84.4+5.362 <0.0001
pO2 mmHg 66.1+33.1 77.1+431.2 | 85.4+44.8 0.5237
BEecf mmol/L 4.3+2 5P 18.7+9.12 3.1+2.7° <0.0001
HCO3 mmol/L 2.4+15° 14.8+6.9° 25.0+3.62 <0.0001
TCO; mmol/L 2.5+1.3° 14.0+7.4° 26.7+3.42 <0.0001
sO; % 30.3+14.4° 40.3+30.0° | 86.3+6.62 <0.0001

WSDH = ventilation shutdown plus heat; VSDHRh = ventilation shutdown plus heat and
relative humidity; VSDCO: = ventilation shutdown plus carbon dioxide. Na = Sodium; K =
Potassium; iCa = ionized Calcium; Glu = Glucose; Hct = Hematocrit; Hb = Hemoglobin; pH =
blood pH; pCO2 = partial pressure of CO2; pO2 = partial pressure of O2; BEecf = Base excess in
extracellular fluid; HCOs = bicarbonate; TCO. = total COx.
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Table 5.27. The time of deaths (TOD) time of deaths (TOD) and amount of propane, carbon

dioxide, and nitrogen gas used for each treatment from trial 4.

Treatment? TOD (minutes) | Propane (kg)> | CO2(kg)® | N (kg)*
VSDH 73 0.39 -- --
VSDCO; 31 -- 52.1 --

VSDN:> 95 -- -- 118.14

WSDH = ventilation shutdown plus heat; VSDCO, = ventilation shutdown plus carbon dioxide;
VSDN: = ventilation shutdown plus nitrogen gas. 20One kg = 47,880.63 BTU. 3One kg = 0.51 m?
at 1 atm at 21.11°C. “One kg = 0.80 m®at 1 atm at 21.11°C.
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Table 5.28. The PERU? room start and end temperatures and relative humidities levels and
locations for each treatment for trial 4.

Start Treatment End Treatment
Senspr Relative Relative
Treatment Location | Temperature Humidity Temperature | |, . dity
¢ (%) ¢ (%)
Front High 28.0 58.2 83.3 29.0
Front Low 27.8 52.4 83.7 36.7
VSDH Ml.ddle High 28.3 57.8 82.0 29.0
Middle Low 27.8 50.9 84.5 39.7
Back High 28.2 58.7 82.0 27.7
Back Low 27.9 514 83.6 38.3
Front High 28.1 26.0 81.8 69.3
Front Low 28.0 24.2 81.8 73.7
Middle High 28.5 26.1 79.9 68.4
VSDCO. Middle Low 27.9 24.1 82.1 74.1
Back High 28.0 24.5 81.5 72.5
Back Low 28.1 23.7 81.4 74.4
Front High 24.5 24.9 66.5 54.2
Front Low 24.7 24.6 68.1 55.1
Middle High 26.0 25.1 64.3 53.2
VSN2 P iddle Low 24.7 24.8 66.7 53.8
Back High 25.4 24.7 65.9 53.2
Back Low 24.5 24.7 68.4 53.4

\VSDH = ventilation shutdown plus heat; VSDCO; = ventilation shutdown plus carbon dioxide;
VSDN; = ventilation shutdown plus nitrogen gas. 2PERU = Poultry Entomology Research Unit.

235



Table 5.29. PERU? room start and ending CO,, N2, and O levels and locations for each treatment in trial 4.

Start End Start End Start End
Treatment Treatment Treatment Treatment Treatment Treatment
Treatment? Location CO2 (%) N2 (%) 02 (%)
Front 0.1 0.7 771 80.9 20.9 18.4
Middle 0.2 0.7 771 80.7 21.0 18.6
High
VSDH Middle
0.2 0.8 78.1 81.0 20.6 18.2
Low
Back 0.2 0.8 78.1 80.5 19.9 18.4
Front 0.2 33.6 78.1 54.2 19.5 12.2
Mk:?dr:e 0.2 38.4 78.1 47.9 19.6 13.7
VSDCO: Middle
0.2 329 78.1 54.0 19.5 13.1
Low
Back 0.2 33.9 78.1 53.7 19.4 12.4
Front 0.2 0.2 78.1 96.5 19.9 3.6
Middle
High 0.2 0.2 78.1 96.4 19.9 3.6
VSDN: Middle
0.2 0.2 78.1 96.5 19.8 3.6
Low
Back 0.2 0.2 78.1 96.5 19.8 3.6

WSDH = ventilation shutdown plus heat; VSDCO; = ventilation shutdown plus carbon dioxide; VSDN, = ventilation shutdown plus
nitrogen gas. 2PERU = Poultry Entomology Research Unit.
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Table 5.30. Body weights, pre- and post-core body temperatures (CBT) for each treatment in

trial 4.
Treatment! Hen Bo(%)we'ght Pre-CBT (°C) Post CBT (°C)
VSDH 2.0 41.2 45,82
VSDCO> 1.7° 41.2 39.9°
VSDN> 1.6° 41.4 38.3°
SEM 0.1 0.3 1.0
P-Value 0.0005 0.2364 <0.0001

WSDH = ventilation shutdown plus heat; VSDCO; = ventilation shutdown plus carbon dioxide;
VSDN:> = ventilation shutdown plus nitrogen gas.
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Table 5.31. Baseline and change in corticosterone of laying hens subjected to VSDH, VSDCO,

or VSDNz in trial 4.

Treatment!
VSDH | VSDCO; | VSDN; | SEM | P-Value
Corticosterone Baseline 0.02¢ 0.11° 0.172 0.01 <0.0001
(ng/mt) Cocr:trilgggtiri(r)\ne 0.01 0.02 0.02 0.01 0.3486

\VSDH = ventilation shutdown plus heat; VSDCO; = ventilation shutdown plus carbon dioxide;
VSDN: = ventilation shutdown plus nitrogen gas.
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Table 5.32. HSP70 expression in laying hens subjected to VSDH, VSDCO; or VSDN: in trial 4

Treatment!
VSDH VSDCO:> VSDN; SEM P-Value
HSP70 CT?! 1.18 0.9 0.9° 0.09 <0.0001

WSDH = ventilation shutdown plus heat; VSDCO, = ventilation shutdown plus carbon dioxide;

VSDN:> = ventilation shutdown plus nitrogen gas.
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Table 5.33. Baseline blood chemistry levels for each treatment in trial 4.

Treatment
BIO(.)d Units P-Value
Chemistry VSDH VSDCO; VSDN:

Na mmol/L 144.5+0.7° | 149.0+1.5® | 149.9+3.0° 0.0451
K mmol/L 5.2+0.12 4.9+.22 4.2+0.4° 0.0018
iCa mmol/L 1.8+0.062 1.5+0.12 1.4+0.1° 0.0085
Glu mg/dL 215.0+14.1 | 211.945.8 | 172.4+59.2 0.1504
Hct % PCV 25.5+0.7 25..5+1.9 25.9+2.5 0.9373
Hb g/dL 8.7+0.2 8.7+0.6 8.8+0.9 0.9108
pH 7.440.1 7.4+0.2 7.3+0.1 0.4458
pCO2 mmHg 32.2+4.8% 40.4+55% | 31.3+2.2° 0.0011
PO, mmHg 62.546.4% 63.545.1° | 87.6+22.8? 0.0196
BEecf mmol/L -2.5+0.72 3.1+1.6% -8.7+0.8" <0.0001
HCOs mmol/L 21.8+1.52 22.3+1.7% | 17.0+1.8° <0.0001
TCO; mmol/L 23.0+1.4° 23.5+1.8° | 17.9+0.6° <0.0001
sO; % 93.0+1.4%® 90.5+2.3° | 94.9+3.82 0.0326

\VSDH = ventilation shutdown plus heat; VSDCO; = ventilation shutdown plus carbon dioxide;
VSDN; = ventilation shutdown plus nitrogen gas. Na = Sodium; K = Potassium; iCa = ionized
Calcium; Glu = Glucose; Hct = Hematocrit; Hb = Hemoglobin; pH = blood pH; pCO, = partial
pressure of CO»; pO2 = partial pressure of O2; BEecf = Base excess in extracellular fluid; HCO3

= bicarbonate; TCO = total CO».
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Table 5.34. Differences in blood chemistry after laying hens were subjected to VSDH, VSDCO,

or VSDN3 in trial 4.

Blood Treatment!

Chemistry Units VSDH VSDCO, | vspN, | Tovale
Na mmol/L 11.3+6.1 12.7+9.3 13.6+6.0 0.8811
K mmol/L 3.6+0.7 2.9+2.3 4.2+1.6 0.4791
iCa mmol/L 0.3+0.1% 0.1+0.1° 0.4+0.2% 0.0275

Glu mg/dL 43.0£32.1% | 34.0+19.8" | 96.6+39.2° 0.0163
Hct % PCV 6.7+2.9 6.3+3.1 5.0+2.7 0.6072
Hb g/dL 1.8+0.1 2.1+1.1 1.7+1.0 0.7884
pH 0.4+0.1 0.6+0.1 0.4+0.1 0.1214
pCO; mmHg 8.66.4° 45.9+7.6 5.6+4.2° 0.0219
pO2 mmHg 42.3+26.5 38.8423.7 | 28.8+18.0 0.5516
BEecf mmol/L 18.7+2.1 16.6+11.9 | 13.745.1 0.6460
HCO3 mmol/L 12.9+1.7 7.146.1 9.8+3.0 0.1773
TCO> mmol/L 13.0+2.0 6.0£5.6 9.842.7 0.0647
sO2 % 25.0+15.2 8.0+2.6 14.4+16.0 0.3757

\VSDH = ventilation shutdown plus heat; VSDCO; = ventilation shutdown plus carbon dioxide;
VSDN:> = ventilation shutdown plus nitrogen gas. Na = Sodium; K = Potassium; iCa = ionized
Calcium; Glu = Glucose; Hct = Hematocrit; Hb = Hemoglobin; pH = blood pH; pCO, = partial
pressure of CO»; pO2 = partial pressure of O2; BEecf = Base excess in extracellular fluid; HCO3

= bicarbonate; TCO = total CO».
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CHAPTER 7

Final Conclusions

As the poultry industry continues to be plagued with Highly Pathogenic Avian Influenza (HPALI)
outbreaks, the need for more quick and effective depopulation methods remains highly sought
after. The outbreaks from 2014-15 and 2022 to current day have resulted in millions of bird loss
leading to a major demand for depopulation supplies, and some of those supplies being limited.
This lead to the approval of ventilation shutdown plus (VSD+) for depopulation of poultry flocks
in constrained circumstances. This dissertation focused on evaluating the effectiveness of
multiple different VSD+ methods on laying hens, broiler chickens, and turkey hens.

Chapter 2 objectives were to determine the effectiveness of ventilation shutdown plus heat
(VSDH), ventilation shutdown plus heat and relative humidity (VSDHRh), and ventilation
shutdown plus carbon dioxide (VSDCO) on laying hens in an environmentally controlled
setting. To evaluate this, parameters collected were laying hen body weight, time of death
(TOD), electroencephalogram (EEG), heat shock protein 70 (HSP70) expression levels, core
body temperature, blood chemistry, and corticosterone before and after treatment at TOD and
overtime. This study showed significantly quicker TOD in VSDCO: treatment compared to
VSDH and VSDHRh. While there was no significant difference in TOD between VSDH and
VSDHRNh, there was a 16% time reduction for VSDHRh. Between treatments, there were no
significant differences in laying hen EEGs or behaviors. This study was completely effective in
achieving 100% mortality meaning that VSDH and VSDHRh could be used when supplies are
limited for laying hens.

The objectives of Chapter 3 were to determine the effectiveness of VSDH, VSDHRNh, and

VVSDCO: on broiler chickens in an environmentally controlled setting. The same parameters
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were evaluated in this chapter as in chapter 1. The results shows that there was a noticeable shift
from conscious behaviors in all treatments shifting toward unconscious behaviors roughly
around the midpoint to TOD. The VSDCO: treatment influenced certain blood chemistry
including pH, partial pressure of carbon dioxide (pCO>), and partial pressure of oxygen (pOz)
more than either VSDH or VSDHRh. Overtime, it was also reported that results for each
parameter were similar when comparing treatments. From this chapter, all treatments are
methods that could be used for broiler depopulation due to the 100% mortality and the similar
parameter results.

Much like chapters 1 and 2, chapter 3 evaluated the same parameters to determine the
effectiveness of VSDH, VSDHRh, and VSDCO: on turkey hens in an environmentally
controlled setting. Each treatment was successful in reaching 100% mortality with VSDCO;
being significantly shorter than either VSDH or VSDHRh which were not significantly different
from one another. There was no differences in conscious and unconscious behaviors of turkey
hens in respect to the percentage time in the unconscious (<0.01 mV) range. There was no
significant treatment, time, or interaction effect on turkey corticosterone. Turkeys undergoing
VSDHRNh results in significantly higher expression of HSP70 at the average TOD, indicating
potentially this treatment might be more stressful due to the bird’s inability to effectively cool
itself. Based on this chapter, while VSDH and VSDCO: could be suitable VSD+ alternatives, the
stress levels of VSDHRh birds without a time reduction may indicate this treatment may not be a
good alternative for turkey hens.

Chapter 4 evaluated the effectiveness of VSDH, VSDCO3, and ventilation shutdown plus
nitrogen gas (VSDNy) on laying hens in an environmentally controlled setting. All parameters

that were evaluated were the same as the previous chapters. Both VSDCO; and VSDN>
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treatment hens had significantly faster TODs compared to VSDH. However, when analyzing the
integral area under the curve of the composite laying hen EEGs, there was greater area for the
VSDN: treatment hens indicating higher levels of activity and stress for these hens compared to
the other two treatments. The VSDN: also had significantly greater blood corticosterone levels at
75% to average TOD when compared to the VSDCO- hens at 75% average TOD. This was
thought to be due to the lack of oxygen at this point and the hens realizing that. Based on this
chapter, VSDN: is not a good alternative because it produced greater stress responses compared
to VSDH and VSDCO:..

Chapter 5 analyzed the parameters from previous chapters to determine the effectiveness of
VSD+ methods on laying hens, broiler chickens, and turkey hens in a setting mimicking
commercial environments. Trials 1-3 evaluated the treatments VSDH, VSDHRh, and VSDCO:
on laying hens, broilers, and turkey hens respectively. Trial 4 evaluated the treatments VSDH,
VSDCOg2, and VSDN: on laying hens. In trial 1, VSDHRh use in laying hens had a longer TOD
than VSDH and VSDCOy, but still resulted in 100% mortality. In trial 2, VSDH had a 0.4%
survival rate in broiler chickens compared to VSDHRh and VSDCO, which both were at 100%
mortality. This could have been due to cool days and the room used had concrete flooring and
concreate stem walls allowing the birds to cool themselves in the VSDH treatment. There were
no significant differences in HSP70 levels in VSDHRh compared to the other two treatments in
broilers.

The use of VSDH in turkey hens resulted in a 25.7% survival rate which was significantly higher
than VSDHRh and VSDCO:; which both had 100% mortality. This could have been due to the
room setup with the concrete stem walls and flooring allowing the birds to cool themselves. For

both broiler chickens and turkey hens in the VSDH treatment, the heat could only be raised to
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53.3°C as to not damage equipment in the room like polyvinyl chloride (PVC) pipes. Therefore,
the use of VSDHRNh could be better in cooler weather on turkeys. In trial 4, VSDN: in laying
hens resulted in the longest TOD compared to VSDH and VSDCO: while still reaching the
100% mortality requirement. Using VSDN: as an alternative method may not be cost-effective
either.

Based on this dissertation, these methods can be effective and achieve 100% bird mortality, but
things such as environmental temperatures, barn equipment, and housing type must be taken into
account. In the event of limited supplies, the use of VSDH for caged laying hens would be
recommended due to the effectiveness shown in this study all while not resulting in the need to
elevate temperatures too high leading to damaged equipment. If hens are housed in a cage-free
and/or aviary setting with concrete flooring and/or concrete stem walls and it is a warm day and
has been warm, use of VSDH is still recommended, however if it has been cold, the use of
VSDHRh would be recommended to protect the barn equipment and reach 100% mortality. This
is based on the assumption that those birds would get closer to the cooler concrete and cool
themselves down with just heat alone. For broiler and turkey depopulation, foam is highly
recommended, however if foam is not an option, on cool days the use of VSDHRh is
recommended because it impedes the birds’ ability to dissipate heat even if they can get to a cool

wall, still leading to that 100% mortality.
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