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Poultry production, particularly broiler production, is an important component of the 

United States agriculture industry.  In 2014, approximately 8.54 billion broilers were 

produced valuing $32.7 billion dollars (USDA 2014 Poultry Production Summary).  

Heat stress is an environmental stressor that leads to several welfare concerns such as 

increased panting and morbidity, increased mortality, decreased feed intake and feed 

efficiency and, ultimately, economic losses.  Several processes are affected as a result 

of heat stress including the stress response, metabolism, and immunity, among others.  

The pituitary gland is a neuroendocrine organ that is involved in many of the 

processes affected by heat stress and it is hypothesized that genes differentially 

expressed between a heat stress and thermoneutral condition will lead to a better 

understanding of the bird’s response to heat.  In addition to the response to heat, 

relative tissue expression analysis was used to identify genes (in the thermoneutral 

condition) that are unique or more abundant in the pituitary gland when compared to 

all other collected tissues.  Validation of transcriptomic data was done using qRT-

PCR.  Both treatment and thermoneutral birds were euthanized on post-hatch days 21, 

22 (1 day heat stress), 26 (acute, 2 hours heat stress), 32 (acute, 4 hours heat stress), 

and 42 (3 weeks heat stress), whole pituitary glands collected, RNA extracted and 

RNA-seq stranded libraries prepared.   Day 21 birds were naïve to treatment and were 

used as thermoneutral birds only.  Transcriptomic differential expression analysis 

identified heat-responding genes such as heat shock proteins and indication of the 

classical stress response at 2 hours of acute heat stress.  By four hours, these heat-

responding genes and stress responding were no longer differentially regulated.  At 

day 22, heat responding genes were differentially enriched, however, there were fewer 

genes enriched in the heat stress condition than at the 2 hour time point.  By day 42, 

the transcriptome indicates that the birds have acclimated to the cyclical heat stress 

and there is no longer a response to heat at the transcriptomic level. Overall, the 

number of genes enriched in the heat stress condition decreased as the length of 

exposure to heat increased, and the inverse is true for the differentially expressed 

genes within the thermoneutral condition (more enrichment of thermoneutral genes as 

length of heat exposure increased).  Relative tissue expression analysis of the 

thermoneutral birds from days 21, 22, and 42 indicate a shift in overall function of the 

pituitary gland from neuronal processes at days 21 and 22 to endocrine processes by 

day 42 indicating maturation of the pituitary gland, possibly as preparation for 

reproduction.   

ABSTRACT 



 

 

1 

INTRODUCTION 

1.1 Heat Stress 

Poultry production, particularly broiler production, is an important component 

of agriculture in the United States.  In 2014, approximately 8.54 billion broilers were 

produced valuing $32.7 billion (USDA 2014 Poultry Production Summary).  The 

success of broiler production depends on several components: the breeding flock, 

hatchery, environment, and flock management. Heat is an environmental stressor that 

leads to several animal health and welfare concerns such as increased panting and 

morbidity, increased mortality, decreased feed intake and feed efficiency, and 

ultimately, economic losses.  Across the United States in 2003, approximately $1.69 to 

$2.36 billion was lost across livestock industries as a result of heat stress. Of this total, 

approximately $128 to $165 million was in the poultry industry alone (St.Pierre et al., 

2003). In 2006, for example, approximately 700,000 poultry were lost in a single heat 

wave in California (Collier and Collier, 2011). The selection for increased growth in 

broilers has led to increased susceptibility to heat stress temperatures (Altan et al., 

2003, Cahaner, 2008). While selecting for increased body size, inferior development 

of other organ systems such as the cardiovascular and respiratory systems leads to less 

efficient balance of energy and water (Yahav, 2009).  The Intergovernmental Panel on 

Climate Change predicted an increase in the global average temperature of 1.8°C to 

4.0°C by 2100 and an increase in the number and intensity of heat waves (IPCC, 

2007).  The effects of heat stress in poultry production may become more severe as the 
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global mean temperature continues to increase (Collier and Collier, 2011). Poultry 

producers attempt to mitigate the effects of heat stress by adding shade, reducing 

animal handling during hot periods, increasing ventilation via circulation fans and 

cooling the air entering the house through evaporative cooling systems (Flanders and 

Gillespie, 2015). However, the success of these attempts may be limited in areas of 

extreme temperature conditions or in developing countries with limited funds devoted 

to structural poultry house improvements.  

Chickens are homeothermic animals which means they are warm-blooded and 

capable of maintaining body temperature in the face of changing external 

environments. Heat stress in homeothermic animals can induce hyperthermia that 

results from a negative balance of energy released from the body to the environment 

and the amount of heat energy produced by the animal (Lara and Rostagno, 2013). 

Once this disturbance occurs and affects the thermoneutral zone of the bird, several 

processes within the body are affected. If the environmental stressor is acute heat 

stress, such as a heat wave, birds must adjust physiological, behavioral, and 

immunological processes in the short-term (rapid heat stress response) to combat the 

effects of the heat wave and may recover during cool periods (i.e. night) (Yahav, 

2009). If the stressor continues long term, the body attempts to acclimate and 

negatively affects several bodily processes such as reproduction, metabolism, and 

immune function, resulting in lower fitness. Ultimately, an increase in heat loss and 

decrease in heat production is necessary in order to reach a new level of homeostasis.  

One of the first responses to heat is a redistribution of blood flow to increase flow to 

the skin and upper respiratory tract to transport heat to the periphery where it can be 

released to the environment (Yahav, 2009). The feet and legs of broilers contains 
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arteriovenous heat-exchange mechanisms that allow for the dispersal of heat (R.J. 

Etches et al., 2008). Second is respiratory hyperventilation, or panting. Birds do not 

have the ability to sweat and rely heavily on panting, or gular fluttering, to dissipate 

heat; however, respiratory alkalosis results from excessive panting and may result in 

lower growth of broiler chickens (Tesseraud and Temim, 1999; Bogin et al., 1996). 

Third, there is a decrease in feed intake in order to reduce heat production related to 

consumption and metabolic utilization of feed (Renaudeau et al., 2012). In 4 to 6 week 

old broiler birds raised at 32°C showed 24% lower feed consumption when compared 

to similarly aged birds raised at 22°C (Geraert et al., 1996).  The decrease in feed 

consumption is due to lower levels of triiodothyroxine (T3), one of the main metabolic 

hormones (Yahav, 2009). Birds subjected to heat also have a decrease in protein 

deposition and an increase in fat deposition (especially subcutaneous) due to less 

efficient protein synthesis and disturbances in insulin signaling (Boussaid-Om Ezzine 

et al., 2010). Because insulin is necessary for glucose uptake in peripheral tissues, 

decreases in insulin levels can lower the metabolic efficiency of the remaining tissues 

(Peters et al., 2011). Decreased lipolysis combined with increased fat deposition 

affects cutaneous heat loss and may further compound broiler chickens low heat 

tolerance (Ain Baziz et al., 1996).  

At the cellular level, cells are protected for up to one hour during acute heat 

stress due to several pathways involving adenosine receptors, mitochondrial ATP-

dependent channels, and various kinases (Collier and Collier, 2011). Prolonged heat 

stress, however, can negatively affect several cellular processes: transcription, 

translation and post-translational modifications, oxidative metabolism, membrane 

structure and function, and the unfolding or improper folding of proteins (Schlesinger, 
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1990; R.J. Etches, et al., 2008). Heat shock protein (HSP) gene expression increases to 

aid in the cellular response to heat stress.  HSP are molecular chaperones that are 

present and highly conserved in terms of structure and function in all organisms. Heat 

shock factors (HSFs) bind to a specific sequence of DNA called the heat shock 

element (HSE) of HSP genes to increase expression during times of stress (Blake et 

al., 1991).  HSPs assist in the stress response in several ways including intracellular 

transport and folding, prevention of protein denaturation, prevention of protein 

aggregation, and facilitation of protein renaturation. They are categorized based on 

molecular weight (HSP10, HSP40, HSP60, HSP70, HSP90, etc.) (Li and Srivastava, 

2004) and families: constitutive or inducible. Constitutive HSPs are present regardless 

of heat but are enhanced once heat is present. Inducible HSPs are detected only 

following stress. HSP70 is one of the most prominent heat-induced HSPs (Yahav, 

2009). Heat stress is known to be a source of oxidative stress which results in the 

generation of reactive oxygen species and other oxidative changes in the cell. HSP70 

is a known responder to such conditions and over expression may provide a protective 

function to the cell during times of stress (Gu et al., 2012). Increased HSP70 mRNA 

expression was seen following hyperthermic stress in the brain regions corresponding 

to the control of the neuroendocrine stress response (hippocampus, hypothalamus 

nuclei, and median eminence) and may be involved in the regulation of this process 

(Blake et al., 1990).  The increased presence of HSPs elicits an immune response via 

immunoglobulins and cytotoxic T lymphocytes.  It is thought that the immune system 

responds to HSPs rather than developing a tolerance for a variety of reasons. First, 

many pathogenic organisms release heat shock proteins after initial invasion. Second, 

host cells will release HSPs after infection with microbes.  The immune system 
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utilizes immune surveillance and will respond in the presence of HSPs allowing for 

increased protection against potential diseases during times of heat stress (Schlesinger, 

1990).  

The immune system responds to heat stress through the hypothalamic-

pituitary-adrenal (HPA) and sympathetic-adrenal medullary (SAM) axes.  Overall, 

there is an immunosuppressive effect of long-term heat stress in broilers.  In 

chronically heat stressed broilers, lymphoid organ (spleen and thymus) weights, and 

circulating antibodies levels such as IgM and IgG are reduced. Circulating levels of 

immune cells are also altered, particularly, heat stress causes an increase in the 

heterophil:lymphocyte ratio (Lara and Rostagno, 2013), which is a measurement of 

stress in poultry (Gross and Siegel, 1983).  

1.2 Pituitary Gland 

The pituitary gland, or hypophysis, is a neuroendocrine organ that, in 

conjunction with the hypothalamus, exerts influence over the functions of many other 

endocrine glands including control of body temperature and response to temperature 

and heat fluctuations.  Anatomically, it is positioned below the hypothalamus in a 

protective bony pocket.  Figure 1.1 shows the pituitary gland (arrow).   
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(a)    (b)  

 

Figure 1.1 (a) Ventral view of the avian brain collected from broiler Ross 708 

chickens at 42 days of age. Black arrow indicates the pituitary gland 

(hypophysis). (b) Ventral view of brain (Rogers, 1960). Pituitary gland 

indicated via “hyp” label (hypophysis). 

 

The pituitary gland receives releasing trophic hormones from the 

hypothalamus to regulate several bodily processes related to development, growth, 

reproduction, and metabolism, among many others.  The overall structure of the 

pituitary gland is separated into two main lobes (Figure 1.2).  The anterior pituitary, or 

the adenohypophysis, is the glandular component of the pituitary gland and contains 5 

main cell types that secrete various hormones to the blood stream.  The posterior 

pituitary gland, or the neurohypophysis, is comprised strictly of nervous tissue and 

contains neurosecretory terminals that secrete neuroendocrine hormones synthesized 

by the hypothalamus.  The third component, the pars tuberalis, is an extension of the 

anterior pituitary.  
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Figure 1.2 Schematic showing the avian pituitary gland, hypothalamus and the cell 

types present within the anterior pituitary gland. Dark green: pars 

tuberalis; light green: anterior pituitary gland; light blue: nervous tissue 

of the hypothalamus, optic chiasma and posterior pituitary gland; red: 

hypophyseal portal vessels that contain releasing hormones from 

hypothalamus; POA: pre-optic area of hypothalamus; SON: supraoptic 

nucleus of hypothalamus; PVN: paraventricular nucleus of 

hypothalamus; Image adapted from Figure 23.1 in Scanes, C. 2008 

(Sturkies Avian Physiology, 6th edition) and Figure 1 in Ooi et al., 2004. 
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1.2.1 Anterior Pituitary Gland 

The anterior pituitary gland, or the pars distalis, contains the cephalic and 

caudal lobes and develops from both the oral and aboral portions of Rathke’s Pouch 

(Hidaka, 1998).  There are five main endocrine cell types in the anterior pituitary 

gland that are characterized by the hormones they produce and secrete (Figure 1.2).  

During development, the first cell type to differentiate are corticotrophs; which secrete 

adrenocorticotropic hormone (ACTH).  The next cell type to emerge are gonadotrophs 

that secrete leutinizing hormone (LH) and follicle stimulating hormone (FSH).  Next 

are thyrotrophs that produce thyroid-stimulating hormone (TSH) and somatotrophs 

that produce growth hormone (GH).  Finally, lactotrophs differentiate and produce 

prolactin (PRL) (Porter, 2006).  The final cell type found within the anterior pituitary 

gland are folliculostellate cells, which are neuroectodermal in origin and are non-

hormone producing (Escalona, 2004). The exact function of these cell types in birds is 

still under investigation; however, it is thought that they may have a supportive role to 

secreting cells, a paracrine/autocrine role in hormone secretion from adjacent 

endocrine cells as well as an immune system-endocrine interaction (Scanes, 2015; 

Allaerts et al., 1990). One study showed that non-endocrine folliculostellate cells 

exhibit long range communication (greater than 1 mm) which implies their 

involvement in endocrine cell development and synchronization similar to that of 

neurons in the brain (Hodson et al., 2010).  Imaging studies have confirmed that 

somatotrophs, for example, are dispersed throughout the pituitary gland in an 

organized three dimensional network along vasculature and not randomly dispersed 

throughout the tissue indicating involvement of not only communication between 

adjoining cells, but also long-range communication, possibly through folliculostellate 

cells (Hodson et al., 2010).  Based on morphological characteristics alone, 
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folliculostellate cells surround endocrine secreting cells and may provide support for 

these cells and also protect cells from debris released by neighboring apoptotic cells 

(Allaerts et al., 1990).  

 

1.2.2 Pars Tuberalis 

The pars tuberalis is also derived from Rathke’s Pouch during development 

and communicates with the median eminence of the hypothalamus. The pars tuberalis 

contains secretory cells similar to the anterior pituitary in addition to follicular cells, 

macrophages, and pars tuberalis secretory-specific cells (Scanes, 2015). The pars 

tuberalis plays a role in circadian rhythm and photoperiodism and may be required to 

maintain photoinduced reproductive function (Nakao et al., 2008; Karlsson, et al., 

2016).  

 

1.2.3 Posterior Pituitary Gland 

The posterior pituitary gland, or the pars nervosa, develops from an extension 

of the brain called the infundibulum and is neuroectodermal in origin (Avian 

Physiology, pg 499). Within the posterior pituitary, there are neurosecretory axons 

from hypothalamic neurons, signaling afferents, blood supply and pituicytes. 

Pituicytes are astroglial cells within the posterior pituitary that are involved in the 

modulation, storage and subsequent release of neurohypophyseal hormones through 

their interactions with other cells. Pituicytes are thought to engulf a larger portion of 

axons during times of low hormone release and then expose axons as the levels 

increase.  A unique component of the posterior pituitary gland is the morphological 

changes that occur during times of differing hormone levels and environmental 
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stressors resulting in tissue plasticity.  For example, 4 to 48 hours of dehydration 

reduced the number of cells engulfed by pituicytes by a factor of 3 (Rosso et al., 

2009).  Neurosecretory terminals within the posterior pituitary gland release two 

neurohypophyseal hormones synthesized in the hypothalamus: arginine vasotocin 

(AVT) and mesotocin (MT). Arginine vasotocin is an antidiuretic hormone equivalent 

to the mamammlian arginine vasopressin and differs by one amino acid.  Mesotocin is 

the bird equivalent of the mammalian oxytocin and also only differs by one amino 

acid. Once produced in the hypothalamus, modified axons transport the hormones to 

the posterior pituitary where they are stored and released.  

1.2.4 Anterior Pituitary Endocrine Hormones 

The endocrine hormones produced in the anterior pituitary gland are either 

trophic hormones that are involved in the regulation of other endocrine glands (ACTH, 

TSH, FSH, LH), or have effects on peripheral target tissues (GH, PRL).  

Gonadotropin hormones, leutinizing hormone (LH) and follicle stimulating 

hormone (FSH) are involved in reproductive functions within birds including 

steroidogenesis, follicular development, ovulation, and spermatogenesis.  FSH also 

has effects on lipid metabolism and increases in FSH result in increases in adipose 

weight in vivo. The alpha subunit (CGA: glycoprotein hormones, alpha polypeptide) is 

common between FSH and LH (in addition to TSH); however it is the beta subunit 

(FSHβ and LHβ) that confers specific function. FSH and LH are both released from 

gonadotropes within the anterior pituitary gland.  

Thyroid stimulating hormone (TSH) contains the same alpha subunit as LH 

and FSH along with the hormone specific beta subunit TSHβ and is produced by 

thyrotropes in the anterior pituitary.  The production and release of TSH depends on 
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thyrotropin-releasing hormone (TRH) or corticotropin-releasing hormone (CRH) from 

the hypothalamus. Once released, TSH stimulates the thyroid to increase in size and 

release thyroxine, T4, and important metabolic hormone.  TSH release is inhibited by 

somatostatin (Scanes, 2015). As ambient temperature increases, thyroid hormone 

secretion is depressed in chickens (Reineke and Turner, 1945; Hahn et al., 1966).    

Adrenocorticotropic hormone (ACTH) is released by corticotropes in the 

anterior pituitary gland and stimulates the release of corticosterone, aldosterone, and 

deoxycorticosterone from the adrenal gland. It is synthesized as proopiomelanocortin 

(POMC) which is later cleaved to yield ACTH (Scanes, 2015). Corticotropin-releasing 

hormone (CRH), AVT, and MT from the hypothalamus stimulate the release of 

ACTH.  POMC mRNA expression decreases during periods of water deprivation in 

chickens (Scanes, 2015). 

Growth hormone (GH) is released by somatotropes in the anterior pituitary 

gland and affects several processes: growth, lipid metabolism, stimulation of the 

immune system, and reproduction.  GH release is stimulated by growth hormone 

releasing hormone (GHRH), thyrotropin-releasing hormone (TRH) and ghrelin; all 

released from the hypothalamus, and is inhibited by somatostatin.  Growth hormone is 

essential for posthatch growth and is thought to increase circulating IGF1 levels from 

the liver in order to affect somatic growth (Scanes, 2015).  Studies with chickens 

following the surgical removal of the pituitary gland exhibit a 50% decreased bird 

growth rate that can be overcome with GH replacement therapy (King and Scanes, 

1986). GH is a major lipolytic hormone and can stimulate the rate of lipolysis, inhibit 

lipogenesis and influence the amount of adipose tissue in the body (Scanes, 2015).  

Growth hormone increases circulation concentrations of T3, a metabolic hormone from 
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the thyroid by reducing hepatic type 3 monodeiodinase (the enzyme responsible for 

converting T3 to T2) (Darras et al., 1992). Overall, the mRNA expression of GH is 

similar to circulating levels of growth hormone. Investigation of GH levels throughout 

development show increased circulating concentrations during rapid posthatch growth 

(reaching maximum between 2 and 6 weeks) (McCann-Levarse et al., 1993) and lower 

levels in adult birds (Harvey et al., 1979a,b).   

Prolactin (PRL) is released by lactotropes within the anterior pituitary and is 

involved in reproduction, broodiness, and growth.  The release of prolactin is 

stimulated by vasoactive intestinal peptide (VIP) from the hypothalamus. Dopamine 

inhibits the VIP-stimulated release of PRL and stimulates the direct secretion of PRL 

(Scanes, 2015).  Harvey et al., found that both GH and PRL levels correlated inversely 

with age and body weight and positively with relative weight gain (1979b).  

 

1.2.5 Pituitary Interaction with Hypothalamus and Response to Stress 

The pituitary gland is intimately connected to the hypothalamus and receives 

messages through axons and the hypophyseal portal blood system (Figure 1).  The pre-

optic area and supraoptic nucleus of the hypothalamus produce CRH, dopamine, 

GHRH, GnRH, SST, and VIP which are released into the median eminence and stored 

in neurosecretory terminals.  Once released from the terminals, the releasing hormones 

enter the blood system and cause the release of their corresponding hormones in the 

anterior pituitary gland.  The paraventricular nucleus of the hypothalamus synthesizes 

and releases AVT and MT for storage and subsequent release in the posterior pituitary 

gland (Scanes, 2015).  The hypothalamus, pituitary gland, and adrenal glands form the 

hypothalamo-hypophyseal-adrenal (HPA) neuroendocrine axis and is fully functional 
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several days prior to hatching (Porter, 2004).  During the rapid heat stress response, 

there is an immediate shift to utilize bodily processes to support homeostasis such as 

release of adrenomedullary hormones and sympathetic neural transmitters to mobilize 

resources to support cardiovascular, pulmonary, metabolic and muscular activity.  The 

synthesis of catecholamines (epinephrine and norepinephrine) is increased in response 

to heat stress which may exert an influence on body temperature (Etches et al., 2008). 

This response is strictly for acute stress and if maintained, could result in heat stroke 

and death (Collier and Collier, 2011). The chicken acclimatizes by activating the HPA 

axis via CRH and AVT release from the hypothalamus into the hypophyseal blood 

portal system; thereby releasing ACTH which, in turn, signals release of 

corticosterone, the primary stress glucocorticoid in birds, from the adrenals (Jasnic et 

al., 2010). During heat stress there is an effect on the metabolic rate through the 

interaction of the hypothalamic-pituitary unit and the thyroid glands.  A reduction in 

the circulating levels of T3 during acute heat stress is a result of decreased conversion 

of T4 to T3 and a sign of reduced thyroid activity in order to decrease energy utilization 

and heat production (Kahl et al., 2015). AVT, the hypothalamic antidiuretic hormone 

in non-mammalian vertebrates, is released in response to dehydration and stimulates 

resorption of water by kidney, which is an important response to heat stress.   

Changes in energy levels can lead to several downstream issues within the 

body if tissue energy requirements are not met.  The brain, however, is able to 

maintain its energy by placing higher priority on its own requirements as was first 

described by Marie Krieger titled as the Selfish Brain Theory (Krieger, 1921).  It was 

shown that the human brain mass is unaffected during times of decreased feed and 

water intake while other organs such as the heart, liver, spleen, kidneys, and pancreas 
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lose approximately 40% of their mass. The brain is capable of this via the 

ventromedial hypothalamus monitoring ATP levels and increasing glutamate release.  

This increase in glutamate affects the sympatho-adrenal system and inhibits insulin 

secretion and limits glucose outflow to the peripheral tissues (Peters et al., 2011). 

Neurons throughout the brain have been shown to respond to glucocorticoid increases 

as a result of stress. Glucocorticoids, in addition to several other steroids secreted by 

the gonads and adrenal glands are considered neuroactive steroids. Oligodendrocytes, 

the cells responsible for myelin production, contain glucocorticoid receptors and are 

thought to regulate myelin expression in the CNS as a result of glucocorticoid changes 

in the brain (Ochinik and McEwen, 1995).   

In summary, the avian pituitary gland is involved in several of the bodily 

processes that are affected during times of increased ambient temperatures.  

Identification of genes in the pituitary gland that are impacted by heat stress (adaptive 

or maladaptive) or aid in the response to heat stress will allow for a better 

understanding of the physiological response to heat stress. Additionally, analyzing the 

chicken pituitary transcriptome compared to other chicken tissues will allow for 

identification of genes that are unique to the pituitary or are more abundant. These 

genes, while involved in processes necessary for many tissues (such as the 

extracellular matrix), may be specifically important to the overall function of the 

pituitary gland and will lend gene targets for future researchers studying the pituitary 

gland and its related disorders.  

1.3 Summary 

Heat is an environmental stressor that impacts poultry production in terms of 

animal welfare and economic losses.  With the predicted increase in mean global 
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temperature and subsequent increase in incidence and severity of heat waves, it is 

important to understand how broiler chickens are affected by heat stress, particularly 

at the transcriptomic level.  The pituitary gland is an important component of several 

bodily processes that are affected during times of heat stress and it is hypothesized that 

the pituitary gene expression will be affected by increases in ambient temperature. 

Table 1.1 shows the overview of this project, the goal of which is to aid in better 

understanding the broilers response to heat at the transcriptomic level in the pituitary 

gland.   

 

Table 1.1 Overall summary of the experimental design and analysis of the avian 

pituitary gland.  Day of collection are indicated on the top with 

corresponding information below.  Tissues on days 26 and 32 were 

collected to investigate acute heat transcriptomic changes.  Naive birds 

were removed from the thermoneutral house and placed in the heat stress 

house for the indicated number of hours prior to necropsy. Number of 

libraries corresponds to the number of RNA-seq libraries. FISH: 

Fluorescent in situ hybridization. 
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MATERIALS AND METHODS 

2.1 Experimental Design 

To determine expressed genes that are impacted by increased ambient 

temperatures, a heat stress study was conducted using Ross 708 male broiler chickens.  

Two hundred birds were obtained from Mountaire farms (Millsboro, DE) at day of 

hatch and transported to the University of Delaware farm. Birds were weighed, split 

into two equal groups with similar mean weights, and placed in two houses; one 

experimental house (heat stress) and one thermoneutral house. Figure 2.1 summarizes 

the heat scheme and collection days of the experiment.  
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Figure 2.1 Heat stress scheme and collection points (diamonds) from day of hatch 

through completion of trial at day 42.  X axis corresponds to days post 

hatch while Y axis corresponds to ambient house temperature.  Birds 

were raised following grower standards until day 21 when cyclical heat 

stress of 35-37 °C for 8 hours per day began.  Tissue collections were 

performed at day 21 (prior to treatment), day 22 (1 day of treatment), day 

26 (Green: Acute time point, 2 hours treatment), day 32 (Green: Acute 

time point, 4 hours treatment), and day 42 (3 weeks treatment). 

Thermoneutral birds were also collected at each necropsy for comparison 

with heat stress birds within each time point.  

Birds were raised in each house on litter with ad libitum access to feed (corn-

soy that met all NRC requirements) (National Research Council, 1994) and water. 

Both houses were maintained at 23 hours of light and 1 hour of dark for the duration 

of the study. Starting on day 21, the ambient house temperature in the experimental 

house was raised to 35-37°C for 8 hours each day (7am-3pm) through completion of 

the trial at day 42 (standard market age) while the thermoneutral house was 

maintained at 25°C throughout.  Birds were culled via cervical dislocation and 

necropsies were performed at multiple time points to collect morphometric and 
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allometric data on organ systems as well as several tissues (brain [pituitary gland, 

hypothalamus, and pineal gland], retina, breast muscle, liver, kidney, spleen, 

duodenum, jejunum, ileum, and large intestine) for transcriptomic analysis. At each 

time point, whole pituitary glands were extracted and flash frozen with liquid nitrogen.  

At day 21, 36 birds were euthanized and necropsied as described above.  These birds 

were naïve to treatment. At day 22, following one day of heat stress in the 

experimental house, 26 experimental birds and 12 thermoneutral birds were collected.  

To assess acute heat stress, two time points were added and were collected on day 26 

and day 32.  At day 26, 6 naive birds from the thermoneutral house were moved to the 

experimental house for 2 hours of acute heat stress prior to sacrifice. At day 32, 6 

naïve birds were removed from the thermoneutral house and placed in the 

experimental house for 4 hours of acute heat stress.  At both time points, 6 

unchallenged thermoneutral birds were also collected for comparison.  Last, 21 

experimental and 12 thermoneutral birds were collected at day 42 after 3 weeks of 

chronic cyclical heat stress.  Tissue samples were stored in -80°C until extraction of 

RNA using the Qiagen RNeasy Tissue Kit according to the manufacturer’s protocol. 

Total RNA quantity was measured using a Qubit Fluorometer and quality was 

assessed via fragment analysis.  Libraries were prepared using the Illumina Stranded 

RNAseq kit (San Diego, CA) and sent for sequencing at the Delaware Biotechnology 

Institute (DBI) Sequencing and Genotyping center using the Illumina HiSeq 2500 

sequencer.  All RNA libraries were sequenced to a depth of ~20 million to 30 million 

reads per library. The reads were aligned to the Gallus gallus 4 genome sequence, 

identified and counted using software packages (Bowtie, Tophat, Cufflinks) to result 
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in fragments per kilobase of gene per million mapped reads (FPKM) values for further 

analysis. Total number of libraries created for each time point are listed in Table 2.1. 

 

Table 2.1 Summary table of number of pituitary gland RNA libraries prepared for 

each condition at each time point collected.   

 

Day Condition 

# of RNA 

Libraries 

Day 21 - Control 
Heat Stress N/A 

Control 15 

Day 22 - 1 Day Heat Stress                  
Heat Stress 16 

Control 10 

Day 26 - Acute                               

2 Hours Heat Stress                  

Heat Stress 5 

Control 6 

Day 32 - Acute                               

4 Hours Heat Stress                  

Heat Stress 6 

Control 6 

Day 42 - 3 Weeks Heat Stress                  
Heat Stress 17 

Control 10 

 

 

2.1.1 Pituitary Gland Collection Method 

The pituitary gland is a small extension from the base of the brain in a 

protective bony pocket, the sella turcica.  Veterinarians Dr. Robert Dyer and Dr. Erin 

Brannick were consulted to ensure the entire pituitary gland was collected properly 

during necropsy. Tissues were sent to University of Delaware Comparative Pathology 

Laboratory to confirm both the adenohypophysis and neurohypophysis were collected. 

Histology images (Figure 2.2) and reports indicate the extraction method was 

successful in majority of samples submitted.  Overall, the ease of extraction increases 
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with age as the brain increases in size; however, the possibility of obtaining adjoining 

brain regions such as the median eminence is high due to the intimate connection of 

this region with the posterior pituitary.  

 

Figure 2.2 Hematoxylin and eosin (H&E) stained Gallus gallus pituitary gland 

sections. (a) Adenohypophysis – 20X (b) Adenohypophysis – 40X (c) 

Neurohypophysis – 20X (d) Neurohypophysis – 40X (e) 

Neurohypophysis (pp) and Adenohypophysis (ap) – 20X.  

2.1.2 Transcriptome Analysis 

Once libraries were prepared and sent to DBI, resulting sequencing files 

contain fragments per kilobase of gene per million mapped reads (FPKM) values for 

all sequenced genes within each library which were used for statistical analysis in 

JMP.  The sequencing discussed in this dissertation is publicly available through GEO 

series accession number GSE89297 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE89297). Two analysis 

methods were utilized for this experiment: differential gene expression analysis and 

relative tissue expression analysis, described in detail below.  Once analysis was 

complete, resulting gene lists were uploaded to AmiGO2 for gene ontology terms 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE89297)
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(Carbon et al., 2009), PathRings for pathway analysis (Zhu et al., 2015), and 

WebGIVI for text mining and identification of iTerms (Sun et al., manuscript in 

preparation).  

2.1.2.1 Differential Gene Expression Analysis 

Differential gene expression analysis was used to identify genes that are 

differentially enriched between two conditions (i.e. heat stress and thermoneutral) at 

any given time point.  This particular analysis was used for day 22, day 26 (acute – 2 

hours), day 32 (acute – 4 hours), and day 42 to identify genes that are affected by heat 

stress or may be impacting the birds’ response to heat stress at each time point. Mean 

FPKM ratios were compared between experimental and thermoneutral birds for all 

genes at each time point.  A log2 transformation was used to normalize data to apply a 

t-test.  Genes whose ratios were greater than 2 standard deviations from the mean and 

with a p-value < 0.05 were determined differentially expressed between the 

experimental and thermoneutral conditions.  The resulting differentially expressed 

genes were further trimmed by excluding all genes with FPKM values less than one in 

both conditions (heat stress and thermoneutral).   

2.1.2.2 Relative Tissue Expression Analysis 

Relative tissue expression analysis was used to compare the gene expression of 

the pituitary gland with the gene expression of all other collected tissues (brain 

[hypothalamus, and pineal gland], retina, breast muscle, liver, kidney, spleen, 

duodenum, jejunum, ileum, and large intestine) to identify expressed genes that are 

unique to the pituitary gland or more abundant in the pituitary gland. This analysis 

method follows the protocol outlined by Bailey et al., 2009. Because the goal of this 



 

 

22 

analysis was to identify genes that are unique or more abundant in the pituitary, only 

thermoneutral conditions were analyzed from days 21, 22, and 42.  Each day was 

analyzed independently and maximum FPKM values for each gene in the pituitary 

gland were compared to the median FPKM value of each gene in all other collected 

tissues with the following calculation: 

 

𝑙𝑜𝑔2
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐹𝑃𝐾𝑀 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑔𝑒𝑛𝑒 𝑖𝑛 𝑃𝑖𝑡𝑢𝑖𝑡𝑎𝑟𝑦 𝐺𝑙𝑎𝑛𝑑

𝑀𝑒𝑑𝑖𝑎𝑛 𝐹𝑃𝐾𝑀 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑔𝑒𝑛𝑒 𝑖𝑛 𝑎𝑙𝑙 𝑜𝑡ℎ𝑒𝑟 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑡𝑖𝑠𝑠𝑢𝑒𝑠
 

The log2 distribution was applied to normalize the data and apply a t-test.  Resulting 

genes that were greater than two standard deviations from the mean with a p-value less 

than 0.05 were considered enriched in the pituitary gland. These enriched genes are 

thought to provide the unique function of the pituitary gland or are possibly critical to 

the overall function of the pituitary gland at that point in development.   
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TRANSCRIPTOMIC CHANGES THROUGHOUT POST-HATCH 

DEVELOPMENT IN THE UNSTRESSED BROILER CHICKEN (GALLUS 

GALLUS) PITUITARY GLAND 

3.1 Abstract 

The pituitary gland is a neuroendocrine organ that works closely with the 

hypothalamus to affect multiple processes within the body including the stress 

response, reproduction, metabolism, growth, and immune function.  Relative tissue 

expression (rEx) is a transcriptome analysis method that compares the genes expressed 

in a particular tissue to the genes expressed in all other tissues with available data.  

Using rEx, the aim is to identify genes that are uniquely or more abundantly expressed 

in the pituitary when compared to all other collected chicken tissues.  We applied rEx 

to define genes enriched in the chicken pituitaries at days 21, 22, and 42 post-hatch. 

rEx analysis identified 25 genes shared between all three time points, 295 genes 

shared between days 21 and 22, and 407 genes unique to day 42. The 25 genes shared 

by all time points are involved in morphogenesis and general nervous tissue 

development.  The 295 shared genes between days 21 and 22 are involved in 

neurogenesis and nervous system development and differentiation. Finally, the 407 

unique day 42 genes are involved in pituitary development, endocrine system 

development and other hormonally related gene ontology terms. Overall, rEx analysis 

indicates a focus on nervous system/tissue development at days 21 and 22.  By day 42, 

in addition to nervous tissue development, there is expression of genes involved in the 

Chapter 3 
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endocrine system, possibly for maturation and preparation for reproduction. This study 

defines the transcriptomics of the pituitary gland of chickens over time and aids in the 

understanding of the expressed genes that are critical to the function and maturation of 

the pituitary gland. 

3.2 Introduction 

The avian pituitary gland is a neuroendocrine organ that works closely with the 

hypothalamus to regulate multiple processes within the body including the stress 

response, reproduction, metabolism, growth, and immune function.  The 

hypothalamus receives neuronal and endocrine signals from the brain and body and 

synthesizes releasing hormones that are sent to the pituitary gland to stimulate the 

production of several hormones that will directly affect other tissues (i.e. Growth 

Hormone (GH)), or stimulate the release of further protein products (i.e. 

Adrenocorticotropic Hormone (ACTH)).  The posterior pituitary gland, or the 

neurohypophysis, is comprised of nervous tissue and is connected to the hypothalamus 

via the median eminence.  Neurosecretory terminals within the posterior pituitary store 

and release arginine vasotocin (AVT) and mesotocin (MT) that are synthesized in the 

supraoptic nucleus and paraventricular nucleus of the hypothalamus, respectively. 

Releasing hormones synthesized by the hypothalamus are transported to the anterior 

pituitary gland through the hypophyseal blood portal system and stimulate the 

production and release of various endocrine hormones (ACTH, GH, LH, FSH, and 

TSH).  Relative tissue expression analysis (rEx) was used to compare the chicken 

pituitary gland transcriptome to the transcriptome of all other tissues our laboratory 

has analyzed in the broiler chicken across three time points: Days 21, 22, and 42. The 

pituitary gland is a complex tissue in that it contains many different cell types and 
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signals are sent through both neural and endocrine networks. The messages received 

by the pituitary gland lead to many changes within the tissue and results in tissue 

plasticity. The results of this analysis identify expression levels of genes in the 

pituitary gland that are either more abundant or are unique to this particular tissue at 

specific points in development. These data confers a better understanding of the genes 

and pathways that are critical to the function of the pituitary gland. 

3.3 Materials and Methods 

3.3.1 Animal Housing and Tissue Collection 

Male Ross 708 broiler chickens (Gallus gallus) were obtained on day of hatch 

from Mountaire Hatchery (Millsboro, DE) and placed in houses on the University of 

Delaware farm (Newark, DE). Husbandry and management followed all standards and 

procedures as approved by the Animal Care and Use Committee (AACUC #(27) 03-

12-14R). Standard broiler feed (corn-soy) that met all NRC requirements (National 

Research Council, 1994) and water were supplied and animals had ad libitum access 

throughout the trial. Birds were humanely euthanized via cervical dislocation and 

pituitary glands collected on 21, 22, and 42 days post-hatch as part of a larger study. 

Whole pituitaries were immediately flash frozen with liquid nitrogen and stored at -

80°C until further analysis.   

3.3.2 RNA Isolation, cDNA Synthesis, RNA-seq Library Preparation, and qRT-

PCR Validation 

Total RNA was extracted from whole pituitary glands (8 mg – 20 mg 

depending on age) using the Qiagen RNeasy Mini Kit (Germantown, MD). Total RNA 

quantity was measured using a Qubit Fluorometer and quality was assessed via 
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fragment analysis.  A total of 15 pituitary glands from day 21, 10 from day 22, and 10 

from day 42 were obtained for RNA-seq library preparation using the Illumina 

Stranded RNAseq kit (San Diego, CA).   Samples were sequenced at the Delaware 

Biotechnology Institute (DBI) Sequencing and Genotyping center using the Illumina 

HiSeq 2500 sequencer.  All libraries were sequenced to a depth of 20 to 30 million 

reads per library.  The reads were aligned to the Gallus gallus ver4 genome sequence, 

identified and counted using software packages Bowtie, Tophat, and Cufflinks and 

expression levels reported as fragments per kilobase of gene per million mapped reads 

(FPKM) values for further analysis (Trapnell et al., 2009; Langmead et al., 2012). 

Three biological replicates for each day (day 21, 22, and 42) were used for cDNA 

synthesis using the SuperScript First-Strand Synthesis System for RT-PCR 

(Invitrogen).  cDNA concentration was determined using the qubit fluorometer and 

diluted to 30 ng/ul for PCR.  qRT-PCR was performed on the following genes using 

Fast SYBR green master mix (Applied Biosystems) on the Applied Biosystems 7500 

Fast Real Time PCR system for the following genes: glycoprotein alpha subunit 

(CGA), follicle stimulating hormone, beta (FSHB), growth hormone (GH), pro-

opiomelanocortin (POMC), prolactin (PRL), and thyroid stimulating hormone, beta 

(TSHB).  Each gene and primer pair (Table 3.1) were performed in triplicate and 

analysis was completed using the delta Ct method. These particular genes were chosen 

based on their high presence within the pituitary gland and the corresponding 

transcriptomic data.  
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Table 3.1 Primer sequences used for qRT-PCR Transcriptome Validation.  

Validation of expression levels between days 21, 22 and 42.  

Gene Forward Primer Reverse Primer 

CGA 5' GCAACGTGCTGTGTAGCAAAG 3' 5' TGGTTCTCTATCTTCACATTGCCTT 3' 

FSHB 5' CGTACAGGGTAGAGCCAACGA 3' 5' GGCCCTCAAAAGGCTGAAC 3'  

GH 5' GCTTCAAGAAGGATCTGCACAA 3' 5' GCGCCGGCACTTCATC 3' 

POMC 5' GCTACGGCGGCTTCATGA 3'  5' CGATGACGTTTTTGAACAGA 3' 

PRL 5' TTGGGCGGGTTCATTCTG 3' 5' GGCCGTCCCAGTGAGAGTAA 3' 

TSHB 5' TGGCCATCAACACCACCAT 3' 5' CGTTGCTGTCCCGTGTCA 3' 

3.3.3 Relative Tissue Expression Analysis 

The gene expression of the pituitary gland was compared to the expression of 

other tissues (abdominal fat pad, heart fat pad, breast muscle, cerebellum, heart, liver, 

duodenum, jejunum, ileum, spleen, retina, pineal, and hypothalamus) analyzed by our 

laboratory following the relative tissue expression (rEx) protocol outlined by Bailey et 

al., 2009.  Each day was analyzed independently and maximum FPKM values for each 

gene in the pituitary gland were compared to the median FPKM value of each gene in 

all other collected tissues with the following calculation: 

𝑙𝑜𝑔2 
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐹𝑃𝐾𝑀 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑔𝑒𝑛𝑒 𝑖𝑛 𝑃𝑖𝑡𝑢𝑖𝑡𝑎𝑟𝑦 𝐺𝑙𝑎𝑛𝑑

𝑀𝑒𝑑𝑖𝑎𝑛 𝐹𝑃𝐾𝑀 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑔𝑒𝑛𝑒 𝑖𝑛 𝑎𝑙𝑙 𝑜𝑡ℎ𝑒𝑟  𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑡𝑖𝑠𝑠𝑢𝑒𝑠
 

The log2 distribution was used to normalize the data and apply a t-test. Resulting genes 

that were greater than two standard deviations from the mean and with a p-value less 

than 0.05 were considered enriched in the pituitary gland.  The enriched expression of 

these particular genes is thought to provide the unique functions of the pituitary gland 

or are critical to the overall function of the pituitary gland at that point in 

development. The enriched genes were uploaded to AmiGO 2 for gene ontology (GO) 

terms (Carbon et al., 2009), PathRings for pathway analysis (Zhu et al., 2015), and 
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WebGIVI for text mining and the identification of iTerms (Sun et al., manuscript in 

preparation).  

3.4 Results 

All sequencing data generated in the current project have been uploaded in the 

NCBI Gene Expression Omnibus application and are accessible through GEO.  Figure 

3.1 shows a Venn diagram of the number of genes shared (intersects) and differing 

(complement) between time points.  A total of 25 genes were shared between all three 

time points.  Day 21 and day 22 were chosen for collection as part of a larger study 

and share 295 enriched genes compared to all other tissues.  By day 42, there are 407 

enriched genes not shared with day 21 and 22.  

 

Figure 3.1 Total number of enriched genes (rEx analysis) in the whole pituitary 

gland at post-hatch days 21, 22, and 42. Overlapping fields indicate 

nmber of genes shared between the points.  
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3.4.1 Enriched Genes at Day 21 and Day 22: 295 Shared Genes 

The 295 enriched genes shared between day 21 and day 22 grouped into the 

following GO terms: structure development (75 genes), neurogenesis (35 genes), 

neuron differentiation (26 genes), and nervous system development (43 genes). More 

specific GO terms associated with the 295 shared genes are neuron cell-cell adhesion 

(4 genes), oligodendrocyte differentiation (8 genes), and regulation of gliogenesis (9 

genes).  Figure 3.2 shows PathRings output for 295 shared genes between D21 and 

D22. The significant pathways are signal transduction (ST - 25 genes), neuronal 

system (NS - 7 genes), transmembrane transport of small molecules (Ttos - 11 genes), 

and developmental biology (DB - 10 genes).   
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Figure 3.2 PathRings output for 295 shared enriched genes between days 21 and 22. 

Significance, determined by Fisher Exact Test, is indicated by color. Blue 

is not significant while yellow to maroon is p-value 0.05-0.0001, 

respectively. Significant pathways are Signal Transduction (ST), 

Neuronal System (NS), Transmembrane Transport of Small Molecules 

(Ttos), and Developmental Biology (DB).  

 

Several genes within the signal transduction pathway and developmental 

biology pathway were related to axon connection formation and axonal organization 

(CNTN1, CNTN2, NFASC, LAMA1, and SLIT1), as well as neurite outgrowth (EGF, 

ERBB4, and NRG3). Additionally, glutamate (GRM3 and GRM7) and GABA 

(GABRA3) receptors, and genes related to synaptic transmission and messaging 
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(ASIC4, HRH3, and CHL1) were enriched at days 21 and 22 when compared to all 

other tissues. 

3.4.2 Enriched Genes at Day 21 (74 Genes) and Day 22 (92 Genes) 

Days 21 and 22 share a large portion of enriched genes; however, there are 

genes unique to each day. Further investigation of the individual days in AmiGO2 

indicate an enrichment of genes associated with neuronal morphogenesis and synapse 

structure and organization at day 21 (SYNDIG1, RELN, and LRRTM1).  At day 22, 

the uniquely enriched genes are related to neurite outgrowth, axonal migration, 

oligodendrocyte differentiation, and myelination (FA2H, GLDN, PLP1, EPHA2, 

PTGDS, PTGS1, and STMN4).  Two immune related genes were also enriched in day 

22: histone deacetylase 11 (HDAC11) and complement regulatory protein CD59 

molecule (CD59).  While these genes were uniquely enriched in the pituitary gland at 

day 22, the mean FPKM for these genes at days 21 and 22 were both high in 

comparison to day 42 ([HDAC11: Day 21: 75.27, Day 22: 84.64, Day 42: 6.53]; 

[CD59: Day 21: 467.2, Day 22: 505.7, Day 42: 54.0]).  

3.4.3 Enriched Genes at Day 42: 407 Genes 

At day 42, there are 407 unique genes with the following GO terms: pituitary 

gland development (11 genes), endocrine system development (15 genes), hormone 

metabolic process and regulation of hormone levels (28 genes), and cell-cell signaling 

(18 genes) (Table 3.2).   
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Table 3.2 Gene ontology (GO) terms and enriched genes within each term for 

pituitary glands collected from Gallus gallus at day 42. 

Gene Ontology 

(GO) Term 

# of Genes in 

GO Term Gene Symbol 

Pituitary Gland 

Development 

11 DRD2, GHRHR, ISL1, LHX3, PAX6, PITX1, PITX2,  

POU1F1, SIX3, TBX19, WNT5A 

Endocrine System 

Development 

16 CGA, CRHR1, DRD2, GHRHR, ISL1, LHX3, NR5A1 

PAX6, PITX1, PITX2, POU1F1, RFX6, RFX8, SIX3 

TBX19, WNT5A 

Regulation of 

Hormone Levels 

17 CGA, CPE, CRHR1, DIO2, DRD2, ESR1, FOXL2 

GHRHR, GHSR, ILDR1, INHBA, NR5A1, PASK, PCSK1 

POMC, PRL, RFX6 

Cell-Cell Signaling 24 C2CD4C, CACNA1B, CADPS, CGA, CHRNA3, 

CPE, CRHR1, DRD2, GABRG1, GHRHR, GHSR, 

GPR149, HTR1B, INHBA, KLF4, LHX5, LOC100858799, 

P2RX2, PDYN, PENK, PITX2, POMC, SYT4, WNT5A 

 

In addition to endocrine-related GO terms, neurogenesis (34 genes) and 

nervous system development (42 genes) GO terms were also present within day 42 

enriched genes. Figure 3.3 shows the pituitary specific iTerms and genes output from 

WebGIVI for the day 42 time point.  
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Figure 3.3 Adapted WebGIVI output for Gallus gallus pituitary iTerms and 

enriched genes expressed at day 42. Red outlined circles indicate iTerms 

generated by WebGIVI via the text mining tool eGift.  Black outlined 

circles indicate genes from the user input list. Gray lines (edges) show 

connections between genes and iTerms.  Blue filled genes are pituitary 

transcription factors. Orange filled genes are receptors for hypothalamus 

releasing hormones. Green filled genes are beta subunits of FSH and 

TSH. 

At day 42, expression of endocrine related genes such as GH, PRL, CGA, 

TSHB, FSHB, and POMC increased and the following fold changes were seen in the 

transcriptomic data between days 22 and 42: GH 2700-fold, PRL 3000-fold, CGA 

(alpha subunit for FSHB, TSHB, LHB) 1600-fold, TSHB: 2300-fold, FSHB: 6800-

fold, and POMC 2600-fold. To validate these robust transcriptomic changes, qRT-

PCR results are summarized in Figure 3.4. 
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Figure 3.4 Inverse Delta Ct values for 6 genes comparing Days 21, 22, 42 post-hatch 

in the chicken pituitary gland. Gene primers were used to validate 

increased expression seen in the transcriptome between days 21, 22 and 

42.  Inverse delta Ct values are shown. Error bars constructed using 1 

standard error from the mean.  
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3.4.4 Enriched Genes at Day 21, Day 22, and Day 42: 25 Shared Genes 

The 25 enriched genes mean FPKM values for each day are shown in Table 

3.3.   

Table 3.3 Mean FPKM values for 25 shared enriched genes in the Gallus gallus 

pituitary gland when compared to all other collected tissues. 

Gene Description Day 21 Day 22 Day 42 

ADIRF adipogenesis regulatory factor 2.16 1.722 1.8 

CASR calcium-sensing receptor 2.33 2.57 2.41 

COL11A1 collagen, type XI, alpha 1 17.17 20.74 24.49 

DNAH5 dynein, axonemal, heavy chain 5 0.55 0.4 0.98 

FAM135B family with sequence similarity 135, member B 1.82 1.82 2.08 

FAM3B family with sequence similarity 3, member B 5 3.98 3.4 

GPC3 glypican 3 15.17 15.82 12.37 

LOC101749214 uncharacterized LOC101749214 1.68 1.45 0.99 

LOC101749680 uncharacterized LOC101749680 0.53 0.76 1.21 

LOC101749716 uncharacterized LOC101749716 0.95 0.67 1.79 

LOC101749894 homeobox protein Nkx-2.2-like 17.42 20.4 16.02 

LOC101750727 uncharacterized LOC101750727 1777.2 1074.13 958.83 

LOC421690 vacuolar protein 8-like 0.56 0.82 0.61 

MATN4 matrilin 4 2.2 2.1 7.02 

MDGA2 

MAM domain containing glycosylphosphatidylinositol 

anchor 2 14.16 16.98 14.25 

MOV10L1 Mov10l1, Moloney leukemia virus 10-like 1, homolog 4.53 3.53 6.09 

MYT1 myelin transcription factor 1 8.5 8.9 7.35 

NALCN sodium leak channel, non-selective 14 13.27 10.73 

NKX2-2 NK2 homeobox 2 20.34 25.9 18.47 

RNF182 ring finger protein 182 1.43 1.53 3.14 

SIX6 SIX homeobox 6 53.92 51.5 44.8 

SORCS1 sortilin-related VPS10 domain containing receptor 1 13.6 14.65 16.97 

SOX3 SRY (sex determining region Y)-box 3 4.99 5.04 3.95 

TRAPPC4 trafficking protein particle complex 4 36.72 38.12 34.17 

UMODL1 uromodulin-like 1 1.3 1.52 2.55 
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Enriched genes were uploaded to WebGIVI (Figure 3.6) and AmiGO2 GO 

terms system development (COL11A1, DNAH5, GPC3, SIX6, SOX3, TRAPPC4) and 

sensory organ development (COL11A1, SIX6, SOX3). These genes include 

transcription factors and genes whose products code for structural proteins and are 

associated with the extracellular matrix.  

 

Figure 3.5 Adapted WebGIVI output for 25 shared enriched genes and 

corresponding iTerms expressed at days 21, 22, and 42.  Red circles 

indicate iTerms generated by WebGIVI via text mining tool eGift. Black 

circles indicate genes from the user input list. Gray lines (edges) show 

connections between genes and iTerms.  

3.4.5 Enriched Transcription Factor Genes 

Table 3.4 shows the transcription factors (TF) enriched by day. 
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Table 3.4 Transcription factors enriched at days 21, 22, and 42 in Gallus gallus 

pituitary glands. Transcription factors (TF) present within enriched genes 

were separated by day. Number of enriched genes corresponds to total 

genes (including TF) that were enriched in each category.  

Day(s) 

# of Enriched 

Genes TF Symbol TF Description 

Days 21, 22 

and 42 25 Genes 

NKX2-2 NK2 Homeobox 2  

MYT1 Myelin Transcription Factor 1 

Days 21 and 

22 

295 Genes 
FOXC2 Forkhead Box C2 

FOXL1 Forkhead Box L1 

IRX1 Iroquois Homebox 1 

LHX2 LIM Homeobox 2 

MSX1 Msh Homeobox 1 

NPAS3 Neuronal PAS Domain Protein 3 

NTN1 Netrin 1 

OLIG3 Oligodendrocyte Transcription Factor 3 

PHOX2B Paired Like Homeobox 2B 

POU3F1 POU Class 3 Homeobox 1 

SOX8 SRY-Box 8 

ST18 Suppression of Tumorigenicity 18, Zinc Finger 

TBX22 T-Box 22 

VAX1 Ventral Anterior Homeobox 1 

Day 21 74 Genes NR2E1 Nuclear Receptor Subfamily 2 Group E Member 1 

Day 22 92 Genes 
DLX1 Distal-Less Homeobox 1 

HES6 Hes Family BHLH Transcription Factor 6 

LOC427656 Forkhead Box Protein L1-like 

SOX10 SRY-Box 10 

Day 42 407 Genes 
CHURC1 Churchill Domain Containing 1 

DMBX1 Diencephalon/Mesencephalon Homeobox 1 

ESR1 Estrogen Receptor 1 

FOS FBJ Murine Osteosarcoma Viral Oncogene Homolog 

FOXG1 Forkhead Box G1 

FOXL2 Forkhead Box L2 

HES5 Hes Family BHLH Transcription Factor 5 

IRF6 Interferon Regulatory Factor 6 

INHBA Inhibin Beta A 

ISL1 ISL LIM Homeobox 1 

LHX3 LIM Homeobox 3 

NEUROD1 Neuronal Differentiation 1 

NEUROG1 Neurogenin 1 
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NHLH2 Nescient Helix-Loop-Helix 2 

NR4A3 Nuclear Receptor Subfamily 4 Group A Member 3 

NR5A1 Nuclear Receptor Subfamily 5 Group A Member 1 

PAX6 Paired Box 6 

PITX1 Paired Like Homeodomain 1 

PITX2 Paired Like Homeodomain 2 

POU1F1 POU Class 1 Homeobox 1 

PRRX2 Paired Related Homeobox 2 

RAX Retina and Anterior Neural Fold Homeobox 

RBPJL 

Recombination Signal Binding Protein For 

Immunoglobulin Kappa J Region Like 

RFX6 Regulatory Factor X6 

RHOXF1 Rhox Homeobox Family Member 1 

SIX1 SIX Homeobox 1 

SIX3 SIX Homeobox 3 

SMAD7 SMAD Family Member 7 

TBX19 T-Box 19 

TBX20 T-Box 20 

 

 In the 295 expressed genes shared between days 21 and 22, there are 14 

enriched transcription factors.  AmiGO 2 analysis resulted in GO terms negative 

regulation of neurogenesis and negative regulation of nervous system development 

(NTN1, PHOX2B, SOX8, and VAX1).  Thirty transcription factors were enriched at 

day 42 when compared to all other tissues. AmiGO2 analysis resulted in two notable 

GO terms: pituitary gland development (LHX3, TBX19, POU1F1, PAX6, ISL1, 

PITX1, PITX2, and SIX3) and endocrine system development (8 genes listed 

previously and NR5A1 and RFX6). Two transcription factors were present in all three 

days studied: Myelin Transcription Factor 1 (MYT1) and NK2 Homeobox 2 (NKX2-

2).  MYT1 is a DNA-binding protein with an expression pattern that indicates a 

potential role in regulating oligodendrocyte differentiation. In the developing and adult 

central nervous system, MYT1 expression correlates with oligodendrocyte cell growth 
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(Nielsen et al., 2004).  NKX2-2 is a gene is associated with gliogenesis and may play a 

role in differentiation of oligodendrocyte progenitor cells (Rousseau et al., 2006).   

3.5 Discussion 

3.5.1 Day 21 and 22: Shared and Unique Enriched Genes 

  Relative tissue expression analysis for days 21 and 22 results in similarly 

enriched genes involved in nervous tissue development (axon formation and neurite 

outgrowth) and signaling (GABA and glutamate receptors). Acid sensing ion channel 

subunit family member 4 (ASIC4) is a sodium channel involved in signal transduction 

and is known to have highest expression in the brain (Grunder et al., 2001).  Histamine 

Receptor H3 (HRH3) is involved in neurotransmitter release and pituitary hormone 

secretion (Nuutinen and Panula, 2010). Uniquely enriched genes at days 21 and 22 

indicates a shift from general neuronal morphogenesis and synapse organization at day 

21 to neurite outgrowth and myelination at day 22.  This may be indicative of a 

developmental change from morphogenesis to enhanced interconnectivity and 

conduction (myelination) and it is unclear if this fluctuation between morphogenesis 

and maintenance continues throughout development. Two immune related genes were 

also enriched in day 22: HDAC11 and CD59. Histone deacetylases are a group of 

enzymes that interact with histones to regulate transcription.  HDAC11 is placed in its 

own category, class IV.  HDAC11 regulates the expression of interleukin 10 (IL10) 

and immune tolerance and suppression can promote IL10 expression in mice 

macrophages while chromatin changes in macrophages increased HDAC11 

recruitment to IL10 gene, inhibiting IL10 production (Villagra et al., 2009; Wang et 

al., 2011).  Studies investigating HDAC11 found abundant transcripts are detected in 
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the brain, skeletal muscle, kidney and testis; however, little is known about its 

function in healthy tissues (Deubzer et al., 2012).  Because HDAC11 is a unique 

histone deacetylase, it is possible it has functions that are unknown or not typically 

associated with histone deacetylases (Gao et al., 2002).  CD59 is a cell surface 

glycoprotein that inhibits the assembly of the membrane attack complex (MAC) 

during complement attack (Huang et al., 2001).  Activation of complement attack can 

lead to inflammation and lysis of cells and needs to be highly regulated.  CD59 

inhibits MAC osmolytic pore formation thereby protecting cells (Liu et al., 2007). It is 

possible that development of the pars tuberalis and the macrophages within this region 

result in enrichment of these immune related genes at days 21 and 22 but not day 42 

and may provide anti-inflammatory functions during neuronal development. Overall, 

the focus of the pituitary gland at days 21 and 22 appears to be on developing and 

maintaining nervous tissue connections and signaling. 

3.5.2 Day 42 Enriched Genes 

At day 42, gene expression suggests a shift in the focus of the pituitary gland 

through maturation from general nervous tissue development and signaling to specific 

endocrine and hormone related functions. Most notably, there is the robust increase in 

expression of genes coding for hormones GH, PRL, TSHB, and FSHB.  This change 

in enriched genes could be in preparation for rapid growth and reproduction.  In 

addition to receptors for releasing hormones from the hypothalamus, and beta subunits 

of follicle stimulating hormone (FSH) and thyroid stimulating hormone (TSH), two 

other genes of interest are Carboxypeptidase E (CPE) and Deiodinase type 2 (DIO2).  

CPE is a carboxypeptidase B-like enzyme involved in peptide and neurotransmitter 

synthesis and processing of neuropeptides. Immunohistochemical studies in the rat 
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have shown CPE immunoreactivity within all components of the hypothalamic-

neurohypophyseal system (Lynch et al., 1990).  CPE has prohormone processing 

functions in neuroendocrine cells and directs pro-opiomelanocortin (POMC) to the 

secretory pathway where it is later cleaved to produce ACTH (Dhanvantari et al., 

2002).  DIO2 converts thyroxine (T4) to triiodothyronine (T3), the main metabolic 

hormone important for neuronal development and differentiation in the brain (Noda, 

2015). Circulating levels of T4 are transported across the blood brain barrier to 

astrocytes by organic anion-transporting polypeptide (OATPs) transporters and 

converted by DIO2 to T3. T3 is important for neuron, microglia, astrocyte and 

oligodendrocyte development and function and thyroid hormone dysfunction can 

impact these processes (Karlsson et al., 2016). DIO2 expression is also involved in 

seasonal reproduction in birds and is expressed during long day conditions. The 

increased day length leads to an increase in T3 which then stimulates the release of 

FSH and luteinizing hormone (LH) for reproduction (Karlsson et al., 2016). The exact 

location of DIO2 expression in the brain is still under investigation although it is 

thought to be exclusively expressed in the glial compartment (Egri et al., 2016). This 

research shows DIO2 expression in the pituitary gland suggesting future work should 

identify the location of DIO2 mRNA within the pituitary.   

Dopamine Receptor D2 (DRD2) and Somatostatin Receptor 5 (SSTR5) are 

receptors found in the brain.  DRD2 is expressed in lactotrophs and inhibits prolactin 

release. SSTR5 is involved in the regulation of GH and TSH.  Both DRD2 and SSTR5 

are also involved in ACTH release in pituitary tumors (Tani et al., 2011).  

Calcium Dependent Secretion Activator (CADPS) and Synaptotagmin IV 

(SYT4) gene products are involved in the calcium-dependent vesicle-mediated 
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exocytosis of neurotransmitters and peptides in conjunction with plasma membrane 

associated and vesicle integral membrane SNAREs.  CADPS is essential in exocytosis 

of dense-core vesicles (used for exocytosis of biogenic amines and peptides) in the 

pituitary gland and is involved in secretion of serotonin and other neurotransmitters in 

Caenorhabditis elegans and Drosophila melanogaster (Wassenberg and Martin, 

2002). SYT4 is a synaptotagmin that is a member of the vesicle integral membrane 

SNARE genes.  Once hormones are produced, they are stored in secretory granules 

where extracellular signals induce fusion with the plasma membrane and subsequent 

release (Moore et al., 2002).  SYT4 is an inhibitor of regulated exocytosis 

(Wassenberg and Martin, 2002).   

Cocaine- and amphetamine-regulated transcript (CARTPT) is an anorectic 

peptide that is expressed in the hypothalamus and the anterior pituitary. In the anterior 

pituitary, CARTPT is present in corticotrophs, gonadotrophs, lactotrophs, and 

thyrotrophs.  CARTPT mRNA expression is regulated by corticosterone and 

corticotropin releasing hormone (CRH) from the hypothalamus via corticotropin 

releasing hormone receptor 1 (CRHR1). Intracerebroventricular injections of 

CARTPT lead to elevated ACTH and corticosterone levels; suggesting that CARTPT 

can activate the hypothalamic-pituitary-adrenal (HPA) axis and may be involved in the 

processes of the HPA axis, such as the stress response (Mo et al., 2015). Similarly, 

Gastrin-releasing peptide (GRP) is a neuropeptide that affects AVP and CRH secretion 

from the hypothalamus and acts directly at the pituitary gland by increasing the effects 

of AVP and CRH release on corticotrophs (Olsen et al., 1992). 



 

 

43 

3.5.3 Day 21, 22 and 42: 25 Shared Enriched Genes 

Of the 25 shared genes between days 21, 22, and 42, genes related to the 

extracellular matrix (ECM) were enriched. The ECM organizes and fills the space 

between cells and is comprised of glycosaminoglycans and fibrous proteins such as 

collagen and elastin.  The ECM not only provides support to surrounding cells but also 

influences proliferation, differentiation and survival (Alberts et al., 2002). ECM gene 

collagen type XI alpha 1 (COL11A1) encodes for an alpha chain of a minor fibrillary 

collagen and is important for extracellular matrix organization and has been associated 

with cell proliferation and migration (Mio et al., 2007; Shen et al., 2016).  Matrilin-4 

(MATN4) is in the matrilin family of proteins and is a recently characterized 

extracellular matrix protein that is expressed in a variety of tissues, including the brain 

(Wagener et al., 2001).  The pituitary gland is involved in nervous tissue and 

endocrine signaling and displays tissue plasticity in response to signals from the 

hypothalamus. This plasticity is necessary to accommodate the conditions of 

development (i.e. initiation reproductive maturation), and the ECM is an important 

component of tissue growth and maintenance throughout life. In addition to 

enrichment for specific ECM genes, there are also enriched genes involved in cell 

proliferation and differentiation. Glypican 3 (GPC3) interacts with the ECM to 

influence cell cycle control. GPC3 is a glypican member within the family of heparin 

sulfate proteoglycans anchored to the cell surface that interact with extracellular 

ligands to influence cell processes, like growth, and function during morphogenesis 

and tissue repair (Bernfield et al., 1999).  Glypicans are predominately expressed in 

the central nervous system and have been associated with negative regulation of cell 

proliferation (Sung et al., 2003). 
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3.5.4 Enriched Transcription Factors Genes 

Transcription factors (TF) control the rate of transcription and are essential to 

pituitary cell development, differentiation, and function (Mizokami et al., 2008).  

Because of their influential functions, transcription factors that may be associated with 

particular points in development of the pituitary gland were identified. Within the 295 

enriched genes shared between days 21 and 22, 14 transcription factors were enriched. 

Netrin 1 laminin related (NTN1) and Ventral Anterior Homeobox 1 (VAX1) are both 

related to axon guidance in the developing nervous system.  NTN1 specifically directs 

the development and migration of luteinizing hormone releasing hormone neurons in 

the forebrain (Schwarting et al., 2004).  During embryonic development, VAX1 is 

responsible for limiting the areas in which fibroblast growth factor 10 (FGF10) can 

induce pituitary specific development and ensures only a single pituitary develops 

(Bharti et al., 2011). Paired Like Homeobox 2B (PHOX2B) is critical during 

embryonic development to regulate neural tube progenitor cells to exit the cell cycle 

and differentiation to a particular type of neuron (Dubreuil et al., 2000).  Two 

transcription factors are associated with neurogenesis (POU3F1, NPAS3), while 

suppression of tumorigenicity 18 (ST18) is uniformly expressed in the brain and is 

associated with pro-apoptotic and pro-inflammatory functions in fibroblasts (Yang et 

al., 2008). Last, two genes are associated with the alpha peptide of glycoprotein 

hormones (CGA).  In humans and mice, Msh Homeobox 1 (MSX1) has been 

associated with CGA expression and is localized in growth hormone and thyroid 

stimulating hormone cells of the anterior pituitary (Mizokami et al., 2008).  LIM 

Homeobox 2 (LHX2) is a transcription factor known to repress the CGA promotor 

(Susa et al., 2006) and has a direct role in the development of the posterior pituitary 

gland (Davis et al., 2010). Several transcription factors normally associated with 
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embryonic development at days 21 and 22 were identified; however the presence of 

these genes in post-hatch birds suggests these genes may continue to influence 

development through axonal guidance (VAX1) and limiting the growth of pituitary 

related cell types (NTN1). 

Thirty transcription factors are enriched at day 42 and several are involved in 

endocrine related processes. POU class 1 homeobox 1 (POU1F1) is a pituitary-

specific transcription factor that is responsible for activation of GH, PRL and TSHB 

gene transcription (Pfaffle et al., 1993) and is critical for proper pituitary development 

(Zhu et al., 2005). Nuclear receptor subfamily 5 group A member 1 (NR5A1) 

functions in the development of LH and FSH expressing cells and T-box 19 (TBX19) 

is restricted to corticotropes where it binds the POMC promotor and affects the 

expression of ACTH (Zhu et al., 2005). Lim Homeobox 3 (LHX3) and Forkhead box 

L2 (FOXL2) are associated with positive regulation of the CGA promotor (Susa et al., 

2006).  Neuron differentiation 1 (NEUROD1) has been identified as a transcription 

factor involved in corticotroph differentiation and POMC gene expression (Tani et al., 

2011).  Regulatory factor X6 (RFX6) is a newly characterized transcription factor 

expressed primarily in pancreatic tissues and may regulate pancreatic development.  

The paralogous gene, regulatory factor X7 (RFX7) is also recently characterized in 

humans and is expressed in several tissues, particularly the brain (Aftab et al., 2008) 

but was not shown to be enriched in our data. It is surprising that a transcription factor 

most commonly associated with the pancreas (RFX6) is present in the pituitary gland 

at day 42 rather than the paralogous transcription factor normally associated with brain 

tissue (RFX7); however, the brain is an insulin-sensitive organ and perhaps RFX6 is 
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present in the chicken pituitary gland to assist in insulin related processes (i.e. insulin 

receptors, glucose uptake). 

Two pituitary enriched transcription factors found in all days, MYT1 and 

NXK2-2, are both related to oligodendrocyte differentiation, proliferation and 

maturation.  MYT1 is a DNA-binding protein with an expression pattern that indicates 

a potential role in regulating oligodendrocyte differentiation. In the developing and 

adult central nervous system, MYT1 expression correlates with oligodendrocyte cell 

growth (Nielsen et al., 2004).  NKX2-2 is associated with gliogenesis and may play a 

role in differentiation of oligodendrocyte progenitor cells (Rousseau et al., 2006). The 

presence of these TFs in all days indicates the need for continued oligodendrocyte 

proliferation.  This proliferation may accommodate new connections between the 

pituitary gland and other brain regions, specifically the hypothalamus and may be 

important for establishing and maintaining the connections within the hypothalamo-

pituitary axis. Other neuronal-related TFs independent of those identified at days 21 

and 22 were enriched at day 42 (i.e. CHURC1, DMBX1).  These transcription factors 

should be explored further to determine the temporal relationship as it is possible these 

TFs are necessary to establish the endocrine related processes within the pituitary 

gland.  TF results also points to a maturation shift from prominently neuronal related 

TFs at day 21/22 to endocrine related TFs at day 42.   

3.6 Conclusion 

In summary, there is a transcriptome focus on nervous tissue development, 

signaling and maturation at days 21 and 22 post-hatch in unstressed birds.  By day 42, 

there is a shift from general nervous tissue gene expression toward endocrine-specific 

processes, possibly indicating maturation in preparation for rapid growth and 
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reproduction. The results of this study lead to valuable insight into the genes involved 

in the pituitary gland at several points in development, particularly related to 

maturation. Future work aims to utilize fluorescent in situ hybridization techniques to 

investigate the location of particular mRNA transcripts within the pituitary such as 

DIO2 and RFX6. Future work should investigate the transcriptomic differences, 

particularly related to neuronal and endocrine maturation, as a function of age in male 

broiler chicken pituitary glands by collecting additional time points in future trials. 

The pituitary gland is a tissue that contains many different cell types and exerts many 

physiological changes based on input received from the body. Whole tissue 

transcriptomics is informative but cellular transcriptomic changes that may have 

important physiological impacts may be lost or not as robust.  Single cell 

transcriptomic data could further elucidate the cellular transcriptomic differences that 

may impact the development and function of the pituitary gland.  Single cell 

transcriptome analysis would allow for identification of more prevalent cell types and 

the transcriptomic changes throughout development. 
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COMPARATIVE TRANSCRIPTOMICS OF BROILER CHICKENS (GALLUS 

GALLUS) EXPOSED TO ACUTE HEAT STRESS 

4.1 Abstract 

Poultry production is an industry that is vulnerable to increased ambient 

temperatures in terms of animal welfare but also in economic losses. The pituitary 

gland is a neuroendocrine organ that, in conjunction with the hypothalamus, is 

involved in bodily processes affected during heat stress. It is hypothesized that gene 

expression in the pituitary gland will be altered by acute heat stress and affected genes 

may, in turn, identify downstream affected processes. With the predicted increase in 

the number and severity of heat waves as well as increase in the mean global 

temperature due to climate change, it is important to understand how broilers are 

responding to heat stress at the genetic level to better select populations that are more 

adaptive to heat stress. A heat stress study was conducted to investigate the gene 

expression differences between birds acutely heat stressed for 2 hours (HS) compared 

to birds from normal, ambient temperatures (thermoneutral).  The pituitaries of heat 

stress birds exhibited a clear response to hyperthermia through increased expression of 

genes coding for heat shock proteins, response to protein misfolding, response to 

nutrient levels, and increased stress response. Clearly, the pituitary gland responds to 

acute heat stress and there is an attempt to protect the cells in the pituitary gland from 

damage. 

Chapter 4 
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4.2 Introduction 

Poultry production, particularly broiler (meat-type) production, is an important 

component of United States Agriculture. In 2014, approximately 8.54 billion broilers 

were produced valuing $32.7 billion (USDA, 2015). Heat stress is an environmental 

stressor that leads to several welfare concerns such as increased panting, increased 

morbidity, increased mortality, decreased feed intake and decreased feed efficiency, 

and ultimately, economic losses. The selection for increased growth in broiler 

chickens has led to the decreased efficiency of other systems (i.e. cardiovascular and 

respiratory) and increased susceptibility to high ambient temperatures (Altan et al., 

2003; Cahaner et al., 2008).  The Intergovernmental Panel on Climate Change 

predicted an increase in the global average temperatures of between 1.8°C and 4.0°C 

by 2100 and a corresponding increase in the number and intensity of heat waves 

(IPCC, 2014).  The effects of heat stress in poultry production may become more 

significant as the global mean temperature continues to increase (Collier and Collier, 

2011).  

Several processes are affected when birds are exposed to increased 

temperatures including redistributing blood flow to move heat from the core to the 

periphery, panting increases to release heat through the respiratory tract, and there is a 

decrease in feed consumption. In addition to these behavioral changes, several 

physiological processes are affected including metabolism, stress response, and 

immune functioning.  At the cellular level, heat stress impacts transcription, 

translation, post-translational modifications, oxidative metabolism, membrane 

structure and function, and the unfolding or improper folding of proteins (Schlesinger 

et al., 1990; Etches et al., 2008).  Heat shock proteins (HSP) are highly conserved 

molecular chaperones that assist in the cellular response to heat stress in several ways 
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including intracellular transport, protein folding, prevention of protein denaturation, 

prevention of protein aggregation, and facilitation of protein renaturation. Many HSP 

encoding genes respond to heat stress by increased transcription during times of heat 

stress (Schlesinger et al., 1990; Lara et al., 2013; Kahl et al., 2015).  

A physiological hallmark of stress is the activation of the hypothalamus-

pituitary adrenal (HPA) axis and subsequent glucocorticoid release (Blake et al., 

1991). The pituitary gland is intimately involved in several of the bodily processes 

affected by heat stress; therefore, it is hypothesized that following 2 hours of heat 

stress, genes affecting these downstream processes will be differentially expressed 

between the heat stress and thermoneutral conditions.  The aim of this study is to 

identify these differentially expressed genes in the pituitary gland to better understand 

the response to increased ambient temperatures in broiler chickens. 

4.3 Materials and Methods 

4.3.1 Animal Housing and Tissue Collection 

Male Ross 708 broiler chickens (Gallus gallus) were obtained on day of hatch 

from Mountaire Hatchery (Millsboro, DE) and placed in houses on the University of 

Delaware farm (Newark, DE). Husbandry and management followed all standards and 

procedures outlined by the Animal Care and Use Committee (AACUC #(27) 03-12-

14R). Standard broiler feed (corn-soy) that met all NRC requirements (National 

Research Council, 1994) and water were supplied and animals had ad libitum access 

throughout the trial. As part of a larger heat stress study, birds were split into two 

equal groups: 1 heat stress group and 1 thermoneutral group. Both groups were raised 

at 35°C for the first week post-hatch.  Each week thereafter, the temperature was 
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decreased 5°C until temperature reached 25°C. Birds in the thermoneutral condition 

were raised at 25°C for the duration of the study while birds in the heat stress 

condition were subjected to a cyclical heat stress scheme of 35-37°C for 8 hours per 

day from days 21 to 42. At day 26 post hatch, 5 naïve birds from the thermoneutral 

condition were moved to the heat stress house for a total of 2 hours (heat stress birds) 

to examine the effects of acute heat stress.  Five heat stress birds and 6 thermoneutral 

birds were humanely euthanized and the pituitary glands collected and immediately 

placed into liquid nitrogen and then stored at -80° C until further analysis.   

4.3.2 RNA Isolation, cDNA Synthesis, and RNA-seq Library Preparation 

Total RNA was extracted from whole pituitary glands (6 mg – 9 mg) using the 

Qiagen RNeasy Mini Kit (Germantown, MD). Total RNA quantity was measured 

using a Qubit Fluorometer and quality was assessed via fragment analysis.  A total of 

5 pituitary glands from heat stress birds and 6 from thermoneutral birds were obtained 

for RNA-seq library preparation using the Illumina Stranded RNAseq kit (San Diego, 

CA).  Once prepared, samples were sent for sequencing at the Delaware 

Biotechnology Institute (DBI) Sequencing and Genotyping center using the Illumina 

HiSeq 2500 sequencer.  All libraries were sequenced to a depth of ~20 to 30 million 

reads per library.  The reads were aligned to the Gallus gallus ver4 genome sequence 

(NCBI), identified and counted using the Tuxedo software package to determine 

fragments per kilobase of gene per million mapped reads (FPKM) values for further 

analysis (Trapnell et al., 2009; Langmead et al., 2012). 
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4.3.3 Differentially Expressed Genes (DEG) Analysis of Heat Stress versus 

Unstressed Pituitary Glands 

Differential gene expression allows for the comparison of genes between two 

conditions (Heat Stress versus Thermoneutral).  Five replicates and our depth of 

sequencing provided sufficient power to detect >75% of differentially enriched genes 

at a p-value of 0.05 or lower (Schurch et al., 2016). DEG were determined following 

the protocol outlined by Davis et al., 2015.  Mean FPKM ratios were compared 

between heat stress and control birds for all genes.  A log2 transformation was used to 

normalize data and a t-test was applied.  Genes whose ratios were greater than 2 

standard deviations from the mean and had a p-value less than or equal to 0.05 were 

considered differentially expressed between heat stress and thermoneutral conditions. 

The resulting differentially expressed genes with FPKM values greater than 1 in at 

least one condition (heat stress and/or thermoneutral) were uploaded to AmiGO 2 for 

gene ontology analysis (Carbon et al., 2009), PathRings for pathway analysis (Zhu et 

al., 2015), and WebGIVI for text mining and the identification of iTerms (Sun et al., 

manuscript in preparation). 

4.3.4 Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-

PCR) Verification 

Three biological replicates for each condition were used for cDNA synthesis 

using the SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen).  cDNA 

concentration was determined using the Qubit Fluorometer and diluted to 30 ng/ul for 

PCR.  qRT-PCR was performed using Fast SYBR green master mix (Applied 

Biosystems) on the Applied Biosystems 7500 Fast Real Time PCR System for the 

following genes: Growth Hormone (GH), pro-opiomelanocortin (POMC), and Heat 

Shock Protein 90kDa Alpha Family Class A Member 1 (HSP90AA1). The remaining 
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genes, Heat Shock Protein Family A (HSP70) Member 2 (HSPA2), Heat Shock 

Protein Family H (Hsp110) Member 1 (HSPH1), and BCL2 Associated Athanogene 3 

(BAG3) were verified utilizing the Fluidigm Biomark HD microfluidic device as 

outlined in Van Goor et al., 2016.  Each gene and primer pair (Table 1) were 

performed in triplicate and analysis was completed using the delta-delta Ct method. 

All genes chosen for validation were enriched in the heat stress condition. 

Table 4.1 Primer sequences used for qRT-PCR transcriptome validation of Gallus 

gallus differential expression between heat stress and thermoneutral 

conditions. Growth Hormone (GH), pro-opiomelanocortin (POMC), Heat 

Shock Protein 90kDa Alpha, Class A Member 1 (HSP90AA1), 

Ribosomal Protein L4 (RPL4), BCL2 Associated Athanogene 3 (BAG3), 

Heat Shock Protein Family A (HSP70) Member 2 (HSPA2), Heat Shock 

Protein Family H (HSP110) Member 1 (HSPH1). RPL4 is reference gene 

for both methods. 

Gene Forward Primer Reverse Primer 

qRT-PCR 

Method 

GH 5' GCTTCAAGAAGGATCTGCACAA 3' 5' GCGCCGGCACTTCATC 3' Fast SYBR 

POMC 5' GCTACGGCGGCTTCATGA 3' 5' CGATGGCGTTTTTGAACAGA 3' Fast SYBR 

HSP90

AA1 5' GCAGCAGCTGAAGGAATTTGA 3' 5' GGAAGCTCTAAGCCCTCTTTTGT 3'  Fast SYBR 

RPL4  5' TCGCCCTGATGTGGTGAA 3' 5' GCATAGGGCTGCCTGTTGTT 3' Fast SYBR 

BAG3 5' ACCACAACAGCCGAACCA 3' 5' GATGGGCCATTTGCTGATGAC 3' 

Fluidigm 

Biomark 

HSPA2 5' CCACCATTCCCACCAAACAA 3' 5' ATACACCTGGACGAGGACAC 3' 

Fluidigm 

Biomark 

HSPH1 5' GTAGTTTCGTTCGGCTCCAA 3' 5' CTGTGTTGTGGGCATGAGTAA 3' 

Fluidigm 

Biomark 

RPL4  5' TTCTGCCTTGGCAGCATCA 3' 5' AGGAAGTTCTGGGATCTCCTCA 3'  

Fluidigm 

Biomark 

 

4.4 Results and Discussion 

Expression levels of 13,453 genes were analyzed to determine DEG. A total of 

80 genes were differentially expressed between conditions with 65 being enriched in 

heat stress birds and 15 enriched in thermoneutral birds.  Hierarchical clustering 
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segregated differentially expressed genes by condition (Figure 4.1). qRT-PCR 

validated transcriptomic direction of change for heat-responsive genes BAG3, HSPA2, 

HSPH1, HSP90AA1, and for peptide genes GH and POMC.  

 

Figure 4.1 Heirarchical clustering of 80 significant differentially expressed genes 

between 2 hour heat stress and thermoneutral conditions in the Gallus 

gallus pituitary gland. Dendograms are in a distance scale. The heat 

stress and thermoneutral conditions segregated independently of one 

another. Expressed genes enriched are indicated in red while down-

regulated genes are blue.  

Figure 4.2 shows the PathRings output for the 80 DEG between conditions. 

The most significantly impacted pathway is metabolism of proteins (Mop).  Other 

significant pathways are signal transduction (ST), immune system (IS) and 

developmental biology (DB). 
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Figure 4.2 PathRings output for 80 differentially expressed genes between 2 hours 

heat stress and thermoneutral condition in the Gallus gallus pituitary 

gland. Significance is determined by the Fisher Exact Test and indicated 

by color.  Blue is not significant while yellow to maroon is p-value 0.05-

0.0001, respectively. Significant pathways are Metabolism of Proteins 

(Mop), Signal Transduction (ST), Immune System (IS), and 

Developmental Biology (DB). 

4.4.1 Thermoneutral Condition DEG 

There were 15 genes enriched in the thermoneutral condition. Enrichment in 

the thermoneutral condition also implies down-regulation in response to heat stress.  

Most notably were genes involved in the extracellular matrix, glial cell development 

(GPI-linked GDNF Family Receptor 4, (GFRA4)), and cell proliferation (Inhibitor of 

DNA binding 1, HLH Protein, (ID1)).  Polypeptide N-
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Acetylgalactosaminyltransferase 5 (GALNT5) showed a 9-fold difference between 

conditions and is involved in o-linked oligosaccharide biosynthesis, an important 

component of the extracellular matrix (ECM). Down-regulation of this gene in the 

heat stress condition may imply a negative effect of heat stress on the structural 

integrity of the ECM in the pituitary gland of heat stressed birds. ID1 is a 

transcriptional regulator of basic helix-loop-helix transcription factors that showed a 

nearly 3-fold change. ID1 is associated with cell differentiation and proliferation and 

was found to be down-regulated in an additional study exploring heat stress in broiler 

chickens (Luo et al., 2014). Tripeptidyl peptidase 1 (TPP1) showed a 3-fold difference 

between conditions.  TPP1 is a serine protease involved in cleaving of lysosomal 

peptides and loss of function leads to an accumulation of lysosomal storage materials 

in the central nervous system (Vuillemenot et al., 2015). Possibly lysosome proteolytic 

activity is reduced to allow for protein refolding via HSPs providing the opportunity to 

save the functionality of proteins. 

4.4.2 Heat Stress Condition DEG 

A total of 65 genes were enriched in the heat stress condition. AmiGO2 gene 

ontology (GO) terms associated with the heat stress DEG list are summarized in Table 

4.2. 
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Table 4.2 AmiGO2 gene ontology terms and associated genes enriched in heat 

stress condition of the Gallus gallus pituitary gland. 

Gene Ontology Term Gene Symbols 

Protein Folding 

HSPH1, HSPA9, DNAJA4, CHORDC1,  

HSP90AA1, HSPA8 

Protein Stability RNF139, HSP90AA1, HSPA8, BAG3 

Response to Nutrient Levels                                  

Response to Extracellular Stimulus FNIP1, HSPA5, MTOR, POMC, GH 

TOR Signaling MTOR, FNIP1 

Negative Regulation of Cell Death 

FNIP1, HSPH1, WNT17A, HSPA5,  

GABRB3, BAG3, GH 

 

WebGIVI genes and associated iTerms are shown in Figure 4.3. 

 

Figure 4.3 Adapted WebGIVI output associating enriched genes in Gallus gallus 

pituitary gland under heat stress condition with iTerms from text mining 

tool, eGift. Red outlined circles indicate iTerms generated by WebGIVI 

via the text mining tool eGift.  Black outlined circles indicate genes from 

the user input list (Expressed genes enriched in heat stress condition).  

Gray lines (edges) show connections between genes and iTerms. iTerms: 

heat shock, stress response, heat stress, antiapoptosis, homeostasis, 

ubiquitin, and cell cycle. 
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4.4.2.1 Heat Shock Proteins, Heat Responders, and Protein Folding 

Heat shock protein gene expression is significantly enriched following two 

hours of acute heat stress (Table 2).  HSPs aid in this critical response to protect the 

cells from misfolded protein aggregation along with ensuring the proper folding of 

existing and nascent proteins. BCL2 Associated Athanogene 3 (BAG3) is a co-

chaperone involved in protein re-folding and showed 11-fold difference between 

conditions and is known to decrease apoptosis as a result of heat stress (Virador et al., 

2009). Jumonji domain containing 6 (JMJD6) showed nearly 4-fold difference 

between conditions. JMJD6 also prevents apoptosis by catalyzing the hydroxylation of 

p53 and promotes p53 association with its negative regulator MDMX, thereby 

repressing p53 transcriptional activity (Wang et al., 2014).  While limited apoptosis is 

an important component of tissue survival, in tissues like the brain and pituitary gland, 

which are critical to survival, limited apoptosis may be vitally important during times 

of increased ambient temperatures to preserve the integrity of the pituitary gland and 

downstream pathways influenced by proper pituitary function. 

4.4.2.2 Ubiquitin and Endoplasmic Reticulum-Associated Degradation 

In addition to HSPs, ubiquitin-related genes were enriched in the heat stress 

condition. The ubiquitin/proteasome pathway is involved in selective degradation of 

proteins that regulate cell cycle and proteins that are misfolded within the endoplasmic 

reticulum (ER).  The addition of a poly-ubiquitin side chain allows for binding to the 

proteasome where the protein is cleaved into peptides (Walters et al., 2009).  There are 

three main classes of enzymes involved in this addition of ubiquitin to selected targets: 

ubiquitin activating enzymes, ubiquitin conjugating enzymes, and ubiquitin ligase 

enzymes.  Ubiquitin conjugating enzyme E2 V2 (UBE2V2) is responsible for cell 
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cycle regulation and unlike other ubiquitin related proteins, does not signal proteins 

for degradation.  UBE2V2 is involved in a complex that generates conjugates involved 

in several cell processes involved in DNA repair, which is a critical component of the 

cellular heat stress response (Pastushok et al., 2005).  Two ubiquitin ligase genes were 

enriched in heat stress birds, Ariadne RBR E3 ubiquitin protein ligase 1 (ARIH1) and 

Ring finger protein 139 (RNF139).  ARIH1 is more than 1000-fold enriched under 

heat stress and has been studied in the context of DNA damage due to genotoxic 

stress.  Ultimately, the main function of ARIH1 is to interact with the mRNA cap 

binding complex and cause translational arrest. This protects the cells from genotoxic 

stress by preventing continued production of damaged or misfolded proteins (von 

Stechow et al., 2015). Overall translation is reduced under times of heat stress (Reiling 

et al., 2006) and this could be important in the acute heat stress response to protect 

cells by preventing continued production of misfolded proteins. RNF139 resides in the 

endoplasmic reticulum and has been associated with many functions including G2/M 

arrest, cholesterol and fatty acid biosynthesis regulation, EIF3 complex ubiquitination 

and involvement in endoplasmic reticulum associated degradation (ERAD) pathway 

(Brauweiler et al., 2007; Chang et al., 2015).  The ERAD pathway controls protein 

quality and is involved in cellular homeostasis through monitoring the folding and 

degradation of proteins in the ER (Ruggiano et al., 2014).   

Homocysteine inducible ER protein with ubiquitin like domain 1 (HERPUD1) is an 

ER protein also involved in the ERAD complex and is essential for neuronal survival.  

HERPUD1 is a stress induced protein that is involved in ERAD regulation, protein 

degradation, and calcium homeostasis within the ER and mitochondria and increases 

in neurons subjected to ER stress (Chan et al., 2004; Ho and Chan 2015).  Increased 



 

 

60 

expression of HERPUD1 protects the cell from apoptosis by delivering ubiquitinated 

substrates to proteasome (Ho and Chan 2015). HERPUD1 also stabilizes ER calcium 

levels and maintains mitochondrial calcium levels as mechanism of avoiding apoptosis 

(Paredes et al., 2016). HERPUD1 overexpression can counteract the activation of 

calpain/caspase 12 which are both required for ER-stress induced apoptosis.  

HERPUD1 also prevents apoptosis by reducing the effectiveness of the JNK/c-Jun 

pathway (Chan et al., 2004). 

Deubiquitinating enzymes (DUB) are involved in the removal and recycling of 

ubiquitin from proteins targeted for the proteasome. Ubiquitin c-terminal hydrolase L1 

(UCHL1) is a deubiquitinating enzyme thought to aid in regulation of ubiquitin levels 

in neurons and accounts for 1-2% of total soluble proteins in the brain (Pastushok et 

al., 2005; Zhang et al., 2012).  UCHL1 increases the half-life of ubiquitin and 

stabilizes ubiquitin levels (Zhang et al., 2012).  This gene showed 3-fold expression 

enrichment in the heat stress condition and may be ensuring ubiquitin levels are 

sufficient for the necessary cleavage of misfolded proteins in the brain of heat stressed 

birds.  

Ribosome Binding Protein 1 (RRBP1) is an ER integral membrane protein that 

is involved in protein synthesis and showed a 2-fold enrichment in heat stress birds.  

Studies investigating ER stress found that enrichment of RRBP1 increases polysome 

assembly and protein biosynthesis (Ortega et al., 2014). While it is hypothesized this 

gene may be involved in increased unfolded protein response (UPR) proteins, it is 

possible the enrichment in the heat stress condition may also assist in the rapid 

production of HSPs to aid in the response to heat stress. 
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4.4.2.3 Cell Cycle and Response to Nutrient Levels 

Mammalian target of rapamycin (MTOR) transcripts showed a 4-fold 

enrichment under heat stress and modulates numerous cell processes such as cell 

survival, autophagy, and apoptosis. It is involved in two complexes, mammalian target 

of rapamycin complex 1 (MTORC1) and mammalian target of rapamycin complex 2 

(MTORC2).  MTORC1 is responsible for cell growth and metabolism while 

MTORC2 is involved in cell survival and organization of the cytoskeleton.  Many 

different factors, such as nutrient and energy levels, growth factors, and stress can 

influence MTOR and its subsequent pathways.  While increased expression of MTOR 

is seen in heat stress compared to control, it is unclear which downstream pathway is 

affected by this increase.  Expression of caspases, cell growth, and cell survival related 

genes showed no differences between conditions.  Three autophagy genes did show an 

increase in expression in the heat stress conditions when compared to thermoneutral; 

however, they did not reach significance (Mean FPKM: ATG3 HS: 93.4, Therm: 21.9; 

ATG4A HS: 17.8, Therm: 10.2; ATG4C HS: 39.4, Therm: 21.9). Lastly, in the 

mammalian central nervous system, MTOR signaling senses cellular energy levels 

leading to regulation of feeding behavior. In the hypothalamus, MTOR stimulation 

leads to a suppression of feed intake (Reiling et al., 2006) and may exhibit a similar 

function in the pituitary gland. Lastly, MTOR is known to influence heat shock factor 

1 (HSF1) expression following heat stress via the phosphatidylinositol triphosphate 

signaling cascade (Hooper et al., 2016).  HSF1 is a transcription factor that binds the 

heat shock element of HSPs enhancing the synthesis following exposure to stress (Zou 

et al., 1998).  Folliculin Interacting Protein 1 (FNIP) showed a 4-fold enrichment 

under heat stress and may be a downstream effector of MTOR signaling involving 

nutrient sensing pathways through its interaction with AMP-activated protein kinase 
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(AMPK) (Baba et al., 2006). The activation of MTOR in the heat stress condition 

could indicate a similar mechanism in chickens of sensing energy levels and 

regulation of metabolism within the brain and pituitary gland.   

Zinc Finger and BTB Domain Containing 16 (ZBTB16, aka Promyelocytic 

Leukemia Zing Finger Protein, PLZF) shows a 4-fold difference and is known to 

negatively regulate cell cycle progression (Rho et al., 2006) which may be an 

important component of the heat stress response to stop cell cycle progression and 

wait for more favorable cell growth conditions. 

4.4.2.4 Peptide Hormones 

Growth Hormone (GH) is enriched 10-fold under heat stress.  GH plasma 

levels are known to increase during periods of decreased feed intake (fasting) and 

during times of stress (Harvey et al., 1977).  During periods of heat stress, broiler 

chickens decrease feed intake to limit the energy expenditure required to consume 

feed and limit the amount of heat produced metabolizing feed (Collier and Collier, 

2011). Under times of decreased feed consumption, GH is known to decrease hepatic 

lipogenesis and increase adipose lipolysis in order to supply the body with usable 

energy substrates (Harvey et al., 1977; Rosebrough et al., 1991).  GH has also shown 

insulin-like glucose uptake effects in chicken adipose tissue (Rudas et al., 1983). The 

enrichment of GH in the pituitary gland may indicate increased catabolism and 

lipolysis, decreased lipogenesis, and increased mobilization of free fatty acids and may 

be necessary to provide energy to maintain homeostasis during times of decreased 

feed consumption and stress (Buyse et al., 2001; Scanes et al., 2015).  Prolactin (PRL) 

is also known to increase insulin release and limit lipid storage and was enriched 70-

fold in the heat stress condition.  Elevated prolactin levels are associated with 
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increased feed intake (Ben-Jonathan et al., 2006) which was not seen in this trial.  It is 

possible prolactin levels are increased during times of decreased feed intake as a 

feedback mechanism to encourage feed consumption.  Further work should investigate 

what effect prolactin has on feed intake under acute heat stress.   

Finally, there is a 5-fold enrichment of pro-opiomelanocortin (POMC) 

expression in heat stress birds.  POMC is a precursor peptide that is later cleaved to 

result in adrenocorticotropic hormone (ACTH) which leads to increases in 

corticosterone, the main glucocorticoid in birds.  This has many downstream effects 

including, an increase of anti-inflammatory proteins, gluconeogenesis and lipolysis, all 

of which are important during periods of heat stress to aid in mobilization of energy 

substrates (Scanes et al., 2015).  Increased levels of ACTH can also lead to increases 

in catecholamines epinephrine and norepinephrine.  During periods of acute heat 

stress, central noradrenergic neuronal activity is increased (Etches et al., 2008). While 

these effects are seen in pituitary POMC and subsequent cleavage to result in ACTH, 

POMC is also a norexigenic neuropeptide from the hypothalamus involved in satiety 

and the POMC gene is a target for signals from leptin receptors (Kuo et al., 2005; 

Sintubin et al., 2014). Future work should investigate blood corticosterone levels to 

determine if the increase in POMC gene expression in this study is due to increased 

presence of ACTH via the pituitary gland or related to feed intake and metabolism via 

the hypothalamus.  

4.4.3 Conclusions 

Overall, there is a substantial heat stress response in the pituitary gland after 

acute heat stress at 35-37°C for two hours.  There is enrichment of heat shock proteins 

and heat responding genes that aid in protecting the cell from misfolded and 
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aggregated proteins.  An additional acute time point collected at 4 hours and a chronic 

time point following 3 weeks of cyclical heat stress at 42 days post hatch (Pritchett et 

al., manuscript in preparation) indicates HSP transcription is no longer elevated in the 

heat stress condition of longer duration. Heat stress analysis in the chicken 

hepatocellular carcinoma (LMH) cell lines also showed a similar trend with heat shock 

protein gene expression increasing at 2 hours and decreasing by four hours 

(Charytonowicz and Schmidt, unpublished).  Chicken bone marrow derived dendritic 

cells subjected to heat stress also displayed this trend with a robust response at 2 hours 

and a decline in expression following 4 hours and 8 hours in the heat responding genes 

HSPA2, HSPH1, and BAG3 (Van Goor et al., 2016). It is possible that while the gene 

expression is no longer elevated in heat stress conditions by four hours and following 

three weeks of chronic cyclical heat stress, the protein may still be present and aiding 

in the response to heat stress at four hours and perhaps there is acclimation as 

exposure increases. Genes related to the unfolded protein response and ubiquitination 

in the ER are also enriched to ensure ubiquitin levels are sufficient to handle the rapid 

increase of misfolded proteins during stress. The cell cycle is also affected, perhaps to 

prevent further cell growth and proliferation and prevent the production of additional 

misfolded proteins. Additionally, several genes involved in anti-apoptotic processes 

were enriched in the heat stress condition (BAG3, JMJD6, HERPUD1), possibly to 

limit pituitary damage during heat stress.  Enrichment of MTOR under heat stress may 

be an integrated regulation of synthesis and degradation of proteins and sensing of 

nutrient levels, as well as aiding in the activation of HSF1 to increase synthesis of 

HSPs. The enrichment of prolactin gene expression under heat stress could indicate a 

feedback mechanism to encourage the consumption of feed under times of stress and 
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decreased feed intake; however, further work should be completed to determine 

prolactin’s exact function under times of heat stress.  The thermoneutral condition has 

enriched genes expected in normal neural development including ECM, glial cell 

development, and cell proliferation.  Enrichment in the thermoneutral condition also 

implies down regulation in heat stress condition.  Down regulation of these genes 

indicates that birds under heat stress are redirecting energy from these processes to 

offset misfolded proteins, oxidative stress, and DNA damage that occurs during heat 

stress.  Data also suggests that after 2 hours of acute heat stress, the molecular 

mechanisms are in place to increase glucose production and lipolysis to ensure energy 

requirements, throughout the brain and body, are met during times of stress. Future 

work should investigate the response to acute heat stress across several tissues to 

determine if all tissues respond to heat as robustly as the pituitary gland following 

acute heat stress, or if this is a tissue priority response in place to protect the brain.  
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CHICKEN (GALLUS GALLUS) PITUITARY TRANSCRIPTOMIC 

CHANGES IN RESPONSE TO VARIED LENGTHS OF HEAT STRESS 

5.1 Abstract 

High ambient temperature is an environmental stressor that negatively impacts 

poultry production in terms of animal welfare and economic losses.  The pituitary 

gland is a neuroendocrine organ that, in conjunction with the hypothalamus, is 

involved in several bodily processes affected during heat stress such as the stress 

response, metabolism, and the immune system. Pituitary gene expression is impacted 

by heat stress and we hypothesize these changes in expression are impacted by 

duration of excessive heat exposure. A study was conducted to investigate the gene 

expression differences among birds heat stressed for varied lengths of time (2 hours, 4 

hours, 1 day, and 3 weeks [cyclical]) compared to birds from normal, ambient 

temperatures (thermoneutral). There is an acute response to 2 hours of heat stress with 

most enriched genes in the heat stress condition and increased expression of heat 

responding genes such as heat shock proteins. By 4 hours and beyond, the expression 

shifts, with a majority of enriched genes in the thermoneutral condition indicating 

down regulation of genes in stressed birds. Four-hour response indicates a down-

regulation of genes related to neuronal migration and plasticity in stressed birds, 

potentially in an attempt to limit further damage to the pituitary gland. One day of heat 

stress shows a response to heat via heat shock proteins and heat responding genes, 

similar to 2 hours, although to a lesser degree, implying the beginning of acclimation.  

Chapter 5 
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By 3 weeks of cyclical heat stress, it appears that the response to heat is via down-

regulation of genes, potentially indicating acclimation and/or adaptation to cyclical 

heat stress. 

5.2 Introduction 

Heat is an environmental stressor that impacts poultry production and leads to 

several animal health and welfare concerns such as increased panting, increased 

morbidity, increased mortality, decreased feed intake and decreased feed efficiency, 

and ultimately, economic losses. In the United States in 2003, an estimated $128-$165 

million dollars was lost in the poultry industry as a result of heat stress (USDA, 2015). 

The selection for increased growth in broiler chickens has led to the decreased 

efficiency of other organ systems (i.e. cardiovascular and respiratory) and increased 

susceptibility to stress under high ambient temperatures (Altan et al., 2003; Cahaner et 

al., 2008).  The Intergovernmental Panel on Climate Change predicted an increase in 

the global average temperatures of 1.8°C to 4.0°C by 2100 and increase in the number 

and intensity of heat waves (IPCC, 2014).  The effects of heat stress in poultry 

production may become more severe as the global mean temperature continues to 

increase (Collier and Collier, 2011).  

Environmental stressors, such as heat, are considered some of the earliest 

stressors encountered by organisms.  Adapting to such stressors is important to 

survival of the organism and over time, may lead to adaptations to aid in the stress 

response (Chen et al., 2013). Several processes are affected when birds are exposed to 

increased temperatures including redistributing blood flow to move heat from the core 

to the periphery to aid surface heat loss, panting increases to release heat through the 

respiratory tract, and there is a decrease in feed consumption to decrease metabolic 
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heat generation. In addition to these behavioral changes, several physiological 

processes are affected including metabolism, stress response, and immune function.  

At the cellular level, heat stress impacts transcription, translation, post-translational 

modifications, oxidative metabolism, membrane structure and function, and the 

unfolding or improper folding of proteins (Etches et al., 2008; Schlesinger, 1990).  

Heat shock proteins (HSP) are highly conserved molecular chaperones that 

assist in the cellular response to heat stress in several ways including intracellular 

transport, protein folding, prevention of protein denaturation, prevention of protein 

aggregation, and facilitation of protein renaturation. Many HSP encoding genes 

respond to heat stress by increased transcription (Kahl et al., 2015; Lara and Rostagno, 

2013; Schlesinger, 1990). The aim of this study is to identify differentially expressed 

genes (DEG), such as heat shock proteins, between heat stressed and thermoneutral 

birds after varied lengths of heat stress exposure.  It is hypothesized that changes in 

expressed genes may indicate what effect acute and long-term heat stress has on 

broiler chickens and shed additional insights on the genetic adaptations to 

environmental stressors. 

5.3 Materials and Methods 

5.3.1 Animal Housing and Tissue Collection 

Male Ross 708 broiler chickens (Gallus gallus) were obtained on day of hatch 

from Mountaire Hatchery (Millsboro, DE) and placed in houses on the University of 

Delaware farm (Newark, DE). Husbandry and management followed all standards and 

procedures outlined by the Animal Care and Use Committee (AACUC #(27) 03-12-

14R). Standard broiler feed (corn-soy) that met all NRC requirements (National 
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Research Council, 1994) and water were supplied and animals had ad libitum access 

throughout the trial. Birds were split into two equal groups: 1 heat stress group and 1 

thermoneutral group (Bird number distribution located in Table 1.1).  Both groups 

were raised at 35°C for the first week post-hatch. Each week thereafter, the 

temperature was decreased 5°C until house temperature reached 25°C. Birds in the 

thermoneutral condition were raised at 25°C for the duration of the study.  Birds in the 

heat stress condition were subjected to a cyclical heat stress scheme of 35-37°C for 8 

hours per day from days 21 to 42. Both houses were kept at 23 hours of light and 1 

hour of dark for the duration of the study. To examine the effects of acute heat stress, 

two sets of naive birds from the thermoneutral group were moved to the heat stress 

house and necropsied immediately following 2 hours (day 26) and 4 hours (day 32) 

(heat stressed birds) of heat stress. For 1 day of heat stress, birds in the heat stress 

house endured 8 hours of heat stress (1 cycle in cyclical heat stress scheme) followed 

by a recovery period before necropsy on day 22. For 3 weeks (cyclical), heat stress 

birds endured 3 weeks of cyclical heat stress from days 21 to 42. Birds from each heat 

stress group (2 hours, 4 hours, 1 day, and 3 weeks) and matched thermoneutral birds 

for comparison were euthanized and whole pituitary glands collected, placed into 

liquid nitrogen and stored at -80°C until further analysis.   

5.3.2 RNA Isolation, cDNA Synthesis, and RNA-seq Library Preparation 

Total RNA was extracted from whole pituitary glands (8 mg – 20 mg, 

depending on age) using the Qiagen RNeasy Mini Kit (Germantown, MD). Total RNA 

quantity was measured using a Qubit Fluorometer and quality was assessed via 

fragment analysis.  Table 5.1 shows the number of pituitary glands from heat stress 
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and thermoneutral birds obtained at each time point for RNA-seq library preparation 

using the Illumina Stranded RNAseq kit (San Diego, CA). 

Table 5.1 Number of RNAseq libraries prepared for Gallus gallus pituitary glands 

from heat stress and thermoneutral conditions at each heat stress time 

point. 

Duration of Heat Stress Age Condition Number of Libraries 

2 Hours 26 days 
Heat Stress 5 

Thermoneutral 6 

4 Hours 32 days 
Heat Stress 6 

Thermoneutral 6 

1 Day 22 days  
Heat Stress 16 

Thermoneutral 10 

3 Weeks, Cyclical 42 days  
Heat Stress 17 

Thermoneutral 10 

1 day of heat stress corresponds to 1 cycle of the cyclical heat stress scheme, 

approximately 8 hours of heat stress. 3 weeks of cyclical heat stress corresponds to 

approximately 8 hours of heat stress each day for three weeks from day 21 to day 42 

post-hatch. All ages are days post-hatch. 

 

Once prepared, samples were sent for sequencing at the Delaware 

Biotechnology Institute (DBI) Sequencing and Genotyping center using the Illumina 

HiSeq 2500 sequencer.  All libraries were sequenced to a depth of ~20 to 30 million 

reads per library.  The reads were aligned to the Gallus gallus ver4 genome sequence, 

identified and counted using the Tuxedo software package to determine fragments per 

kilobase of gene per million mapped reads (FPKM) values for further analysis 

(Langmead and Salzberg, 2012; Trapnell et al., 2009). 
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5.3.3 Differentially Expressed Genes (DEG) Analysis 

Differential gene expression allows for the comparison of expressed genes 

between two conditions (Heat Stress versus Thermoneutral).  Based on Schurch et al., 

five replicates and our depth of sequencing provided sufficient power to detect >75% 

of differentially enriched genes at a p-value of 0.05 or lower (2016). DEG were 

determined following the protocol outlined by Davis et al., 2015.  Mean FPKM ratios 

were compared between heat stress and thermoneutral birds for all expressed genes.  A 

log2 transformation was used to normalize data and a t-test was applied.  Genes whose 

ratios were greater than 2 standard deviations from the mean and had a p-value less 

than or equal to 0.05 were considered differentially expressed between heat stress and 

thermoneutral conditions. The resulting DEG with FPKM values greater than 1 in at 

least one condition (heat stress and/or thermoneutral) were uploaded to AmiGO 2 for 

gene ontology analysis (Carbon et al., 2009), PathRings for pathway analysis (Zhu et 

al., 2015), and WebGIVI for text mining and the identification of iTerms (Sun et al., 

manuscript in preparation). 

5.3.4 Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-

PCR) Verification 

Three biological replicates for each condition at each time point were used for 

cDNA synthesis using the SuperScript First-Strand Synthesis System for RT-PCR 

(Invitrogen).  cDNA concentration was determined using the Qubit Fluorometer and 

diluted to 30 ng/ul for PCR.  qRT-PCR was performed using Fast SYBR green master 

mix (Applied Biosystems) on the Applied Biosystems 7500 Fast Real Time PCR 

System for 9 genes and the Fluidigm Biomark HD microfluidic device as outlined in 

Van Goor et al., 2016 was used to verify 3 genes (Table 5.2).  Each gene and primer 

pair (Table 5.2) were performed in triplicate and analysis was completed using the 
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delta-delta Ct method. All genes chosen for validation, with the exception of CLOCK, 

were enriched in the heat stress condition.  

Table 5.2 Primer sequences used for qRT-PCR transcriptome validation of Gallus 

gallus differential expression between heat stress and thermoneutral 

conditions and sorted by length of heat stress exposure. 

Gene 

Symbol Gene Name 

Duration 

of Heat 

Stress Forward Primer (5' - 3') Reverse Primer (5' - 3') 

AVP1 

Arginine 

Vasopresin/Vasotocin 

3 Weeks 

[Cyclical] TCCGGGCACACTCAGCAT ATGTAGCAGGCGGAGGACAA 

BAG32 

BCL2 Associated 

Athanogene 3 

2 Hour, 1 

Day 
ACCACAACAGCCGAACCA GATGGGCCATTTGCTGATGAC 

CLOCK1 

Clock Circadian 

Regulator  4 Hour GTTTGAATAACGTTCCCAATTCG GGTGCGACCGCTGAATAGTT 

CRELD21 

Cysteine Rich with 
EGF Like Domains 2 

4 Hour, 1 
Day CCTTGCAAAGATGAGCAGTATTGT ATGCGCAGGTCTTACACTTGTC 

CUL11 Cullin 1 4 Hour GACGCGCAAGCCAAAAGA CCCGGCGGAAATGACAA 

GH1 Growth Hormone 2 Hour GCTTCAAGAAGGATCTGCACAA GCGCCGGCACTTCATC 

HSP90AA11 

Heat Shock Protein 
90kDa Alpha Family 

Class A Member 1 

2 Hour, 1 

Day, 3 
Weeks 

[Cyclical] 

GCAGCAGCTGAAGGAATTTGA GGAAGCTCTAAGCCCTCTTTTGT  

HSPA22 

Heat Shock Protein 

Family A (HSP70) 

Member 2 

2 Hour, 1 

Day 

CCACCATTCCCACCAAACAA ATACACCTGGACGAGGACAC 

HSPH12 

Heat Shock Protein 

Family H (HSP110) 

Member 1 2 Hour 

GTAGTTTCGTTCGGCTCCAA CTGTGTTGTGGGCATGAGTAA 

MBP1 Myelin Basic Protein 

3 Weeks 

[Cyclical] TGCTCGACATGGATCTCCAA AAAGAATCTGCCCAGAGAGTCAA 

PLP11 Proteolipid Protein 1 

3 Weeks 

[Cyclical] CAGCGAGCTCACTCTTTGCA CAGGATGTCCTAGCCACTTTCC 

POMC1 Pro-opiomelanocortin 

2 Hour, 1 

Day 
GCTACGGCGGCTTCATGA CGATGGCGTTTTTGAACAGA 

 
1Fast SYBR Green on the Applied Biosystems 7500 Fast Real Time PCR System; 
2Fluidigm Biomark HD Microfluidic Device 

5.4 Results 

Expression levels of 13,453 genes for 2 hours, 15,602 genes for 4 hours, 

12,367 genes for 1 day, and 15,710 genes for 3 weeks (cyclical) were analyzed to 

determine DEG (S1, S2, S3, and S4 Tables, respectively). The number of differentially 

expressed genes by time point and condition are shown in Figure 5.1 and the gene lists 
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are in supplemental tables 5-8. Transcriptomic direction of change for all genes listed 

in table 5.2 were validated by qRT-PCR. 

 

Figure 5.1 Number of expressed enriched genes in each condition at each duration 

of heat stress in the Gallus gallus pituitary gland. 

 

Overall, there is a shift in enrichment from the 2-hour time point to the 4 hour, 

1 day, and 3 week (cyclical) time points.  More genes are enriched in the heat stress 

condition at 2 hours while the remaining time points contain more genes enriched in 

the thermoneutral condition. Enrichment in the thermoneutral condition also implies 

down-regulation in the heat stress condition.  
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5.4.1 Two Hour Differentially Expressed Genes 

The results from the two hour time point are described in detail in Pritchett et 

al., 2016 (manuscript submitted) and in Chapter 4. Overall, there is enrichment of 

genes coding for heat shock proteins (HSPs) and ubiquitin/endoplasmic reticulum 

stress proteins in the heat stress condition.  Additionally, several genes involved in 

anti-apoptotic processes were enriched in the heat stress condition as well as peptide 

hormones growth hormone (GH), prolactin (PRL) and pro-opiomelanocortin (POMC) 

involved in nutrient sensing and the stress response. Enriched genes in the 

thermoneutral condition correspond to the extracellular matrix (ECM) (GALNT5), 

glial cell development (GFRA4), and cell proliferation (ID1).  

5.4.2 Four Hour Differentially Expressed Genes 

A total of 58 DEG were identified at the 4-hour time point with 12 enriched in 

the heat stress condition and 46 enriched in the thermoneutral condition. AmiGO2 

gene ontology (GO) terms associated with the 4 hour time point are summarized in 

Table 5.3 and include cell communication, signal transduction, and DNA damage 

checkpoints in the thermoneutral condition as well as ubiquitin and mitotic processes 

in the heat stress condition.  
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Table 5.3 AmiGO2 gene ontology terms and associated genes enriched in the heat 

stress and thermoneutral condition of the Gallus gallus pituitary gland at 

the 4 hour time point. 

Condition Gene Ontology Term Gene Symbols 

Thermoneutral 

Cell Communication 

ITGA9, NCALD, ABCA1, SHC3, 

NR3C1, GABRB3, FRAS1, 

MEF2A, TAS1R1, BRCA1, 

GUCY1A3, WDPCP, NRG3, 

FZD10 

Signal Transduction 

ITGA9, NCALD, ABCA1, SHC3, 

NR3C1, GABRB3, MEF2A, 

TAS1R1, BRCA1, GUCY1A3, 

WDPCP 

Protein Modification by Small Protein 

Conjugation 

BRCA1, USP40, RNF180, TRIM36, 

USP53 

DNA Damage Checkpoint CLOCK, BRCA1 

Heat Stress 

Ubiquitin-Dependent Protein Catabolic 

Process 
USP34, CUL1 

Meitotic Chromosome Condensation NCAPD2 

Histone Deubiquitination USP34 

 

5.4.2.1 Thermoneutral Condition 

WebGIVI iTerms and enriched genes in the thermoneutral condition are shown 

in Figure 5.2.   
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Figure 5.2 Adapted WebGIVI output associating enriched genes in Gallus gallus 

pituitary gland thermoneutral condition at 4 hour time point. 

Red outlined circles indicate iTerms generated by WebGIVI via the text 

mining tool eGift. Black outlined circles indicate enriched genes from the 

4 hour thermoneutral input list. Gray lines (edges) show connections 

between genes and iTerms. iTerms: Neurodevelop (Neurodevelopment), 

Synapse Plastic (Synapse Plasticity), Neuron Migrate, Synapse, 

Neurotransmission, Glutamate Receptor, Cell Cycle, Apoptose, and 

Homeostat (Homeostasis).  

Four cell cycle genes were enriched in the thermoneutral condition: Breast 

Cancer 1 (BRCA1), SWI/SNF Related, Matrix Associated, Actin Dependent 

Regulator or Chromatin Subfamily A, Member 2 (SMARCA2), Centrosomal Protein 

192 (CEP192) and Clock Circadian Regulator (CLOCK). Several enriched genes are 

related to synapse plasticity and neuron migration such as ST8 Alpha-N-Acetyl-

Neuraminide Alpha-2,8-Sialyltransferase 2 (ST8SIA2), Laminin B2 (LMNB2), and 

LDL Receptor Related Protein 8 (LRP8) as well as neurodevelopment (Neuregulin 3 

((NRG3)), synapses (Neurobeachin (NBEA)), and glutamate receptor (Serine 
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Racemase (SRR)) and neurotransmission (Gamma-Aminobutyric Acid Type A 

Receptor Beta 3 Subunit (GABRB3)). 

5.4.2.2 Heat Stress Condition 

Cullin 1 (CUL1) and Cysteine Rich with EGF-Like Domains 2 (CRELD2) 

both showed 2-fold enrichment in the heat stress condition. CUL1 is involved in cell 

cycle regulation and CRELD2 is a novel ER-stress inducible gene.  

5.4.3 One Day Differentially Expressed Genes 

A total of 39 DEG were identified at the 1 day time point with 14 genes 

enriched in the heat stress condition and 25 genes enriched in the thermoneutral 

condition.  

5.4.3.1 Thermoneutral Condition 

From the 25 enriched genes in the thermoneutral condition, AmiGO2 resulted 

in three prominent GO terms: Morphogenesis of Epithelium and Tissue 

Morphogenesis, Anatomical Structure Morphogenesis and Cell Response to Growth 

Factor Stimulus. Two genes present in all three GO terms were Ryanodine Receptor 2 

(RYR2) with an almost 3-fold difference and Kruppel-Like Factor 4 (KRLF4) with an 

almost 2-fold difference between conditions.  Other notable genes, Treacle Ribosome 

Biogenesis Factor 1 (TCOF1) and Serine/Arginine-Rich Splicing Factor 5 (SRSF5) 

were both enriched in the thermoneutral condition by 17-fold and 2-fold, respectively.  

5.4.3.2 Heat Stress Condition 

Heat responding genes BCL2 Associated Anthogene 3 (BAG3), Heat Shock 

Protein Family A (HSP70) Member 2 (HSPA2), Heat Shock Protein Family A 
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(HSP70) Member 5 (HSPA5), Heat Shock Protein Family B (Small) Member 8 

(HSB8), Heat Shock Protein 90kDa Alpha Family Class A Member 1 (HSP90AA1) 

and the novel ER-stress inducible gene CRELD2 were enriched in the heat stress 

condition following 1 day of heat stress (8 hours).  

WebGIVI iTerms and enriched genes in the heat stress condition are shown in 

Figure 5.3.  

 

Figure 5.3 Adapted WebGIVI output associating enriched genes in Gallus gallus 

pituitary gland heat stress condition at 1 day time point. 

Red outlined circles indicate iTerms generated by WebGIVI via the text 

mining tool eGift.  Black outlined circles indicate enriched genes from 

the 1 day heat stress input list. Gray lines (edges) show connections 

between genes and iTerms. iTerms: Stress Response, Stress, 

Antiapoptosis, Cell Survive (Cell Survival), Misfolded Proteins, and 

Stress Inducible. 
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5.4.4 Three Weeks (Cyclical) Differentially Expressed Genes 

A total of 63 DEG were identified at the 3 week (cyclical) time point with 11 

genes enriched in the heat stress condition and 52 genes enriched in the thermoneutral 

condition. AmiGO2 gene ontology (GO) terms associated with the 3 weeks (cyclical) 

time point are summarized in Table 4. 

Table 5.4 AmiGO2 gene ontology terms and associated genes enriched in the heat 

stress and thermoneutral conditions of the Gallus gallus pituitary gland at 

the 3 week (cyclical) time point. 

Condition Gene Ontology Term Gene Symbols 

Thermoneutral 
Cell Cycle Process 

CENPF, GINS1, PKD1, 

SMC4 

DNA Conformation Change GINS1, SMC4 

Heat Stress 

Myelination, Ensheathment of 

Neurons, Axon Ensheathment 
PLP1, MBP 

Brain Development, CNS 

Development 
PLP1, MBP, FGF9 

Response to Stress 
HSP90AA1, PLP1, 

MASP2 

Negative Regulation of Signal 

Transduction 
HHIP, FGF9 

 

5.4.4.1 Thermoneutral Condition 

The main processes enriched in the thermoneutral condition are neuronal 

development and cell cycle. Contactin 6 (CNTN6), Obscurin (OBSCN), Versican 

(VCAN), Perlecan (HSPG2) and transcription factor Dystonin (DST) are all enriched 

in the thermoneutral condition by 2 to 3-fold and are involved in neuronal 

development via axon and cytoskeletal arrangement, synapse formation, and 

extracellular matrix (ECM) organization. Genes enriched related to cell cycle are 

GINS Complex Subunit 1 (GINS1) (nearly 3-fold), Polycystin 1, Transient Receptor 



 

 

80 

Potential Channel Interacting (PKD1) (2-fold), Structural Maintenance of 

Chromosomes 4 (SMC4) (2-fold) and transcription factor Centromere Protein F 

(CENPF) (2-fold). 

5.4.4.2 Heat Stress Condition 

Two myelin related genes were enriched in the heat stress condition. Myelin 

Basic Protein (MBP) was enriched 2-fold and Proteolipid Protein 1 (PLP1) was 

enriched nearly 7-fold. Fibroblast Growth Factor 9 (FGF9) is a growth factor that is 

involved in neuronal cell proliferation, differentiation, migration, and survival and 

showed a nearly 2-fold enrichment. Additionally, HSP90AA1 was enriched nearly 2-

fold.  

5.4.5 Differentially Expressed Genes in Common between Time Points 

A total of 9 genes were differentially regulated in more than one heat stress 

length (2 hour, 4 hour, 1 day, 3 weeks [cyclical]) and are shown in Table 5.5.  
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Table 5.5 Genes differentially regulated in multiple heat stress exposure time 

points.  

Gene Symbol 
2 

Hours 

4 

Hours 
1 Day  

3 Weeks 

(Cyclical) 

CEP192 X ↓ X ↓ 

CPNE9 X X ↓ ↓ 

CRELD2 X ↑ ↑ X 

GABRB3 ↑ ↓ X X 

HSP90AA1 ↑ X ↑ ↑ 

LRP8 ↑ ↓ X X 

OBSCN X X ↓ ↓ 

RYR2 X X ↓ ↓ 

SRR X ↓ ↓ ↓ 

X indicates not differentially regulated. ↑ indicates up-regulation in the heat-stress 

condition. ↓ indicates down-regulation in the heat stress condition and up-regulation in 

the thermoneutral condition.  

 

5.5 Discussion 

The enrichment of genes in the thermoneutral condition also indicates down-

regulation in the heat stress condition. The distribution of number of enriched genes 

between 2 hours and the remaining time points implies there is a massive response to 

heat at the 2 hour time point with majority of enriched genes in the heat stress 

condition. Subsequently, there is down-regulation of genes in response to heat as the 

duration of heat increases. This response at 2 hours indicates a need for heat 

responding genes to combat the probable increase in misfolded and damaged proteins 

as a result of the increased ambient temperatures.   
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5.5.1 Four Hours 

At 4 hours, the birds no longer show enrichment for genes encoding heat shock 

proteins in the heat stress condition, although the proteins may still present at an 

elevated level at this time point as HSP half-lives are increased as a result of heat 

stress (Reiling et al., 2006).  CRELD2 is enriched in the heat stress condition and is a 

novel ER-stress inducible gene. This glycoprotein localizes to the ER and Golgi 

apparatus and is associated with the unfolded protein response (UPR) following ER 

stress (Cameron et al., 2011).  CUL1 was enriched 2-fold in the heat stress condition 

and is a component of the Skp/Cullin/F-box containing complex (SCF complex) that is 

involved in the ubiquitination of cell cycle proteins and the overall cell cycle. Studies 

investigating the role of CUL1 and the oncoprotein c-Myc showed that c-Myc 

increases the expression of CUL1 leading to a promotion of cell cycle progression 

(O’Hagan et al., 2000).  

The thermoneutral condition shows enrichment for several genes related to 

neuronal plasticity and migration, signal transduction, and cell cycle and 

communication.  Neurobeachin (NBEA) is present in neuron and endocrine cells and 

is involved in synapse connections, neuronal membrane trafficking, formation or 

maturation of synapses, and is required for the development and function of central 

synapses in the brain (Olszewski et al., 2012; Medrihan et al., 2009). Neuregulin 3 

(NRG3) is implicated in neuroblast proliferation, migration and differentiation.  ST8 

Alpha-N-Acetyl-Neuraminide Alpha-2,8-Sialyltransferase 2 (ST8SIA2, also known as 

STX) is implicated in migration, axon guidance, and synaptic plasticity (Kamien et al., 

2014). One final gene related to neuronal migration, Lamin B2 (LMNB2), was 

enriched 2-fold in the thermoneutral condition and is a component of the nuclear 

lamina which provides structural support for the nucleus.  LMNB2 knock-out mice 
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show defects in neuronal migration (Coffinier et al., 2010). Guanylate Cyclase 1, 

Soluble, Alpha 3 (GUCY1A3) was enriched nearly 3-fold in the thermoneutral 

condition and is an alpha subunit of the guanylate cyclase enzyme which is 

responsible for converting GTP to cyclic GMP (cGMP).  cGMP plays a role in 

neuronal signal transduction via neuronal excitability and, with nitric oxide, stimulates 

NMDA receptors and is involved in long term potentiation, an important component 

of synaptic plasticity. In the developing brain, there is evidence it is involved in 

neuronal migration and myelinogenesis (Domek-Lopacinska and Strosznajder, 2005). 

LDL Receptor Related Protein 8 (LRP8, also known as APOER2) was enriched nearly 

2-fold in the thermoneutral condition and resides in a complex with NMDA receptors.  

It has been implicated in learning and memory processes and controls migration of 

neurons during development (Beffert et al., 2005). Knock-out mice studies have 

shown that LRP8 deficient mice have impaired learning and synaptic plasticity (Barr 

et al., 2007).  GSG1-Like (GSG1L) is an auxiliary subunit that is known to suppress 

AMPA receptor function via attenuation of calcium permeability. AMPA receptors are 

responsible for fast excitatory synaptic transmission and are implicated in synaptic 

plasticity, learning, and memory (McGee et al., 2015). GSG1L knock-out mice show 

deficits in long term potentiation (Gu et al., 2015). 

Finally, Serine Racemase (SRR) is enriched in the thermoneutral condition by 

2-fold and catalyzes the conversion of L-serine to D-serine. D-serine and glutamate 

are agonists at NMDA receptors. NMDA receptors are also involved in long-term 

potentiation, learning, memory, and neuronal migration (Kim et al., 2005). SRR was 

not only down-regulated in the heat stress condition in the 4 hour time point but also 

in the 1 day, and 3 week (cyclical) time points.  It is known that over excitation of 
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NMDA receptors leads to neurotoxicity (Mustafa et al., 2014) and that hyperthermia 

increases ischemic central nervous system damage due to decreased re-uptake and 

increased release of excitatory amino acids (such as glutamate) (Yang et al., 1998). It 

is possible that SRR is down-regulated across several time points to limit D-serine 

production and thereby prevent over excitation of NMDA receptors during increased 

glutamate levels as a result of heat stress.  Gamma-Aminobutyric Acid Type A 

Receptor Beta3 Subunit (GABRB3) mediates the inhibitory effects of GABA 

transmission and was enriched nearly 4-fold.  Based on the large number of enriched 

genes down-regulated in the heat stress condition related to plasticity and migration, 

and therefore learning and memory, it is thought that heat stress has an impact on 

these processes within the pituitary gland. However, the possibility remains that down-

regulation of these processes is a more primitive response related to acclimation rather 

than learning and memory and future work should investigate these hypotheses.  

Four genes related to cell cycle were also enriched in the thermoneutral 

condition. Breast Cancer 1 (BRCA1) is known to stabilize the genome and with 

specific proteins (i.e. protein kinases) has been called the care-taker of normal cell 

cycle progression (Christou and Kyriacou, 2013). SWI/SNF Related, Matrix 

Associated, Actin Dependent Regulator of Chromatin, Subfamily A, Member 2 

(SMARCA2, also known as BRM) is thought to regulate transcription of cell cycle 

progression genes (Zraly et al., 2004). Centrosomal Protein 192 (CEP192) is involved 

in centrosome maturation and centriole duplication during cell division (Sonnen et al., 

2013). Lastly, Clock Circadian Regulator (CLOCK) was enriched nearly 4-fold in the 

thermoneutral condition and is a major component of the circadian clock. Heat stress 

is thought to potentially re-set the circadian clock (Tamaru et al., 2011) which may be 
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an adaptation to heat stress to allow the biological processes controlled via the 

circadian rhythm to resume while heat is no longer a factor. 

Finally, there is a three-fold enrichment in the thermoneutral condition of 

transcription factor Tripartite Motif Containing 27 (TRIM27, also known as Ret 

Finger Protein) which is known to induce apoptosis (Dho and Kwon, 2003; Zaman et 

al., 2013). Knock-out mice studies indicate TRIM27 deficiency leads to decreased 

apoptosis and protects dopaminergic neurons (Tsukamoto et al., 2009). Down-

regulation of this gene in the heat stress condition implies, similar to the two hour time 

point, that apoptosis may be limited to protect the overall integrity of the pituitary 

gland. 

5.5.2 One Day 

Pituitaries collected following 1 day of heat stress experienced 8 hours of 35-

37°C followed by a recovery period.  The necropsy occurred on day 22 after birds 

were approximately 2-4 hours into the next day’s heat cycle. This could explain the 

similarities between 1 day of heat stress and 2 hours in terms of heat responsive genes. 

The lessened response of HSPs and heat responding genes compared to the two hour 

time point as well as the shift in number of enriched genes (increased enrichment in 

thermoneutral condition compared to heat stress condition) could indicate the 

beginnings of acclimation and/or adaptation. CRELD2, seen in the 4 hour time point, 

is also enriched in the heat stress condition following one day of heat stress.  This gene 

is associated with ER stress and may be assisting with protein trafficking through the 

ER and Golgi and an important component of the early response to stress. Because this 

gene is up-regulated in the heat stress condition at 4 hours rather than 2 hours, it is 
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possible this gene could be a potential delayed heat stress response marker for future 

studies.  

Cytokine Receptor Like Factor 1 (CRLF1) showed a 2-fold enrichment in the 

heat stress condition.  CRLF1 forms a heterodimer complex that is implicated in 

neuronal survival (Dagoneau et al., 2007). RNA Polymerase III Transcription 

Initiation Factor 50 kDa Subunit (BRF2) is involved in cell proliferation and in 

expression of selenoproteins and redox homeostasis (Gouge et al., 2015). Increased 

expression of this particular gene by more than 3-fold in the heat stress condition 

could indicate the beginnings of oxidative stress as a result of increased ambient 

temperatures. Myocilin (MYOC) exhibits a nearly 2-fold enrichment in the heat stress 

condition and its expression has been seen in the brain of rats although it is mainly 

studied in the context of glaucoma (Swiderski et al., 1999). MYOC expression in the 

optic nerve head was localized to astrocytes which provide the overall architecture of 

this area (Noda et al., 2000).  It is possible this gene is present within the astroglial 

cells of the pituitary gland, or pituicytes, and is involved in the overall cytoskeletal 

functions of the pituitary.  

Treacle Ribosome Biogenesis Factor 1 (TCOF1, also known as Treacle) is 

contained within a complex that is involved in ribosome biogenesis and may be a 

ribonucleoprotein chaperone. In normal development, TCOF1 may be involved in 

ensuring sufficient number of ribosomes are present (Hayano et al., 2003).  

Enrichment of nearly 17-fold in the thermoneutral condition could imply down-

regulation of overall protein synthesis in the heat stress condition to prevent the 

accumulation of misfolded proteins. Serine/Arginine-Rich Splicing Factor 5 (SRSF5) 

is an SR protein involved in mRNA metabolism, most notably, splicing (David and 
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Manley, 2010). This can have profound effects on the overall function of particular 

genes; however, the implication of nearly 2-fold up-regulation in the thermoneutral 

condition is currently unknown. Kruppel-Like Factor 4 was enriched nearly 2-fold in 

the thermoneutral condition and is a transcription factor that is expressed in the 

GRFa2/Prop1/stem cell (GPS) niche of rat pituitary glands.  The stem cells within this 

region express pluripotency markers (such as KLF4, OCT4, SOX2) and may be 

important to the plasticity of the pituitary gland (Garcia-Lavandeira et al., 2012).  

5.5.3 Three Weeks (Cyclical) 

Similar to 4 hour and 1 day time points, 3 weeks of cyclical heat stress resulted 

in the majority of enriched genes in the thermoneutral condition compared to the heat 

stress condition. Two genes up-regulated in the thermoneutral condition are related to 

mitochondrial electron transport chain.  The first is Coenzyme Q 10B (COQ10B) was 

enriched 2-fold and is required for coenzyme Q function in the respiratory chain. It is 

also involved in beta-oxidation of fatty acids, pyrimidine synthesis and apoptosis via 

mitochondrial permeability (Desbats et al., 2014). Cytochrome C Oxidase Assembly 

Factor (COX14) was enriched nearly 3-fold and is involved in the assembly and 

stability of the cytochrome c oxidase complex in the mitochondria.  This complex 

catalyzes the final step of the mitochondrial respiratory chain and translocates four 

protons across the mitochondrial membrane for ATP synthesis via the enzyme ATP 

synthase (Szklarczyk et al., 2012). Electrons that are not able to fully complete the 

electron transport chain can form free-radicals leading to oxidative damage. Down-

regulation of these genes in the heat stress condition could imply the impaired 

functioning of the mitochondrial electron transport chain, thereby increasing the 

presence of free radicals and oxidative stress. 
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Cell cycle genes were enriched in the thermoneutral condition. The first gene, 

Structural Maintenance of Chromosome 4 (SMC4), is crucial in cell cycle progression 

via its binding sites for transcription factors (Sp and Factor E2F) typically induced in 

G1 to S phase transition (Bidkhori et al., 2013; Pavlova et al., 2007).  Centrosomal 

Protein 192 (CEP192) was enriched in the thermoneutral condition 2-fold and was 

also enriched in the thermoneutral condition following 4 hours of heat stress and is 

involved in centriole duplication during cell cycle. Centromere Protein F (CENPF) 

was enriched 2-fold and is required for chromosome segregation in mitosis.  

Knockdown of CENPF leads to cell cycle arrest at the G2/M checkpoint (Dai et al., 

2013).  Last, GINS Complex Subunit 1 (GINS1) is enriched nearly 3-fold in the 

thermoneutral condition and is critical to the DNA replication fork establishment and 

assists in replisome complex progression (Kamada et al., 2007). Down-regulation of 

cell cycle related genes implies an arrest in cell division to allow for more favorable 

conditions prior to proceeding. 

Several genes related to the cytoskeleton and extracellular matrix were also 

enriched in the thermoneutral condition. Dystonin (DST, also known as BPAG1) was 

enriched 2-fold and is a linker protein required for intermediate filament anchoring in 

neuronal cells. Knock-out mice studies reveal overall architecture disruption in axons 

(Yang et al., 1996). Obscurin (OBSCN), also enriched at the 1 day time point in the 

thermoneutral condition, exhibited nearly 3-fold enrichment and is typically associated 

with striated muscle; however, studies have shown expression in the brain. While its 

function in striated muscle is cytoskeletal organization and cell homeostasis, its exact 

function in the brain is unknown (Ackermann et al., 2014). Two extracellular matrix 

related proteins were enriched 2-fold in the thermoneutral condition including 
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Versican (VCAN) and Perlecan (HSPG2).  Similar to the 2 hour time point, down-

regulation of cytoskeletal and extracellular matrix proteins in the heat stress condition 

following 3 weeks of cyclical heat stress may indicate a decrease in cell division and 

therefore; cell support genes to protect the integrity of the pituitary gland during times 

of increased ambient temperatures.  

Two genes enriched in the heat-stress condition following three weeks of 

cyclical stress are related to myelin and neuronal survival. MBP and PLP1 are both 

involved in oligodendrocyte formation and maintenance and comprise 30 and 50%, 

respectively of all myelin proteins (Shiota et al., 1989).  In addition to stabilization of 

myelin, PLP1 contributes to axonal survival. The up-regulation of these genes may 

indicate a need for increased neuronal stability and survival to limit the damage via 

chronic heat stress.  

HSP90AA1 was enriched nearly 2-fold in the heat stress condition and is the 

only HSP mRNA enriched at this time point. In addition to HSP associated functions, 

HSP90AA1 is involved in glucocorticoid receptor stabilization (Briassoulis et al., 

2011) and may be exhibiting functions other than those typically associated with HSPs 

and the stress response after chronic heat stress. Arginine Vasopressin (AVP) was 

enriched 8-fold in the heat stress condition. This gene encodes the precursor protein 

for arginine vasotocin (AVT) and neurophysin-2. AVT is the avian equivalent of 

arginine vasopressin (AVP), an antidiuretic hormone. AVT is produced in the 

hypothalamus and transported to the posterior pituitary gland where it is stored in 

neurosecretory vesicles until release. Like AVP, AVT is the antidiuretic hormone in 

birds and can stimulate the release of PRL and ACTH.  An increase of AVP gene 

expression and subsequent AVT release from the posterior pituitary would benefit 
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birds subjected to chronic heat stress and decreased water consumption by aiding in 

retention of water via its antidiuretic properties (Scanes, 2015).  The presence of AVP 

mRNA in the pituitary gland should be explored further as its expression is expected 

in the neurosecretory neurons of the hypothalamus.   

5.6 Conclusion 

Overall, there is an enrichment of heat responding genes at the 2 hour time 

point that is critical to the initial response to heat.  By 4 hours, this response is no 

longer present and instead there is down-regulation of genes involved in neuronal 

plasticity and migration as well as cell cycle.  This could be to protect the cells from 

further damage and limit the growth and development until return to more favorable 

conditions. The large number of genes responding to plasticity and migration as well 

as NMDA and AMPA receptors implies an impact on learning and memory that 

perhaps is helping with acclimation and or adaptation to heat stress. One study found 

that heat shock enhanced memory, synapse function, and neuronal survival in the 

Volado fly, an animal model for dementia (Hooper et al., 2016).  This was achieved 

via improved alpha-integrin expression which is an important component of the 

connection between synapses and the extracellular matrix, thereby providing structural 

support. While this was not seen in our data, it is apparent that synapse stability is an 

important component of learning and memory. It is hypothesized that genes related to 

learning and memory would be up-regulated in the heat stress condition to allow for 

acclimation to the environmental stressor; however, the opposite was noted in our data 

following 4 hours of acute heat stress. Additional acute time points may give more 

insight into how these genes continue to impact the learning/memory process that may 

impact the acclimatization to heat stress. The 1 day time point results in a response 
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similar to the 2 hour time point, although to a lesser degree. There are heat responding 

genes and HSPs such as BAG3, DNAJA4, HSP90AA1, and HSPA5 as well as the 

novel ER-stress inducible gene CRELD2 seen enriched in the four hour time point as 

well.  This implies that following one day of heat stress, there is still a response to heat 

although it is not as pronounced. Perhaps this indicates a shift toward acclimatization 

following 8 hours of heat stress with a recovery period. 

Following 3 weeks of cyclical heat stress, there is a down-regulation of genes 

involved in cell cycle, cytoskeletal arrangement, and extracellular matrix proteins, to 

potentially halt the progression of cell division and protect the integrity of the pituitary 

gland. Enrichment of genes in the heat stress condition related to neuronal cell 

survival and stabilization indicate a need to protect the brain myelination under times 

of chronic heat stress. Perhaps this is a component of brain acclimation via protection 

of overall tissue integrity and maintenance of formed synapses via survival of neurons 

under times of stress. 

In summary, the response to the initial heat stress for two hours indicates an 

immediate response to aid in the proper folding of proteins potentially damaged due to 

heat stress.  Following the response to chronic heat in the pituitary gland, there is more 

down-regulation of expressed genes rather than a continuation of up-regulation of 

genes to respond to heat. This implies the pituitary gland is acclimating to the changes 

in the environment through dampening of processes that may lead to additional 

damage within the brain should they continue under heat stress. Future work should 

investigate additional acute and chronic time points to gain a better understanding of 

the acclimation process in the pituitary gland. 
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CONCLUSIONS 

The results of this study are two-fold.  The first defined expressed genes within 

the chicken pituitary gland and determined enriched genes relative to other tissues. 

The second determined which genes are differentially regulated within this tissue as a 

result of acute and chronic heat stress. The chicken is an important component of 

agriculture, not only in the United States, but world-wide. It is important to investigate 

not only the gene expression profile of this tissue under normal conditions, but also 

how this profile is affected by environmental stressors, particularly heat stress. 

6.1 Relative Tissue Expression 

The analysis method of relative tissue expression is an important component of 

this study that allows researchers to identify the enriched genes in the pituitary gland 

that lend its unique function. The results of this study can serve as a basis for future 

research investigating other questions related to the function of the pituitary gland. 

Future work utilizing this information can explore evolutionary relationships between 

the pituitary gland in Ross 708 chickens and other lines of chickens, as well as other 

avian species. For example, Japanese quail are a highly utilized experimental avian 

species. A study comparing gene expression profiles of different mammalian species 

investigated RNA-seq data comparing organs between species and found that gene 

expression is more similar between homologous organs of different species than 

between different organs of same species (Sudmant et al., 2015). It should be noted 

Chapter 6 
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that particular tissues are more related than others in terms of expression, however, it 

would be interesting to determine what gene expression profiles are conserved 

between chickens and quail in the pituitary gland and how any differences affect the 

functioning of the tissue within each species. This also allows for more pointed 

questions in terms of biological processes.  For example, there is a clear maturation 

shift from strictly neurological related processes at days 21 and 22 to neuronal and 

endocrine-related processes at day 42.  Research investigating the gene expression 

profiles between chickens and Japanese quail, for example, could further elucidate the 

relatedness between the species in terms of maturation related biological processes at 

the transcriptomic level. Relative tissue expression analysis also identifies genes 

within the pituitary that are important for structures found in all tissues.  For example, 

particular extracellular matrix genes are identified by relative tissue expression 

analysis in the pituitary and may lead to gene targets that are important to the 

extracellular matrix of the pituitary, specifically.  Identification of these particular 

genes and others related to various tissue processes could aid in gene targets for future 

work related to diseases pertaining to the pituitary gland. Further work should also 

utilize single cell transcriptomic analysis.  This would be beneficial for a tissue like 

the pituitary gland that contains several different cell types with vastly different 

functions (i.e. neuronal versus endocrine). This can also further explain the differences 

between particular species based on cellular differences. 

6.2 Differential Expression 

Chicken is an important component of agriculture and a major protein source 

in the world. As the global temperatures are expected to increase, it is important to 

understand how chickens respond to this environmental stressor. Acute versus chronic 
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heat stress is an aspect of this project that was explored at the transcriptomic level to 

determine if there are differences that lend to the responses to varied lengths of heat 

stress exposure. The response to acute heat stress involves many cellular mechanisms 

aimed at protecting from further damage and repairing damage induced by the 

environmental stressor.  It is known that increased HSP transcription in response to 

acute heat stress allows for the maintenance of thermotolerance (Lindquist, 1986). It 

was hypothesized that differentially expressed genes would be indicative of these 

differences and would allow researchers to better understand the response to acute 

versus chronic heat stress.  

The cellular response within the brain to combat the deleterious effects of 

increases in temperature is primarily through heat shock proteins.  This response is 

apparent in the 2 hour time point with the robust increase of HSP transcripts. It is 

known that transcription of HSPs is negatively regulated and transcription is repressed 

when HSP levels reach a level proportional to the severity of heat (Lindquist, 1986). 

This could explain the lack of HSPs at the 4 hour time point.  Perhaps the level of 

HSPs was sufficient and transcription was no longer necessary. However, it is 

unknown whether HSP proteins were still present at the 4 hour time point. It is 

interesting to consider what effect higher temperatures would have on the production 

of HSPs. It is possible that a temperature higher than that used in this experiment 

would require sustained increased HSP mRNAs at the four hour time point. Future 

work should investigate what effect different heat stress temperatures have on the 

production of HSP genes in other tissues at varied time points (i.e. 2 hours, 4 hours, 6 

hours, 8 hours, etc).  
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The increase in ubiquitin related genes at 2 hours is also beneficial to handle 

the misfolded proteins and is known to be heat-inducible in chickens (Lindquist, 

1986). The two hour time point also shows evidence of the stress response via 

increased expression of POMC.  This is an acute response to stress and is not 

maintained over long periods. This is supported by the transcriptome data with no 

increase seen in POMC in the further time points. Future work should investigate 

circulating levels of the stress glucocorticoid corticosterone to further determine what 

impact this stress response has on the birds. Overall, following two hours of acute heat 

stress, the differentially expressed genes indicated more genes were enriched in the 

heat stress condition compared to the thermoneutral condition. These enriched genes 

appear to be imperative to protecting the pituitary gland from misfolded proteins and 

cellular damage as a result of heat stress. Future work should include several tissues to 

determine if the robust response to acute heat stress is a tissue specific response of the 

brain.  

At four hours of acute heat stress, the distribution of differentially expressed 

genes is opposite that of the two hour time point.  At this time point, more genes are 

enriched in the thermoneutral condition compared to the heat stress condition. This 

trend continues through the remaining time points. Enrichment in the thermoneutral 

condition also implies down-regulation in the heat stress condition. At the four hour 

time point, there are several genes down-regulated in the heat stress condition related 

to synaptic plasticity and learning and memory. Cellular memory has been studied in 

organisms as simple as protoplasmic slime, a unicellular amoeba.  When exposed to 

shocks at regular intervals, the slime can not only learn the pattern of shocks but also 

change behavior (Ball, 2015). In order for an organism to learn about a particular 
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environmental stressor, researchers would hypothesize an increased expression of 

genes related to synaptic plasticity.  This would allow for the synthesis of stable 

connections to “remember” the stressor and manipulate specific processes as a result. 

However, the opposite is seen at the four hour time point. The down-regulation of 

these genes would imply there is a negative effect on these processes. When we focus 

specifically on some of the genes, there is a down-regulation of genes related to 

NMDA receptors. These receptors are involved in learning and memory, however, 

over excitation of these receptors can lead to neurotoxicity (Mustafa et al., 2014). 

Perhaps this down-regulation of genes related to NMDA receptors is to protect the 

neurons in the pituitary gland from over excitation and thereby prevent neurotoxicity.  

At the 1 day time point, heat stress birds received 8 hours of heat stress 

followed by a recovery period until the next day.  Necropsies were performed 

approximately 2-4 hours into the next day’s heat stress cycle. This collection period 

could explain the presence of HSPs.  While HSPs were present, there were fewer 

differentially expressed heat responding genes.  It is possible that birds experiencing a 

recovery period show a lessened response at each subsequent exposure to heat stress.  

Future would should investigate additional time points past 1 day of heat stress to 

determine at what point the HSPs no longer respond to the initial heat presentation at 

each day. By day 42, there is no longer a response to heat with heat responding genes 

like HSPs so it is apparent this response is no longer necessary following three weeks 

of cyclical heat stress. The overall enrichment of genes shows more genes enriched in 

the thermoneutral condition, similar to the four hour and 3 week (cyclical) time points.  

Following three weeks of cyclical heat stress, the differentially expressed 

genes follow the trend of more genes enriched in the thermoneutral condition when 
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compared to the heat stress condition. The down-regulation of genes in the heat stress 

condition could imply that many cellular processes such as cell division are stopped or 

paused to allow for conditions to return to more favorable temperatures before 

proceeding. The most robust response in the heat stress condition following 3 weeks 

of cyclical heat stress implies a need for increased neuronal survival. The enrichment 

of these genes as well as down-regulation of cellular processes may be imperative to 

the acclimation to heat stress. 

6.3 Summary 

Overall, transcriptomic data implies the pituitary gland is protecting the 

integrity of the tissue at the initial onset of heat stress by responding to heat via heat 

shock proteins, heat responding genes, and attempting to eliminate or mitigate effects 

of misfolded proteins.  After continued exposure, the pituitary gland gene expression 

implies acclimation via down-regulation of genes initially overexpressed in the heat-

stressed birds. This down-regulation of genes may be imperative to surviving heat 

waves and may be evolutionarily the best method for enduring chronic heat stress. In 

order to answer this question fully, future work should sample birds during heat stress 

as well as during recovery periods. It would be important to note if heat-stressed birds’ 

gene expression returns to normal during the recovery phase, allowing birds to 

continue normal processes and repair damage from acute and chronic heat stress. The 

presence of the recovery period could be the key to long-term survival at the 

transcriptomic level. Future work should also collect samples at additional time points 

for both the acute and chronic heat stress exposures. This would allow for a 

comprehensive summary of the genes changing as a result of heat stress exposure and 

further elucidate the mechanisms affected that allow for acclimatization.  
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