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ABSTRACT

EARLY WEANING STRESS AND POSTNATAL AGE INFLUENCE THE TIME
COURSE AND NATURE OF INTESTINAL MAST CELL ACTIVATION IN PIGLETS

By

Neco Wilson
Early life adversity (ELA), such as abuse, neglect and household dysfunction are known risk
factors for increased disease risk and the development of immune disorders, such as Irritable
Bowel Syndrome (IBS) and Inflammatory Bowel Disease (IBD) later in life in human. Early life
stress also impacts agricultural species, like swine, and has been shown to lead to increased
susceptibility to disease and to the development of acute and chronic immunologic and enteric
disease later in life. In response to ELA, piglets exhibit similar pathophysiology’s (leaky gut,
enteric and immune system dysfunction, diarrhea) as humans. While there is a long-term impact
of ELA in both human and animals, the mechanism is unknown. Mast cells (MCs) are critical
innate immune cells which orchestrate the pathogenesis of many immunological disorders and
are highly activated in response to psychological stress, supports their role as key modulators of
stress-induced disease. Previous studies from our lab has shown that MCs can trigger intestinal
permeability and inflammation. The goal of this thesis was to determine the time course of
intestinal MC activation in response to stress and whether age of piglets at the time of weaning
influences MC activity. Our work provides insight into understanding the early mechanism that
could be initiating changes in gut development in response to weaning-induced stress. This
works also suggest that preventative measures and strategies in swine production may in fact

need to be administered early before the weaning process.
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CHAPTER 1



Introduction

Early Life Adversity Increases Disease Risk in People and Animals
Early Life Adversity (ELA) or childhood trauma is defined as exposure to psychological,

physical, and/or emotional abuse such as neglect, poverty or household dysfunction or
infections during early life. Traumatic events during childhood has emerged as a significant risk
factor for increase susceptibility to disease and development of debilitating immune disorders
(allergy, asthma, obesity, diabetes, functional gastrointestinal disorders) later in life (1-7).
Similar to people, there is increasing evidence that early life stress in animals, such as those
associated with agricultural production practices, increases disease risk across the life span (8-
10). Early weaning stress (EWS) is a common practice used in porcine production where piglets
are separated from their mother at an early age during a crucial period in development(11).
Research in our laboratory has shown that EWS in piglets can lead to increase disease
susceptibility and the development of gastrointestinal (GI) disturbances, like intestinal
permeability, relapsing diarrhea, and inflammation later in life(9, 11). Given the pathophysiologic
similarities seen in human Gl disorders, such as irritable bowel syndrome, our laboratory is
interested in elucidating the mechanisms that are orchestrating disease susceptibly and
development of Gl disturbances later in life. The acute mechanisms driving the differences in
stress-induced GI responses in early weaned piglets is unknown. My thesis research is focused
on exploring the early mechanisms driving the differences in stress-induced Gl responses to
establish a new potential target for therapeutic and preventative strategies for both pigs and

humans.



Factors impacting ELA-induced Disease Risk: Number and intensity stressors and
biological sex

The number and intensity of adverse childhood experiences (ACE) is correlated with risky
health behaviors and disease onset later in life (2). The frequency of childhood adversities and
magnitude is correlated with increase disease severity and negative outcomes in adulthood.
Higher prevalence of adverse childhood experiences are also known to be correlated with a
diminished quality of life, decreased overall welfare, less resources, and most strikingly
decreased life expectancy by up to twenty years (12, 13). In particular, the nature of childhood
adversity (physical and/or sexual abuse) predisposed individuals to 1.5-2 times greater risk of
developing Gl disturbances and Gl disorders (1). There is also increasing evidence that women
experience increased prevalence of Gl disturbances (bloating, constipation, abdominal pain)

and a higher prevalence of ELA compared to male counterparts (3, 14-16).

Despite this well-established link between ELA and disease risk, the biological mechanisms by
which ELA triggers long-lasting disease risk remains unknown. The rest of this review will focus

on early life adversity, functional Gl disorders and models of early life adversity.

ELA and Functional Gastrointestinal Disorders
Functional gastrointestinal disorders (FGID) currently affect approximately 25 million Americans.

FGID’s are characterized as chronic heterogenous Gl disturbances with no atypical structural or
biochemical defects (17-19) according to the Rome Foundation diagnosis criteria. There are
four established categories of FGIDs: Functional dyspepsia, belching disorders, nausea and
vomiting, and rumination syndrome(20). Individuals with FGIDs may experience singular or
multiple GI symptoms such as constipation, diarrhea, bloating, belching, abdominal pain, and

incontinence(18).

One of the most commonly studied Gl disorders that often overlaps with the symptoms listed

above, is irritable bowel syndrome (IBS), currently affecting 10-15% of individuals globally(21).



The hallmark of IBS is chronic abdominal pain combined with abnormal bowel habits (diarrhea
(IBS-D), constipation (IBS-C) or both (IBS-M)). IBS is also commonly comorbid with other
medical conditions (i.e. other FGIDs, psychiatric disorders, fibromyalgia, chronic fatigue and
pelvic pain) and symptomology (visceral hypersensitivity) (22-25). Although the mechanism of
IBS remains unknown due to incomplete understanding of disease pathophysiology there is
growing evidence that characterizes IBS as a disruption in brain-gut axis communication. This
disruption in brain-gut axis has several well documented pathophysiologic factors: irregular
motility, increased intestinal permeability, visceral hypersensitivity and immune activation(26-30)
that has also been shown in animal models of early life adversity(9, 11, 31, 32). Similarly, in
agricultural animal species, early life stressful management practices, such as early weaning,

negatively impacts Gl development and increases disease susceptibility into adulthood.

FGIDs are a major public health concern in both humans and animals. Current therapeutic
approaches are scarce and specifically only target Gl symptoms. Diagnostic testing is also
limited given that FGIDs do not present with structural or biochemical abnormalities
(inflammation, swelling). Although there is growing evidence that early life adversity may be a
contributing factor to disease susceptibility there is still a need for more targeted approaches for

preventative and intervention strategies.

The Importance of the Gastrointestinal Developmental Critical Period
To understand how early changes in Gl development result in long term alterations, it is first

important to understand the developing gut during this time. The early postnatal period (first
three month after birth) is a highly malleable time for the developing Gl tract, in both humans
and pigs(10). During this critical window of development, there is establishment of the
microbiome, intestinal barrier integrity, immune system, and enteric nervous system. The
intestinal barrier is relatively mature after birth but is still permeable and resolves (less

permeable) with age. Neonates are relatively dependent on the passive transfer of antigens
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from breast milk through the permeable intestinal lining. Breast milk provides exposure to
antibodies and white blood cells that allow for the modulation of the neonate’s intestinal
microbes. Neonates also become tolerant to commensal microbes and nutrition. During this
time, the enteric nervous system undergoes formation of neurocircuits, heurogenesis,
gangliogenesis, and apoptosis that increases neurons expressing acetylcholine and neurite
growth. If these events in gut development are no longer quiescent and homeostasis is lost, the
brain and gut axis becomes hyperresponsive. This hyperresponsiveness is thought to lead to
disease susceptibility and contribute to the development of Gl diseases later in life. Therefore,
understanding the underlying mechanism that leads to disease susceptibility in adulthood is

important to elucidate therapeutics and preventative measures.

Early Weaning Stress in piglets as a Model of Early Life Adversity
Early weaning is a common practice in the porcine agricultural industry and is a significant

stressor on piglets during a critical period of postnatal development. In nature piglets are slowly
weaned at about 3-4 months of age (33-35) and are no longer dependent on the sows milk for
passive immunity. In non-natural environments like commercial weaning, piglets are weaned at
younger ages, about 14 days to 30 days of age, often determined by several factors: lactation
space, disease status, and weaning schedule. During the weaning process piglets undergo
numerous stressors such as changes in diet, maternal and littermate separation, temperature
variations, compromised air quality, commingling with new littermates (crowding), fighting for
social order, new environment, vaccinations and transportation stress (36). These abrupt
stressors have both short term and long-term effects that increase disease susceptibility
(transmissible gastroenteritis, Haemophilus parasuis, Porcine reproductive and respiratory
syndrome virus, etc) (36-38), lead to a decrease in feed intake, performance, and higher

mortality rates(36). This stressful experience has implications for disruption and dramatic



changes in the Gl tract, brain and gut axis, immune system, and enteric hervous system

development.

Many studies addressing weaning have focused on the early post-weaning period between 1 d
and 14 d post-weaning. Many studies have reported similar findings in that weaning induces
marked changes in intestinal morphology (villus blunting, increased crypt depth), and intestinal
inflammation (39), which coincided with reductions in growth rate. Studies investigating
functional changes to the intestine at weaning have shown that early weaning caused impaired
barrier function, characterized by increased intestinal permeability. Previous research from our
laboratory showed that early weaned pigs (weaned at 21 d of age) exhibited heightened
intestinal permeability compared with pigs weaned at 28 d of age measured at 1 day post-
weaning (40, 41). Further, these studies showed that activation of the corticotropin releasing
factor (CRF) system was upregulated in the intestinal mucosa of early weaning piglets and that
intestinal permeability was reduced by pretreating piglet with CRF receptor antagonist drugs

(40).

More recently, studies have focused on the long-term effects of early weaning stress in pigs.
Pohl et al (2017) showed that early weaning leads to long-term persistent intestinal permeability,
increased numbers of intestinal mast cells and chronic diarrhea (9). Medland et al 2016
showed that early weaning induced long-lasting changes to the enteric nervous system
characterized by heightened cholinergic activity and heightened nerve-induced secretory activity
(42). Further, these studies showed that biological sex plays an important role in that early
weaned female pigs exhibit greater intestinal permeability, enteric nervous system
hypersensitivity and diarrhea, compared with male castrates. Together previous literature
demonstrates that weaning induced stress leads to long-term pathophysiologic, immunologic
and psychologic alterations in adulthood and that mast cells may be at the forefront of

orchestrating these cascades of events.



Mast Cells
Mast cells (MC) are critical innate immune effector cells that play a major role in

modulating disease severity, progression, and symptoms. Mast cells are derived from CD34+
hematopoietic progenitor cells in the bone marrow(43). Once circulating in the blood, MC
progenitors travel to various mucosal or connective tissues, found in the digestive tract, central
nervous system in the brain, cutaneous layers of the skin, respiratory tract, and cardiovascular
system(44). Unlike other immune cells, mast cells undergo maturation in the periphery which is
influenced by the microenvironment. Mast cells can be found positioned in close proximity to
blood vessels, lymphatic tissues, terminal nerve endings, and at host-environment interfaces,
such as the epithelium in the skin and intestinal mucosa(10, 45). The positions of MC allow
them to play a key role in host defense against pathogens, wound healing, and inflammation(45-
47). However extreme mast cell activation is known to be detrimental in inflammatory diseases

like asthma, allergy, and functional Gl disorders (irritable bowel syndrome)(48-51).

Mast cell populations are heterogenous and differ between species, anatomical location,
function, and protease content(44). Mast cells contain granules with tightly packed compounds
called mediators such as cytokines, histamine, serotonin, and mast cell specific serine
proteases (chymase, tryptase and carboxypeptidases). Mast cells mediators are preformed or
newly synthesized and can change composition if the mast cell is activated in response to a
stimulus. In humans, MC phenotype is characterized corresponding to protease content in two
subclasses (MCT, tryptase only, and MCTC, tryptase, chymase, carboxypeptidase). In mice,
MC are characterized by location, mucosal (MMC) MC’s containing mostly chymase or
connective tissues (CTMC) containing both tryptase and chymase(47). This difference in
phenotypic composition can impact and determine mast cells activity, response to stimuli, and

mediator release during inflammatory response.



MC Activation
Mast cells can be activated by both endogenous and exogenous stimuli to induce degranulation

of prestored mediators or production of newly synthesized mediators (52). Mast cells are also
capable of recycling their granules in a process called regranulation(53). Typical mast cell
degranulation is prompted by allergen binding IgE with cross linkage of the FCeRI receptor(54).
This leads to the influx of intracellular calcium, cytokine, and arachidonic metabolite production
within seconds to minutes of stimulation, releasing preformed mediators. Mast cell
degranulation can also occur through non-Ig mediated mechanism including stimulation with
anaphylatoxins, calcium ionophores, or drugs. Strategically colocalized to nerve fibers, neurons,
lymph nodes, and blood vessels(9). Mast cells are also activated by neurotransmitters
(acetylcholine, serotonin, epinephrine), neuropeptides (substance P, vasointestinal peptide,
horseradish peroxidase) and growth hormones (corticotropin-releasing hormone, stem cell
factor, urocortin)(55). De novo synthesis of mast cell mediators (cytokines, chemokines, etc)
occurs after MC degranulation in a secondary stimulus response. Unlike degranulation, de novo
synthesis response time varies; minutes to hours depending on the mediator(56). For example,
mast cells activation by pathogenic lipopolysaccharides through the toll-like receptor 4 leads to
cytokine production and not rapid degranulation(57, 58). It is through the activation and
degranulation process that mediators are rapidly or transiently released prompting a response.
Therefore, mast cell activity is important for bidirectional communication in the inflammatory

response.

Mast Cell Mediators in disease
Mast cell mediators are immunomodulators that influence the innate and adaptive immune

responses through various receptors and pathways as mentioned above. Mast cell mediators
such as chymase, tryptase and histamine can impact and initiate the inflammatory response

through dual proinflammatory and protective anti-inflammatory roles(47).



Tryptase and chymase are well known mast cell specific proteases that comprise approximately
25% of mast cell granule content(47, 59, 60). Given that tryptase is exclusively in MC’s itis a
well-known indicator of mast cell activity and a recognized clinical marker of anaphylaxis(61,
62). Some proinflammatory actions of tryptase and chymase are neutrophil and eosinophil
recruitment, cytokine and chemokine activation, and degradation of cell-to-cell junctions and the
extracellular matrix.(44) Protective actions of proteases are degradation of cytokines,
chemokine and toxins, IgE cleavage, tissue homeostasis/remodeling, wound healing, and
parasite clearance(61). Each of these biological actions can regulate the activity of other
mediators to impact disease processes in anaphylaxis, autoantibody-mediated arthritis(63),

parasite and bacterial infections, and asthma(45).

Histamine is another major prestored mast cell mediator and accounts for approximately 10% of
the granule’s total composition. Histamine is a biogenic amine that is synthesized from the
amino acid L-histidine by the metabolic action of Histidine Decarboxylase (HDC). Histamine is
released into circulation relatively quickly within seconds to minutes and is known to increase in
plasma as quickly as 5-10 minutes(64). Degradation of histamine mediated by Diamine Oxidase
(DAO) through deamination and by Histamine-N-MethylTransferase (HNMT) through
methylation. DAO is stored in plasma membrane vesicles and expressed in the intestines,
kidney and placenta. Reduced or compromised DAO levels has been linked to histamine
intolerance(65) leading to various symptoms like congestion, diarrhea, vomiting headache and
wheezing(66, 67). Reduced DAO levels have also been shown in Gl disease like crohns and
ulcerative colitis(68, 69) HNMT is stored in cytosolic compartments of cells and widely
expressed in several tissues like the kidney, liver, spleen, colon, prostate, ovary, spinal cord
cells, trachea and bronchi(65). Polymorphisms of HNMT has been shown to vary in histamine

catabolism with a reduction in HNMT levels in bronchial epithelium of asthma patients(70, 71).



This indicates that the presence or absence of histamine degrading enzymes may be critical for

the regulation of histamine in disease.

Once in circulation, histamine binds to its G protein coupled receptors subtypes, H1IR-H4R, on
multiple cell types. These receptors have differential expression across tissues and are found
on a multitude of cell types such as neurons, bacteria, enterochromaffin like cells, epithelial cells
and basophils(72). In disease states, histamine has been shown to play a deleterious role by
the induction of allergic inflammation (mostly H1IR mediated)(73, 74), colitis (partly H4R
mediated in rodents)(75-77), anaphylaxis(78), diarrhea, and visceral hypersensitivity(65).
Histamine has also been shown to play a beneficial role in pathogen clearance (mostly H2R
mediated), allergen expulsion, gastric acid secretion, induction of tolerance (partly H2R

mediated)(79), and wound healing(80).

In FGID’s, like irritable bowel syndrome, in humans and early weaning stress in pigs, mast cells
numbers are elevated in the intestinal mucosa. Although, there is an increase in MC numbers,
MC mediators release during the stress response is not fully understood. Understanding the
dual roles of MC mediators is important for the insight into the mechanistic aspect of disease

pathophysiology’s and development of therapeutics and disease targets.

Major role of MC’s in disease and the stress response
Early life stress has been shown to induce mast cell activation and degranulation. Mast cells

numbers and activity are increased in stress disorders such as functional Gl disorders and
allergy. Similarly, in agricultural animal species, early life stressful management practices, such
as early weaning, contributes to ELA and negatively impacts Gl development and increases
disease susceptibility into adulthood(31). Our laboratory has previously demonstrated that
weaning in pigs from their mother at less than 23 d of age (early weaning stress; EWS), a

common practice in pig production, induces significant stress and leads to long-term increased
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risk to functional diarrhea, increased intestinal permeability, and altered mast cell activity into

adulthood(9-11).

Given the lifelong consequence Gl disease risk, ELA represents a significant public health
concern with major economic and welfare implications. While the long-term negative impacts of
ELA on Gl pathophysiology and increased disease risk has been established(8, 10), very little is
known regarding the early Gl responses to ELA that trigger long-term developmental alterations
in Gl development and increased Gl disease risk throughout life. However, recent studies from
our laboratory showed that EWS in piglets causes rapid loss of intestinal barrier function
(increased intestinal permeability)(31) and intestinal inflammation(81) that is more severe in
EWS pigs compared with pigs weaned later at 28 d of age. Further, we found that mast cells are
also highly activated in response to weaning stress. Therefore, MCs are strategically positioned
as potential initiators of ELA-induced Gl barrier dysfunction, inflammation and long-term Gl
development. However, the significance of MC activation as an early immune mechanism

driving Gl dysfunction has not been explored.

Conclusion
In summary, multiple studies have revealed that early life adversity is a risk factor for Gl and

immune diseases across the lifespan in both humans and animals. The biological mechanism
by which this occurs is unknown. Given that mast cells are a critical innate effector cells that is
rapidly activated, triggers intestinal permeability, and inflammation in the stress response makes
it an ideal target to study. Therefore, understanding the mechanism in which mast cells
contribute to intestinal permeability and inflammation is important to target for disease
prevention and therapeutics. The major goal of my master’s thesis research is to demonstrate
how ELA impacts the time course and magnitude on Gl mast cell responses in an early life

adversity model, EWS piglets.
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Abstract
Early life adversity (ELA) is a risk factor for later life emergence of functional and inflammatory

Gl disorders in people and animals. In this study we compared the early Gl immune responses
in piglets exposed to early weaning (EW) at 15-16d of age, a form of ELA we’ve previously
shown results in altered Gl developmental and health trajectories similar to ELA in humans, with
that of late weaned piglets (LW: 26 d of wean age). Mast cells (MC), a critical innate immune
cell activated by stress and a modulator of Gl immune regulation, were activated early and
differentially expressed in early weaned and late weaned pigs. Compared with late weaned
piglets, early weaned piglets exhibited higher levels of plasma histamine during the first 1h post-
weaning which coincided with a significant upregulation in histamine degrading enzymes
diamine oxidase expression in jejunum mucosa. Early weaned pigs exhibited a reduction of
mast cell tryptase by 24 hours. However, LW piglets exhibited a greater induction of chymase
expression, compared to EW piglets. These data show weaning stress in piglets induces early
Gl MC activation which precedes immune cell recruitment and intestinal inflammation and age
has a significant impact on the level and nature of this response. Understanding how EW and
LW differentially regulate early Gl immune responses may lead to a more mechanistic

understanding of the Gl and immune disorders linked with ELA.
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Introduction
Early life adversity (ELA), such as abuse, neglect and household dysfunction are significant risk

factors (3, 4, 82, 83) for the development of debilitating chronic immune disorders, such as
functional gastrointestinal disorders (FGID) including irritable bowel syndrome and inflammatory
bowel disease later in life (3, 4, 84). Despite this well-established link between ELA and disease
risk in humans and animal models of early life adversity, the biological mechanisms by which
ELA triggers long-lasting disease risk remains unknown.

The early postnatal period of gastrointestinal (GI) development, during the first three months
after birth, is highly malleable and quiescent(11). During this critical window of development
there is continuous programming in the enteric nervous system, establishment of the
microbiome, intestinal barrier integrity, and the immune system. If quiescence (continuous
uninterrupted programming) during Gl development is disrupted, negative long-lasting
disturbances like diarrhea, intestinal permeability, and inflammation occurs in adulthood (9, 84,
85). This has been shown for human Gl disease and animal models of ELA, including weaning
stress (EWS) in pigs and neonatal maternal stress (NMS) in rodents. In neonatal maternal
stress models, pups are separated from their dam for approximately 3 hours a day during days
2-14 or days 4-20 after birth; this time period varies depending on rodent species (10). NMS has
been shown to increase intestinal permeability, susceptibility to disease (colitis), visceral
hypersensitivity and mast cell activation(32, 86-88). NMS is the most well studied and
characterized model of ELA adversity that mimics some of the major pathophysiology related to
human Gl disease but is not without limitations. In contrast, pigs are more biologically
comparable to humans, in terms of central nervous and enteric nervous system complexity,
size, diet, anatomy and development (10). Thus EWS porcine model is well suited to study ELA.
Also studying EWS in pigs has a dual purpose as it explains the effects of ELA in agricultural
animal species which are an important resource. During the EWS piglets are early weaned at

14-18 days of age and compared to later weaned, control (24 or greater days of age) (10).
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Compared to piglets that are gradually weaned at 3 months of age in nature, EWS piglets
experience multiple abrupt changes such as change in diet, maternal and littermate separation,
commingling with new littermates (crowding), fighting for social order, new environment,
vaccinations, and transportation stressors(89). These abrupt stressors have both short term and
long-term effects that impact lead to a decrease in feed intake, performance and disease
susceptibility. In previous studies, EWS was shown to also increase intestinal permeability,
diarrhea, susceptibility to infection, and mast cell activation (9, 31, 42, 90) like Gl disturbances
in humans. While previous studies on early weaning stress focused on the long-term effects of
EWS on intestinal permeability, mast cell numbers and activation, the short-term effects of EWS
and mechanism have not been elucidated. The objective of the present experiments was to
determine the influence of age on weaning stress-induced MC activity in relation to intestinal
barrier function and inflammatory responses. By defining the time course and profile of MC
mediator activation induced by EWS, we hope these studies will provide the foundation for
future research focused on targeting specific mast cell pathways for the prevention of ELA-

induced Gl injury and long-term GI development and disease throughout the lifespan.
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Methods

Animals and experimental design
The University Institutional Animal Care and Use Committee (IACUC) at Michigan State

University approved all studies. Yorkshire cross-bred female and male-castrated nursing piglets
were obtained from the Michigan State University Swine and Teaching Unit and used in these
experiments. At 10-12 d of age, litters from parity 3-4 sows were weighed randomly assigned to
experimental groups. Experimental variable which constituted the experimental groups included
wean age: 15 days of age; early weaning (EW) or 26 days of age; late weaning (LW), and post-
weaning time point: Oh (unweaned), 30 min, 1h, 3h, 8h, and 24h post-weaning. At respective
weaning ages, piglets were weaned from the sow, transported to a nearby swine nursery and
housed in nursery pens. Weaned pigs were offered ad libitum access to water. To recapitulate
production conditions and prevent the potential confounding effects of feed was withheld from
all pigs for up to 24h, At each collection time point, selected piglets n=5-8 pigs/weaning age
group/time point were sedated with a combination of xylazine (1.5 mg im) and ketamine (11
mg/kg im) followed by euthanasia with an overdose of intravenous pentobarbital via a
catheterized ear vein, followed immediately by tissue sample collection and preparation for

histological and gene analyses.

Mast Cell Staining and Counting
Jejunum tissues were collected from EWS and LWC at 15d and 26d of age during a time course

(Oh, 0.5h,1h,3h,8h,24h) postweaning immediately after euthanasia and fixed in Carnoy’s fixative
(60% ethanol-30% chloroform-10% glacial acetic acid) for 48h and then transferred to a 70%
ethanol/1%sodium azide solution until further processing for routine histological evaluation.
Samples were removed and placed in 50% ethanol before processing. For quantification of
mucosal mast cells, longitudinal cross sections of jejunum (n=4-6 animals/treatment groups)
were sectioned (10 um) then paraffin-embedded and stained with toluidine blue by the Michigan

State University Investigative Histopathology Laboratory. Mucosal mast cells were counted in 10
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fields per subject and corrected for lamina propria area in the villus tip and villus crypt, using
Image J (U.S. NIH, Bethesda, MD, USA). Submucosal mast cells were counted in 10 fields per
subject and corrected for lamina propria area using Image J (U.S. NIH, Bethesda, MD, USA).

Counts were performed on n=24 EWS and LWC pigs with 4-6 Male-C and females’ pigs per
group.

Immunohistochemical analyses

Jejunum tissues were taken immediately after euthanasia and stored in Carnoy’s fixative (60%
ethanol-30% chloroform-10% glacial acetic acid) until processing for routine histological
evaluation. Paraffin blocks were sectioned (10 um thick). Sections were prepped and
immunohistologically labeled for Histamine Receptorsl, 2 and 4 with either anti — goat HR1
(orb331289, Biorbyt) at 1:100 dilution; or polyclonal anti- rabbit HR2 (NLS1175, Novus
Biologicals) at 1:100 dilutions; or polyclonal anti- rabbit HR4 (LS-C146254, Lifespan
Biosciences) at 1:200 dilution. Detection of HR1 in sections was performed by using secondary
anti-mouse-on-HRP Polymer for 10 minutes and treatment with Romulin AEC ; Detection of
HR2 and H4R was performed by using secondary anti-rabbit-on- Farma HRP Polymer for 30
minutes and treatment with Betazoid DAB. Slides were counter stained with CATHE
Hematoxylin at 1:10 and 1:5 dilution. All sample preparation and labeling was performed by
Michigan State University’s Investigative Histopathology Laboratory. Total mucosal area of
histamine receptor positive and integrated density of Histamine receptors were determined to
generally asses the number of positive cells to Histamine receptors and the intensity with which

histamine receptors was expressed, respectively.

Gene expression analysis
Immediately after euthanasia, segments of ileum, jejunum, and colon were removed from the

pig, cut open longitudinally and rinsed generously with 0.87% saline to remove any digesta prior

to sample collection. The scrapings of the exposed mucosa were collected, immediately flash
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frozen in liquid N2 and stored at -80°C until gene analysis. Total RNA samples were isolated
from frozen intestinal mucosal scrapings using the Qiagen RNeasy Mini kit. First-strand cDNA
was synthesized from 1ug RNA using Thermo Scientific Maxima First Strand cDNA Synthesis
Kit for RT-gPCR with dsDNase (Thermo Scientific, Waltham, MA) according to the
manufacturer's instructions. Semi-quantitative, real-time PCR was used to determine the relative
guantities of transcripts of the genes of interest. The genes encoding the 60S ribosomal subunit
(RPL4) were selected and validated as suitable internal reference genes. The relative gene
expressions of histamine family genes histamine receptor 1 (H1R), histamine receptor 2 (H2R),
histamine receptor 4 (H4R), diamine oxidase (DAO) and histamine-N-methyltransferase
(HNMT); mast cell tryptase (MCT7) and mast cell chymase (CMAL1) were determined. Primer
sequences for all genes are provided as a Supporting Information file (S1 Table). All PCR
reactions were subjected to a melt curve analysis to validate the absence of nonspecific
products. The data are presented as 2-AACT in gene expression relative to control group,

normalized to the RPL4 reference gene before statistical analysis.

Histamine and diamine oxidase ELISA
Blood samples were obtained from pigs via jugular venipuncture at Oh, 30min, 3h, 8h, and 24 h

postweaning prior to euthanasia. Pigs were sedated prior to blood collection to minimize the
stress of sampling procedures. All samples were taken at the same time of day to minimize the
effects of diurnal rhythms. Plasma was separated by centrifugation (30 min, 10,000 g) aliquoted
and then was stored at -80°C until analysis. Plasma levels of histamine and diamine oxidase
were determined by using commercial ELISA kits (Histamine, Oxford Biomedical Research,

Oxford, MI; porcine diamine oxidase, MyBiosource, San Diego, CA).

Statistical analyses
Data were reported as means + SE. All data were analyzed using a 2-Way ANOVA using

GraphPad Prism version 8 for Windows, (GraphPad Software, San Diego, CA, USA). A post
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hoc Tukey'’s test was used to determine the effects of weaning treatment, weaning age, or
interaction and any specific difference between groups. Differences were considered significant

at P<0.05 to 0.001.
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Results

Effect of wean age on plasma histamine responses to weaning
In the present study, we measured plasma histamine levels as an index of mast cell activation in

early weaned and late weaned pigs. At baseline (unweaned) 15 d old piglets exhibited higher
(P<0.05) plasma histamine levels compared with 26 d old piglets (Figure 1). In early weaned
piglets, plasma histamine levels increased (by 65%) at 1-hour postweaning and returned to
baseline (unweaned) levels by 3 h post-weaning. In contrast, late weaned pigs did not exhibit
elevated plasma histamine in response to weaning. Taken together, this data indicates that
compared with late weaned piglets, early weaned piglets have higher basal and weaning-

induced plasma histamine levels, indicative of greater mast cell activation.
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Figure 1. Influence of weaning age on plasma histamine concentrations at Oh, 0.5h, 1h,
3h postweaning. Histamine levels were determined by ELISA in plasma. All values are relative
to Oh control. LWC, Late Weaned. EWS, Early Weaned. Data were analyzed with a 2-Way
ANOVA Tukey’s post hoc test. *P<0.05, **P<0.01, *** P<0.001 vs. Time 0 within each wean age

group.
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Figure 2. Influence of weaning age on jejunal mast cell numbers, localization and
morphology at Oh, 3h, 8h, 24h postweaning. Jejunum sections from pigs were stained with
Toluidine blue and toluidine blue cells were quantified to determine mast cell numbers. (A)
Jejunum mast cell localization in villus crypt, tip, and submucosa of 15d early weaned and 26d
late weaned pigs weaned at Oh and 24h post weaning. (B) Jejunal mast cell morphology and
mast cell numbers in lamina propria of 15d early weaned and 26d late weaned pigs weaned at
Oh, 3h, 8h, 24h post weaning. Data were analyzed with a 2-Way ANOVA Tukey’s post hoc test.
*P<0.05, **P<0.01, *** P<0.001 vs. Time 0 within each wean age group.
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Effects of piglet age and weaning on intestinal mast cell numbers and morphology
To determine whether heightened plasma histamine levels in early weaned piglets coincided

with increased intestinal mast cell activity, we analyzed mast cell numbers and morphology in
early weaned and late weaned pigs. Mast cell morphology is a potential indicator of mast cell
activity in terms of activation status and motility(91). Jejunal mucosal sections were stained with
the Toluidine blue to identify mast cells and mast cells numbers and localization in the villus tip
lamina propria, crypt lamina propria, submucosa and muscle layer was assessed. Mast cells
were localized to the villus tip lamina propria, crypt lamina propria, submucosa, muscle layers,
but the highest concentration of mast cells were found in the lamina propria of the crypt region
in both 15 d and 26 d old piglets (Figure 2A). Piglet age had a significant effect on mast cell
number with younger piglets (15 d old piglets) having lower numbers of toluidine blue positive
mast cells compared with 26 d old pigs (Fig 2A). In response to weaning, a reduction in jejunal
mast cell numbers was observed in early weaned piglets, indicative of mast cell activation and
loss of granule staining properties. The morphology of mast cells determined by rounded vs
fusiform shape, also differed by age with 15 d old piglets exhibiting a higher percentage of
rounded mast cells compared with 26 d old pigs (Fig 2B).

Intestinal mucosal histamine degrading enzyme expression in response to early
weaning stress in piglets

Extracellular histamine levels is regulated predominantly by two major histamine degrading
enzymes, which are diamine oxidase (DAQO) and histamine-n-methyltransferase (HNMT). To
determine if elevated histamine responses in early weaned pigs was due to reduced histamine
degrading enzymes, we measured DAO and HNMT gene expression in jejunum, ileum and
colon mucosa. In early weaned pigs, DAO was upregulated at 3h (4.1- Fold increase; p<0.001)
and 8h (3.38-Fold increase; p<0.05) and then declined by 24h in the jejunum (Figure 3A). In late
weaned pigs, DAO was upregulated at 8h (Figure 3) and increased by ~2.76-fold (p<0.05) at 8h

in late weaned controls. There was no significant difference in DAO expression in the ileum
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(Figure 4) or colon (Figure 5) or in the plasma. There was no significant difference in HNMT

expression in the jejunum, ileum, and colon of early weaned stress or late weaned control

piglets.
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Figure 3. Effect of wean age on histamine degrading enzyme expression in jejunal
mucosa from piglets. Piglets were weaned either at 15 d of age (early weaning stress; EWS)
or 26 d of age (Late weaning control; LWC). Data were expressed as the mean + SE fold
increase in mMRNA expression for (A) DAO, (B) HNMT at each post-weaning time point, relative
to the Time 0 (unweaned controls) within each wean age group. Data were analyzed with a 2-
Way ANOVA Tukey’s post hoc test. *P<0.05, **P<0.01, *** P<0.001 vs. Time 0 within each
wean age group.
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Figure 4. Effect of wean age on histamine degrading enzyme expression in ileal mucosa
from piglets. Piglets were weaned either at 15 d of age (early weaning stress; EWS) or 26 d of
age (Late weaning control; LWC). Data were expressed as the mean + SE fold increase in
MRNA expression for (A) DAO, (B) HNMT at each post-weaning time point, relative to the Time
0 (unweaned controls) within each wean age group. Data were analyzed with a 2-Way ANOVA
Tukey’s post hoc test. “P<0.05, **P<0.01, *** P<0.001 vs. Time 0 within each wean age group.
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Figure 5. Effect of wean age on histamine degrading enzyme expression in colonic
mucosa from piglets. Piglets were weaned either at 15 d of age (early weaning stress; EWS)
or 26 d of age (Late weaning control; LWC). Data were expressed as the mean + SE fold
increase in mMRNA expression for (A) DAO, (B) HNMT at each post-weaning time point, relative
to the Time O (unweaned controls) within each wean age group. Data were analyzed with a 2-
Way ANOVA Tukey’s post hoc test. *P<0.05, **P<0.01, *** P<0.001 vs. Time 0 within each
wean age group.
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Effects of piglet age and weaning on intestinal mucosal histamine receptor subtype gene
expression

Given the heightened histamine levels and mast cell activation observed in EW vs LW piglets,
we next investigated the effects of piglet and weaning on downstream histamine receptor
expression. We measured histamine receptor subtypes H1R, H2R and H4R gene expression at
Oh, 3h, 8h, and 24h post-weaning in ileum, jejunum, and colon via gPCR. In the jejunum H1R
receptor gene expression was not significantly altered in early weaned pigs or late weaned
piglets(Figure 6A). In jejunum H2R gene expression, exhibited a 2.6 fold (p<0.05), increase
within 3h post-weaning and remained elevated over the 24h (p<0.0001) time period post-
weaning (Figure 6B) in early weaned stress piglets compared to the Oh post-weaning time point.
In contrast, no significant changes in H2R expression were observed in LW piglet jejunal
mucosa. Jejunal mucosal H4R gene expression also increased significantly by 3 h post-
weaning reaching a peak expression at 8h (~4.4 fold increase) postweaning (Figure 6C) in early
weaned piglets compared to late weaned Oh post-weaning time point with no change in H4R

expression in late weaned controls.

Because, we were also interested in measuring site specific changes in gene expression across
multiple intestinal regions. Therefore, we measured histamine receptor expression in ileum and
colon. In the ileum, the mRNA transcripts for H2R were upregulated at 3h and 8h in both early
weaned stressed piglets and late weaned controls when compared to Oh post weaning time
point (Figure 7). H4R gene expression increased 8h postweaning in early weaned stress piglets
with no significant difference in late weaned control piglets. Specifically, H2R gene expression
was increased at 3h (~2.06-fold increase; p<0.05) and 8h (~2.09-fold increase; p<0.05) in early
weaned stress piglets and ~2.98-fold at 3h and ~2.5-fold at 8h in late weaned controls. H4R
MRNA transcripts were upregulated (2.98-fold) at 3h and (~3.08-fold) at 8h postweaning in early
weaned piglets, but not late weaned piglets when compared to their respective Oh post-weaning

timepoint (Figure 7C). In the colon, there was no significant difference in H1IR or H2R
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expression between early weaned stress or late weaned control piglets when compared to Oh
time point. H4R gene expression in the colon was upregulated (~1.9-fold) at 8h in early weaned
piglets when compared to Oh time point postweaning (Figure 8); however, no significant

differences were observed in late weaned piglets.
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Figure 6. Effect of wean age on histamine receptor subtype expression in jejunal mucosa
from piglets. Piglets were weaned either at 15 d of age (early weaning stress; EWS) or 26 d of
age (Late weaning control; LWC). Data were expressed as the mean + SE fold increase in
MRNA expression for (A) H1R, (B) H2R, and (C) H4R at each post-weaning time point, relative
to the Time O (unweaned controls) within each wean age group. Data were analyzed with a 2-
Way ANOVA Tukey’s post hoc test. *P<0.05, **P<0.01, *** P<0.001 vs. Time 0 within each
wean age group.
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Figure 7. Effect of wean age on histamine receptor subtype expression in ileal mucosa
from piglets. Piglets were weaned either at 15 d of age (early weaning stress; EWS) or 26 d of
age (Late weaning control; LWC). Data were expressed as the mean * SE fold increase in
MRNA expression for (A) H1R, (B) H2R, and (C) H4R at each post-weaning time point, relative
to the Time O (unweaned controls) within each wean age group. Data were analyzed with a 2-
Way ANOVA Tukey’s post hoc test. *P<0.05, **P<0.01, *** P<0.001 vs. Time 0 within each

wean age group.
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Figure 8. Effect of wean age on histamine receptor subtype expression in colonic
mucosa from piglets. Piglets were weaned either at 15 d of age (early weaning stress; EWS)
or 26 d of age (Late weaning control; LWC). Data were expressed as the mean + SE fold
increase in MRNA expression for (A) H1R, (B) H2R, and (C) H4R at each post-weaning time
point, relative to the Time 0 (unweaned controls) within each wean age group. Data were
analyzed with a 2-Way ANOVA Tukey'’s post hoc test. *P<0.05, **P<0.01, *** P<0.001 vs. Time
0 within each wean age group.
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Intestinal mucosal mast cell tryptase expression in response to early weaning stress in
piglets
Mast cells are critical innate immune effector cells that are known to be activated in response to

weaning stress and release mast cell specific proteases that are involved in the inflammatory
response. We measured the jejunum, ileum and colon mucosa of both late weaned control and
early weaned stress piglets at 15 days and 26 days of age for tryptase (MCT7) gene expression
levels. In ileal mucosa from EW piglets, there was a 66% downregulation of tryptase gene
expression at 24hr compared with Oh post weaning time point with no significant difference in
late weaned control when compared to the Oh post weaning time point (Figure 9). There was no
significant difference in tryptase expression in the jejunum or colon of early weaned stress or

late weaned control piglets when compared to Oh post weaning time point.
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Figure 9. Effect of wean age on mast cell tryptase in jejunal, ileal, and colonic mucosa
from piglets. Piglets were weaned either at 15 d of age (early weaning stress; EWS) or 26 d of
age (Late weaning control; LWC). Data were expressed as the mean + SE fold increase in
MRNA expression in (A) Jejunum, (B) lleal, (C) colon at each post-weaning time point, relative
to the Time O (unweaned controls) within each wean age group. Data were analyzed with a 2-
Way ANOVA Tukey’s post hoc test. *P<0.05, **P<0.01, *** P<0.001 vs. Time 0 within each
wean age group.
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Intestinal mucosal mast cell chymase expression in response to weaning stress in
piglets
Mast cells are critical innate immune effector cells that are known to be activated in response to

weaning stress and release mast cell specific proteases that are involved in the inflammatory
response. We measured the ileum and colon mucosa of both late weaned control and early
weaned stress piglets at 15 days and 26 days of age for chymase (CMA1) gene expression
levels. In ileal mucosa from LW piglets, there was an upregulation of chymase gene expression
at 3hr compared with Oh post weaning time point with no significant difference in early weaned
piglets when compared to Oh post weaning time point (Figure 10). Specifically, chymase was
increased by 69% in late weaned piglets (Figure 10). There was no significant difference in
chymase expression in the colon of early weaned stress or late weaned control piglets when

compared to the Oh post weaning time point.
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Figure 10. Effect of wean age on mast cell chymase in ileal and colonic mucosa from piglets. Piglets
were weaned either at 15 d of age (early weaning stress; EWS) or 26 d of age (Late weaning
control; LWC). Data were expressed as the mean = SE fold increase in mRNA expression in (A)
lleal, (B) colon at each post-weaning time point, relative to the Time 0 (unweaned controls)
within each wean age group. Data were analyzed with a 2-Way ANOVA Tukey’s post hoc test.
*P<0.05, **P<0.01, *** P<0.001 vs. Time 0 within each wean age group.
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Histamine receptor subtype immunohistochemistry expression in jejunum mucosal
Given the differential gene expression in histamine receptors, with an upregulation of histamine

receptors in early weaned pigs, we also wanted to know if weaning-induced stress impacts
histamine receptor expression differentially expressed at the gut level in early and late weaned
piglets. Therefore, we stained the jejunum mucosa for histamine 1 receptor, histamine 2
receptor, and histamine 4 receptor to determine the localization pattern. The staining pattern of
Histamine 1 receptor (Figure 11 A, B) was localized to lamina propria cells, myofibroblast and
muscle tissue. Histamine 4 receptor (Figure 13 A, B) was also localized to cells in the lamina
propria. While Histamine 2 receptor (Figure 12 A, B) was localized to the epithelium and

epithelial cells.
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Figure 11. Histamine receptor immunohistochemical localization of the piglet jejunum
mucosa in weaning induced stress piglets. (A) Longitudinal section of piglet mucosa with
Histamine 1 receptor (H1R) expression in the muscle (black arrows). (B) magnified
image demonstrating intensely stained myofibroblast (black arrowheads) and lamina
propria cells (white arrowheads).
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Figure 12. Histamine receptor immunohistochemical localization of the piglet jejunum
mucosa in weaning induced stress piglets. (A) Longitudinal section of piglet mucosa with
Histamine 2 receptor (H2R) expression in the epithelium and lamina propria cells (black arrows).
(B) magnified image demonstrating intensely stained epithelium (white arrowheads) and lamina
propria cells (black arrowheads).
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Figure 13 Histamine receptor immunohistochemical localization of the piglet jejunum
mucosa in weaning induced stress piglets. (A) Longitudinal section of piglet mucosa with
Histamine 4 receptor (H4R) expression in the jejunum mucosa. (B) magnified image
demonstrating intensely stained lamina propria cells (black arrowheads).
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Discussion
Early life adversity is a major risk factor for the development of functional Gl disorders in

both humans and livestock. The biological mechanisms by which ELA triggers long-lasting
disease risk remains to be elucidated. Here we show age-related acute short-term changes in
histamine release and differential expression of histamine receptors are induced by early
weaning stress in piglets. This study also reveals that pigs exposed to early weaning stress
exhibited no change in mast cell numbers during the time course but an increase in histamine

receptor localization compared to late weaned piglets.

Age influences plasma histamine response to weaning
Compared with late weaned piglets, early weaned piglets exhibited an acute and marked

increase in plasma histamine concentration at 1-hour post-weaning indicating a greater
activation of mast cells. This is in line with our hypothesis that early weaned piglets are more
susceptible to weaning stressors and exhibit more severe intestinal barrier dysfunction
(increased intestinal permeability) which was shown to be mast cell dependent (11). These
results are also in line with Ahrens et al. who conducted an experiment measuring plasma
histamine concentrations after early weaning and immune challenge (immunization)(92). The
time course of the plasma histamine response in early weaned pigs also revealed the transient
nature of circulating histamine levels in early weaned pigs with higher baseline plasma
histamine that decreased at 30 min prior to the rise at 1 h and subsequent returns to baseline
levels by 3 h post weaning. Given that mast cell histamine can be released in seconds to
minutes then become elevated into circulation as quick as 5-10 minutes (64) and that this
response is transient, it is possible we may have missed a primary histamine response between
0 and 30 min and that the 1 h elevation may represent a secondary phase in plasma histamine
levels. This may also explain why late-weaned pigs exhibited no rise in plasma histamine, which
was unexpected as mast cell activation likely occurred in last weaned animals as well, based on

intestinal measurements of histamine receptor expression. An earlier time course of plasma
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histamine will be required to confirm this. However, in support of this, our histological analysis
showed that mast cells from early weaned pigs were more activated in appearance at baseline
(e.g. rounded mast cell phenotype) and that mast cell granule staining with toluidine blue was
rapidly lost after weaning, indicative of mast cell degranulation. In other words, toluidine blue
stains mast cell granules and does not always capture mast cells that have degranulated and
maybe in the process of regranulation. Therefore, we have concluded that a decrease in mast
cell numbers may be due to loss in granularity and can also represent an increase in mast cell
activity in early weaned pigs. This suggest that early weaned piglets indeed have hyperactive
mast cells which is contributing to the increased magnitude in Gl disturbances in early weaned
piglets compared to late weaned piglets.

Differential Histamine receptor expression and localization to the lamina propria in early
and late weaned pigs

In the present study we showed that histamine receptor subtype expression is influenced
by weaning and wean age. A robust induction of H2R and H24 gene expression was observed
in early and late weaned pigs in the jejunum and ileum. Moreover, the induction of H2R and
H4R appeared to be greater in early weaned pigs compared with late weaned pigs. It was
surprising that H1R, the most highly expressed histamine receptor subtype that is most well-
studied in inflammatory and allergic diseases (78) was not increased post-weaning. These data
may indicate an important role of H2R and H4R in intestinal responses to weaning. H2R is most
well-known for its regulation of histamine-mediated gastric acid secretion. We showed that H2R
is expressed in the intestinal mucosa and IHC showed that H2R is localized to the epithelium,
lamina propria cells and enteric ganglia. H4R had a slightly different localization pattern as it
was mainly expressed in lamina propria cells. This expression pattern is in line with the
literature(93, 94). The weaning induced recruitment of H2R-expressing and H4R-expressing

immune cells to the intestinal mucosa that might contribute to the increased expression. The
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precise role of histamine receptor subtype in weaning-induced intestinal injury in the pig remains
to be elucidated.

The staining pattern of Histamine 1 receptor (Figure 11 A, B) was localized to lamina
propria cells, myofibroblast and muscle tissue. Histamine 4 receptor (Figure 13 A, B) was also
localized to cells in the lamina propria. While Histamine 2 receptor (Figure 12 A, B) was

localized to the epithelium and epithelial cells.

Potential mechanisms of increased mast cell activation in the early weaned pig

In this study, we showed that early weaned piglets exhibited greater plasma histamine
levels and tissue mast cell activation and downstream histamine receptor signaling. However,
an important question that remains to be elucidated is why do younger pigs (early weaned)
exhibit greater mast cells activation? Lenz et al 2018 showed in that mast cell numbers in the
brain change during development when influenced by sexual differentiation(95). Liu et al 2005
also showed that mast cell numbers gradually changed during corneal development from birth
to 21days in rodents (96). This indicates that mast cell numbers do in fact change during
development in various tissue regions. Analysis of intestinal mast cell numbers between early
and late weaned pigs showed that early weaned pigs have lower numbers of intestinal mast
cells which is likely related to the less mature immune system in the early weaned piglet.
However, these findings indicate that the higher level of mast cell activation in early weaned
pigs is not due to increased mast cell numbers. We also hypothesized that higher histamine
levels and subsequent receptor expression might be a result of decreased histamine
degradative capacity in early weaned pigs so we measured levels of major histamine degrading
enzymes DAO and HNMT. However, plasma DAO levels were similar between early and late
weaned pigs and weaning induced gene expression for these enzymes that were greater in
early weaned piglet intestinal mucosa compared with late weaned piglets. Some other potential

mechanisms could be that early weaned pigs exhibited a heightened neuro-endocrine response
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leading to enhanced release of mast cell stimuli such as neuropeptides including CRF and
substance P. In support of this, Overman and Moeser et al showed that early weaning resulted
in greater CRF levels and neuronal-mediated intestinal secretion (40, 81). Future studies
investigating the precise mechanisms for elevated mast cell activation in the early weaned piglet
will be critical for the design of targeted therapeutic strategies to limit excessive mast cell

activation and intestinal injury in the weaned piglet.

Conclusion
Overall these data demonstrate that early weaning stress in pigs has a profound impact early

during the weaning process. As previously shown by Moeser et al, physiologic changes at the
gut level occur 24 hours post weaning(40). Here in this study we show that mast cell activation
in early weaned piglets, shown by the heightened histamine release 1-hour post weaning,
occurs relatively early in response to weaning stress. This adds to the growing evidence from
our lab that mast cells are at the center of orchestrating acute and long-term changes in gut
function. Further characterization of the histamine receptor histochemistry, regarding specific
immune cells stained and their localization pattern, could also shed light on the downstream
effects of mast degranulation. Modulation of mast cell activity and histamine regulation through
its receptors may be a potentially new mechanism that leads to rapid and very early Gl
disturbances. This study also suggest that therapeutics and intervention strategies may need to
be administered early before the process of weaning in piglets begins, particularly when piglets
are still nursing. Therefore, early modulation of histamine receptors in stress-induced Gl
responses may provide a new target for therapeutics and preventative strategies in agricultural

early weaning stress response and stress induced Gl disease in humans.
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Table 1. Primer sequences and real-time PCR conditions used for gene expression analysis by
gRT-PCR

Gene Forward (5’-3’) Reverse (5’-3)
Name
CMA1 TTCACCCGGATCTCCCAT-GA GAGACACACACTCGGTCT-GG
DAO Unique Assay ID (BIO RAD Primer) gSscCID0005156
H1R ATGGTCATCGCCTTCTGC-AA GATGAGGGGGTTCAGTGT-GG
H2R AGGAAAATAGCACCGGGT-CG AGGCCCCTCGATGATTCT-CT
H4R TTCTTCGAATTCCTGGCC-CC TGGCTTTGGCACCTACTG-AG
HNMT Unigue Assay ID (BIO RAD Primer) qSscCID0003833
MCT7 ATCGTGGGCGGAAAGGAAG ATTGGTCGAGGCATCTCA-GG
RPL4 GGCGTAAAGCTGCTACCC-TC GGATCTCTGGGCTTTTCA-AGATT

Table 2. Immunohistochemistry Protocol: Dilution Protocol

Primary Antibody: Catalog #: Dilution: | Vendor: Time in primary
Goat anti— HR1 0orb331289 1:100 Biorbyt Overnight at 4°C
Rabbit Polyclonal NLS1175 1:100 Novus 60 minutes

anti — HR2 Biologicals

Rabbit Polyclonal LS-C146254 | 1:200 Lifespan 60 minutes

anti — HR4 Biosciences

Table 3. Immunohistochemistry Protocol: Retrieval Protocol

Primary Antibody: Pretreatment Reagent: Pretreatment Time:
Goat anti — HR1 Scytek Tris-EDTA pH 9.0 30 seconds at 125C then 10 seconds
at 90C

Rabbit anti — HR2 Scytek Tris-EDTA pH 9.0 30 seconds at 125C then 10 seconds

at 90C

Rabbit anti — HR4 Scytek Tris-EDTA pH 9.0 30 seconds at 125C then 10 seconds

at 90C
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Jejunum tissues were taken immediately after euthanasia and stored in Carnoy’s fixative (60%
ethanol-30% chloroform-10% glacial acetic acid) until processing for routine histological
evaluation. Paraffin blocks were sectioned (10 um thick). Sections were placed on charged
slides and dried at 56°C overnight were subsequently de-paraffinized and hydrated to distilled
water; followed by Tris Buffered Saline pH 7.4 (Scytek Labs — Logan, UT) for 5 minutes for pH
adjustment. Heat Induced Epitope Retrieval performed using the Dako Pascal Micro Processor
controlled pressure cooker. (See table) Endogenous peroxidase was blocked in a 3% Hydrogen
Peroxide / Methanol bath followed by running tap water distilled water rinses; followed by Tris
buffered saline + Tween 20 (Scytek) for 5 minutes. Following pretreatment standard Micro-
polymer staining performed at room temperature on the Biocare intelliPATH automated stainer.
All staining steps followed by rinses in TBS Autowash Buffer (Biocare — Concord, CA). Non-
specific protein blocked using Background Punisher (Biocare) for 5 minutes; primary antibodies
were diluted in normal antibody diluent (Scytek) and incubated as listed in table above; followed
by :Goat anti — HR1 ProMark™ Goat on Rodent HRP Probe and Polymer detection (Biocare) —
5 minutes. Reaction developed with Romulin AEC (Biocare) — 10 minutes followed by
enhancement with DAB Sparkle (Biocare) — 1 minute. Counterstained with CATHE Hematoxylin
diluted 1:10 (Biocare) — 5 minutes, dehydrated, cleared and mounted with synthetic mounting
media. Rabbit anti-HR2 diluted in normal antibody diluent (Scytek) and incubated as in table
above; followed by ProMark™ Rabbit on Farma HRP-Polymer detection (Biocare) — 30 minutes.
Reaction developed with Betazoid DAB (Biocare) — 5 minutes. Counterstained with CATHE
Hematoxylin diluted 1:5 (Biocare) — 5 minutes, dehydrated, cleared and mounted with synthetic
mounting media.Rabbit anti-HR4 diluted in normal antibody diluent (Scytek) and incubated as in
table above; followed by ProMark™ Rabbit on Farma HRP-Polymer detection (Biocare) — 30
minutes. Reaction developed with Betazoid DAB (Biocare) — 5 minutes. Counterstained with
CATHE Hematoxylin diluted 1:5 (Biocare) — 5 minutes, dehydrated, cleared and mounted with
synthetic mounting media.
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