ABSTRACT
VEERASAMMY, BRITTANY ANNA MARIA. Equine Intestinal Stem Cells Predict Clinical
Case Outcome and the Use of Acellular Amnion to Repair Injury in Small Intestinal
Strangulation (Under the direction of Dr. Liara Gonzalez).
Small intestinal strangulation (SIS) in horses requires surgical intervention and is associated with
high morbidity and mortality. Despite resection and anastomoses of grossly abnormal tissue,
resection margins may still be affected due to the extent and duration of injury to the intestinal
epithelial barrier. As a result, cases of SIS have many post-operative complications, the most
common being post-operative ileus (POI) which is Chapter 1’s focus. Chapter 1 is a current
literature review that discusses the pathophysiology of POI as well as current therapies and
future research directions to resolve it. During ischemic injury, the damage to the epithelial
barrier starts at the villus tip and extend towards the crypt base where the intestinal stem cells
reside (ISCs). The ISCs function to maintain the epithelial barrier via cellular proliferation. In
cases of SIS, the degree of damage to the epithelial barrier may be histologically assessed but
there is no standard intra-operative method to determine the viability of the resection margins.
This is where ISCs may play a key role in determining the potential of the intestine to regenerate
and restore the epithelial barrier. Chapter 2 focuses on the use of ISC protein biomarkers to
assess the regenerative capability of the intestine that remains following resection in horses with
SIS. Immunofluorescent analysis of stem/progenitor cells demonstrated a decreased number of
Ki67 positive cells (proliferation biomarker) in horses that were euthanized post-operatively.
Additionally, biomarkers were evaluated in conjunction with risk factors associated with poor
outcome. It was demonstrated that there were an increased number of ISCs in the distal resection
margin of horses with fewer pre-operative risk factors associated with poor outcome. As

intestinal ischemia is rarely preventable, therapies must be aimed at improving barrier function



after injury. To date, many treatments have been developed to improve intestinal repair with no
clinical success. Further work as described in Chapter 3 and Appendix A investigates the use of a
novel therapeutic, acellular amnion, to promote healing of the epithelium and attenuate
inflammatory damage caused by neutrophils. Preliminary data suggest that acellular amnion may

reduce the degree of injury to the intestine cause by ischemia.
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CHAPTER 1

A Sequelae of Intestinal Disease and Surgical Intervention: Post-Operative Ileus in Horses



Introduction

Post-operative ileus (POI) is defined as the impairment of gastrointestinal motility after surgery
and characterized by abdominal distension, decreased or absent bowel sounds, accumulation of
gas and fluid within the lumen of the intestine and delayed fecal transit time [1]. Many horses
that undergo abdominal surgery for small intestinal obstruction develop POI [2]. Resolving ileus
in horses post-operatively has been a point of discussion and research for the last 24 years [3].
Over this time course there have been several theories on the pathogenesis of POI. Although
damage to the pacemaker cells is a component to the development of POI, the literature has
shown it to be multifactorial in its manifestation. The multiple factors identified to contribute to
the development of POI include: anesthetic agents, opioids, intravenous fluids, electrolyte
imbalances, disruption to GI hormones and neuropeptides, disruption of neural continuity,
autonomic dysfunction and inflammatory cell activation [4]. Furthermore, manipulation of the
intestine intraoperatively, prolonged time of anesthesia and the indication for an enterotomy or a
resection and anastomosis are additional contributing factors [4, 5]. To combat the incidence of
POI, many current therapeutics have been extrapolated from human and rodent literature [6].
Studies performed in horses, despite small sample size, have demonstrated the efficacy of current
treatments. To date, multiple clinical use therapeutics have shown to be efficacious, but no

standard method of treatment has been developed.

This review evaluates the definition of POI, current theory on the pathophysiology and therapies

used to manage the condition.



Clinical features

There is no universally accepted definition for POI, although there are well accepted clinical
findings and diagnostic criteria associated as horses that present for ileus often have a
tachycardia, abdominal discomfort and a defined number of liters of reflux obtained. The
minimal inclusion widely accepted is >2L of net reflux [7]. More recently, reflux was defined as
a volume of over 20L during a 24-hour period post-operatively or a volume of over 8L in one
sampling time frame post-operatively [8]. In conjunction with volume of reflux obtained,

diagnostics such as per-rectum palpation and ultrasonography have also been used [9].

Pathophysiology

For the purpose of this literature review, we will define ileus as a lack of peristalsis, regardless of
its pathophysiology [10]. Peristalsis is defined as motor patterns within the gastrointestinal tract
that partially or completely occlude the lumen to mix and progressively move content in the oral
to aboral direction. This complex movement that is orchestrated by the gut is a result of multiple
factors including smooth muscle cells, pacemaker cells, and sensory and motor nerves [11].
Sensory and motor nerves make up the parasympathetic and sympathetic nervous system
supplied to the gut via efferent and afferent nerves. The efferent nerves are separated into
intrinsic and extrinsic pathways which control various parts of the gastrointestinal tract. This
review focuses on the small intestine which is controlled by enteric and sympathetic nerves [12].
The sympathetic pathway relies on the neurotransmitter acetylcholine which acts on nicotinic
receptors which cause relaxation of the small intestine [13]. This pathway is upregulated during

postoperative ileus.



The enteric nervous system is made up of an outer myenteric plexus and an inner submucosal
plexus separated by a layer of inner circular smooth muscle [14]. Smooth muscle activity is
conducted by pacemaker type cells called the Interstitial Cells of Cajal [6]. These cells conduct
two types of myoelectric activity: rhythmic smooth muscle contractions and spiking activity
[15]. The rhythmic activity is an underlying wave of depolarization generated by ion movements
across smooth muscle membranes known as the basal electric rhythm (BER) of the gut [12]. The
BER on electrogastrography (EGGQG) is seen as a cyclic subthreshold depolarization referred to as
slow waves. A slow wave is not sufficient enough to cause a contraction until neuroendocrine
stimulation from the vagus nerve occurs, resulting in spiking activity. The spiking activity is
defined as any stimuli that exceeds threshold and causes depolarization and smooth muscle
contraction within the intestine [13]. Intestinal stimuli can either be a neural input like
acetylcholine (ACh), a stimulatory neurotransmitter or a hormone such as motilin which act on
receptors located on smooth muscle cells [16]. The slow waves drive the fasting or interdigestive
motility pattern of contraction is known as Migrating Myoelectric Complex (MMC). Migrating
Myoelectric Complexes occur in horses regardless of fasted or fed state which differs from meal
eating animals [15]. There are three main phases of MMC: phase 1 have no contractions, phase 2
have intermittent contractions, and in phase 3 every slow wave has a contraction. Slow wave

frequency has shown to be reduced in horses with damaged interstitial cells of Cajal [17].

Innervation of the enteric nervous system requires involvement of the parasympathetic and
sympathetic nervous systems [13]. The parasympathetic pathway is comprised of two main
nerves, the vagal and pudendal nerves [16]. These nerves have a nucleus in the brainstem with a

long preganglionic neuron that synapses and secretes ACh onto a nicotinic receptor on a short



post ganglionic neuron in the wall of the intestine [18]. The post ganglionic nerve secretes
acetylcholine onto muscarinic receptors or other neurotransmitters onto
nonadrenergic/noncholingergic (NANC) receptors to stimulate contractions and secretion [13],
setting the overriding tone of the small intestine. In contrast, the sympathetic pathway inhibits
motility via activation of the splanchnic and mesenteric nerves [16]. These are short
preganglionic neurons that secrete acetylcholine onto nicotinic receptors on long post synaptic
neurons interacting with the intestinal wall [19]. The post ganglionic nerves secrete
noradrenaline onto adrenergic receptors or other neurotransmitters onto NANC receptors to
inhibit motility and secretion [13]. The sympathetic nervous system is unique as it contains a
positive feedback reflex arc through the prevertebral ganglia which is not mediated by nicotinic
receptor [20]. Overall, the sympathetic pathway functions to inhibit the parasympathetic

pathway.

POl is thought to have two phases: inflammatory and neurogenic [21]. During the neurogenic
phase, a surgical incision activates the neural pathways through nociception. In rats that
underwent laparotomy, an incision activated the sympathetic pathway [22]. The pathway
involves activation of afferent sensory neurons that synapse with a spinal reflex that activates
mesenteric and splanchic nerves. This sympathetic response causes a release of mediators such
as noradrenaline, nitric oxide and vasoactive intestinal peptide [4] to act on the post ganglionic
neurons of the parasympathetic nervous system. Thus, the sympathetic nervous system is able to
impair contractility of intestinal smooth muscle cells causing a decrease in motility. The
inflammatory phase of POI has been shown to be caused by both a surgical incision and

intestinal manipulation. As shown in rats, the degree of ileus is directly related to the length of



incision [23] and intestinal manipulation causes the release of mast cells, macrophages and
neutrophil infiltration [24]. These inflammatory cells release prostaglandins and inducible nitric
oxide into the submucosa causing smooth muscle dysfunction, reducing motility. Neutrophils are
the major inflammatory cell that migrates to the site of damage and attenuation of their influx has
been shown to improve gastrointestinal transit time following intestinal manipulation [25]. After
intestinal damage, the inflamed intestine possesses a variety of proinflammatory mediators that
trigger the release of radical oxygen species (ROS ) by activated neutrophils after migration to
the site of damage [26]. The presence of these reactive oxygen metabolites creates further
oxidative injury to the tissue [27]. As the injury progresses, neutrophil function can become
dysregulated causing degranulation and release of cytokines [26]. The combination of these
mechanisms promotes decreased motility by impeding contractility of smooth muscle within the

intestine [4].

Current therapeutics

Many intra-operative or post-operative therapeutics have been described to treat POI and involve
prokinetics, intravenous fluid therapy, and non-steroidal anti-inflammatories [15]. In veterinary
medicine, current treatments rely subjective clinical judgement, demonstrating the need for a

more standardized method.

Prokinetics

Parasympathomimetics are a type of drug that works to activate the parasympathetic nervous
system by increasing ACh via stimulation of the receptor or inhibiting cholinesterase [28]. A
type of parasympathomimetic is Bethanecol, a muscarinic agonist commonly used for

postoperative and neurogenic ileus in humans [28]. In normal horses, a study demonstrated that
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bethanechol was able to improve gastric emptying of liquid and solid phase radiolabeled markers
[29]. In the intestine, increased myoelectric activity in the ileum, caecum and right ventral colon
was noted with a net effect of hastened caecal emptying [30]. Bethanecol can also be used in
conjunction with yohimbine, an alpha-2 antagonist that promotes release of ACh from
cholinergic neurons. In an equine model of POI, the combination of drugs were able to improve
transit times however the pattern of motility was not normal [31]. As these studies are very
limited, further research of the effectiveness of individual use of yohimbine and in combination

with other drugs in horses is warranted prior to clinical use.

Metoclopramide is a type of drug which acts to improve cholinergic transmission in the
myenteric plexus through serotonin receptor SHT4 agonism [15]. In a study that evaluated horses
with POI following small intestinal surgery, constant rate infusion of metoclopramide resulted in
a reduced total volume of reflux and a shorter period of hospitalization [32]. Despite evidence
demonstrating effective prokinetic use, metoclopramide has been shown to cause transient

excitement, a side effect that should be considered prior to clinical use [32].

Erythromycin is an antibiotic usually used to treat Rhodococcus equi infections in juvenile
horses [33]. Interestingly in adult horses, erythromycin has proven to be an efficacious prokinetic
in clinical and experimental trials. In a survey conducted amongst equine surgeons, erythromycin
was most commonly used for impactions in the caecum [34] and bolus administration was shown
to improve cecal emptying times [30]. Low dose erythromycin administration showed increased
gastric emptying times, improved contractility of circular and longitudinal smooth muscle within

the jejunum and ileocecocolic myoelectric activity [35]. The mechanism of action of



erythromycin is unknown however, the availability of motilin receptors, has been shown to
directly impact the response to erythromycin treatment. A report using a model of chemically
induced colitis in rabbits showed that reduction of motilin receptors caused a decreased response
to erythromycin [36]. Further research must be conducted to fully comprehend the mechanisms

of action of erythromycin as a prokinetic.

Lidocaine

Lidocaine is a drug commonly used for local anesthetic, but systemic use can classify it as an
analgesic and prokinetic, making intravenous use a common therapeutic to treat or prevent POI
in horses. This use has been extrapolated from human research where it was proven to reduce
circulating catecholamines, suppress reflex inhibition of intestinal motility and stimulate smooth
muscle [37]. Lidocaine was shown to improve smooth muscle contractility in horses subjected to
jejunal ischemia/reperfusion injury but only at unsafe plasma concentration levels [38]. In human
studies, lidocaine can reduce ischemia induced inflammation by inhibiting neutrophil migration
and adhesion, cytokine production and free oxygen radical production [39]. However, in a study
on equine neutrophils, lidocaine proved to be ineffective at attenuating neutrophil migration and
adhesion [39, 40]. In the same study it was also shown that lidocaine reduced the amount of
prostaglandin promoting enzymes in manipulated jejunum. The indications for use of lidocaine
as a visceral analgesia has been extrapolated from the human literature. It has been suggested to
alleviate the pain caused by intestinal distension, as occurs with POI, via activation of spinal
neuronal populations [41]. In contrast to the human literature, visceral analgesia has not been

confirmed in administration of lidocaine to horses [39]. Regardless of the lack of scientific



evidence to support lidocaine as a visceral analgesic in horses, when combined with flunixin

meglumine it has been shown to improve mucosal repair after ischemic injury [42].

It is worthwhile to mention that use of lidocaine in horses to manage POI has been a source of
controversy in the past few years. A survey published in 2004 from the American College of
Veterinary Surgeons revealed that 76% of its respondents used lidocaine as a prokinetic in post-
surgical colics [34]. Overall, the literature prevents a conclusive assessment on the use of
lidocaine in horses, however its use is likely beneficial in a multi-modal approach to treatment of

POL

Nasogastric Intubation

To date, there has been no association of indwelling nasogastric tubes and POI. The decision to
intervene with or discontinue use of a nasogastric tube is dependent on the individual case and
the clinician’s geographic location. European clinicians prefer to pass a tube when required as
opposed to North American clinician’s preference of an indwelling nasogastric tube [43]. The
use of nasogastric intubation in horses with POI is therapeutic to facilitate stomach
decompression and to administer oral fluids once reflux has resolved. In humans, the ERAS

scheme suggests oral fluids postoperatively instead of intravenously [4].

Anti-inflammatories
Inflammation has been shown to decrease motility in the intestine [4]. In horses recovering from
colic surgery, non-steroidal anti-inflammatories (NSAIDs) are routinely used to alleviate pain.

NSAIDs work by inhibition of the cyclooxygenase (COX) enzyme. COX is responsible for
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producing prostaglandin (PG) from arachidonic acid which are converted to prostanoids [44].
These are responsible for resolving inflammation and promoting healing, however prolonged use
can be detrimental to the gastrointestinal mucosa due to non-selective targeting. There are two
isoforms of COX, COX-1 and COX-2. COX-1 is found in most tissues and is involved in
homeostasis whereas COX-2 is upregulated during inflammatory conditions [45]. The most
common NSAIDs used to treat equine colic, phenylbutazone and flunixin meglumine, are non-
selective and therefore likely inhibit mucosal barrier healing [43]. Another adverse effect of
NSAIDs is the effect on intestinal motility. In the small intestine of healthy horses, the
administration of flunixin meglumine inhibited contractions [46]. Interestingly, when comparing
a selective and non-selective COX inhibitor in horses recovering from small intestinal
strangulation, no difference in the incidence of POI was noted [47]. Overall, NSAIDs may be
used to treat horses recovering from colic surgery but prolonged use should be avoided to

prevent a reduction in contractility and prolonging mucosal healing.

Feeding

In human medicine, early feeding is encouraged to stimulate the intestine as the mechanical
stimulation from chewing overrides the MMC of the enteric nervous system by stimulating the
vagal nerve [13]. In horses, the MMC is not interrupted by feeding; instead there is a prolonged
phase II which involves intermittent mixing contractions [16]. Therefore, sham feeding, or bit
chewing may not be the best method to stimulate gut motility in horses. However, nutrition is
essential to recovery in horses post-operatively and providing soft feed or grass may be
warranted. There is no standard approach to feeding the post-operative colic patient with all

cases treated individually [48]. Despite the variability, studies have shown that early re-feeding
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in horses after colic surgery was tolerated and improved prognosis [49]. This may be a result of
providing nutrition to the intestinal epithelium and resident microbiota which are responsible for

intestinal homeostasis, including cellular proliferation [50].

Future directions

The majority of information known about POI is extrapolated from research conducted in
humans and rodents. Currently, the equine literature has small sample sizes for studies which can
impact the power. To combat this issue, larger studies are warranted to further evaluate the
pathogenicity of POI in horses, however this can be difficult to achieve due to cost. In addition,

the lack of a clear definition of POI in the horse poses an issue in diagnosis.

The current treatment options for POI largely focus on re-establishing motility or the sequelae of
reflux. The use of a multimodal system may be beneficial as the approaches to therapeutics
should be multimodal to reduce inflammatory and neurogenic phases of POI while maintaining

care on an individual case basis.
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CHAPTER 2

Intestinal Stem Cell Biomarkers to Determine Tissue Viability and Complication Risk in

Horses with Small Intestinal Strangulation
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Introduction

Amongst the forms of colic that require surgical intervention, horses diagnosed with small
intestinal strangulation (SIS) have some of the highest reported morbidity and mortality rates
[51]. Poor outcome in these cases is attributed to the duration of colic and the degree of
compromise to the strangulated segment [52]. Currently, multiple preoperative factors have been
used to indirectly determine the degree of intestinal compromise and have been associated with
poor case outcome. These preoperative factors have included: elevated plasma lactate,
tachycardia, elevated packed cell volume (PCV), liters of reflux, elevated creatine kinase and
elevated abdominal lactate [7, 53-55]. In an attempt to more directly assess small intestinal
viability, multiple intra-operative methods have been described including doppler
ultrasonography, intraluminal pressure measurement, and fluorescein dye, however these
necessitate the use of specialized equipment and limited testing has been performed in clinical
cases [56]. Finally, evaluation of serosal appearance at the time of surgery has been described to
determine tissue viability [57]. This grading scale uses initial serosal color, thickness of bowel
wall, motility, palpable mesenteric arterial pulses and improvement of serosal color once the
strangulation has been rectified to determine tissue viability. However, these criteria are
subjective. Post-operative predictors have also been used to determine outcome and have
included heart rate, presence and duration of post-operative ileus and decreased plasma protein
[58]. Despite the myriad of predictive tools used to determine the severity of tissue damage, no
method has been effectively used to determine tissue viability in clinical cases, nor has any been

associated with case outcome in horses with SIS that undergo surgery.
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This failure to accurately predict outcome may be due, in part, to an underestimation of the
extent of intestinal injury in the bowel that remains in situ post-operatively [49, 59-61].
Prolonged, severe distension of the bowel proximal to the site of strangulation may contribute to
post-operative morbidity as increased luminal pressure has been shown to cause mural damage
[56]. Moreover, a study that histologically evaluated the small intestinal resection margins in
cases of SIS identified inflammation, denoted by neutrophil infiltration, despite the segments
appearing grossly normal with no significant histomorphometric damage [62]. In a more recent
study, immunohistochemistry of resection margins also showed signs of cellular stress despite
being histologically normal [63]. Cumulatively, this information suggests that in cases of SIS,
damage to the bowel left in situ following resection of grossly abnormal tissue is likely more
extensive than is estimated at the time of surgery and may be contributing to the poor outcome in
these cases. In order to better predict case outcomes and to improve patient care of horses
undergoing resection and anastomosis for SIS, a more accurate assessment of the viability of the

small intestine intraoperatively is needed.

During homeostasis, intestinal stem cells (ISC) are responsible for the renewal of the inner most
mucosal layer comprised of epithelial cells, every 5-7 days. This continuous process of
regeneration is critical to maintain intestinal viability and serves as a barrier between luminal
contents and systemic vasculature [64, 65]. Strangulating lesions reduce blood supply to the
small intestine which leads to progressive epithelial cell loss [27]. Due to the nature of blood
supply within the small intestine, an oxygen gradient exists along the length of the villus with the
least amount of oxygen available to cells toward the villus tip, thereby making these cells more

sensitive to hypoxic damage [66]. As the duration and severity of ischemia progresses, epithelial
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loss extends into the crypt base, where the ISCs reside [67]. The downstream effect of epithelial
barrier loss during an ischemic event include: bacterial translocation, septicemia, and death of
the patient [68]. In addition to damage directly associated with vascular occlusion, epithelial
injury can also result from luminal distension and oedema [56]. This occurs most notably in the
bowel proximal to the strangulation site and may result in ISC loss. Evaluation of ISC biomarker
expression within the bowel that remains in situ may be key to determine the viability of the
small intestine in cases of SIS. Alterations in ISC biomarker expression may associated with risk
factors identified pre-operatively and furthermore more, with the number of post-operative
complications and case outcome. Together this information may shed light on the extent of
injury to the small intestine that results from SIS. In a study of horses with strangulation of the
large colon due to volvulus, loss of ISCs was associated with poor outcome [69]. Although there
have been several studies which attempt to correlate hematological, serum biochemical, and risk
factors prognosis and surgical outcome in many different types of colic [70-72], no previous
studies have established a correlation between ISC biomarker expression and known risk factors

or complications associated with SIS.

This clinical study aimed to identify if in cases of SIS that necessitate intestinal resection, the
intestine that remains has an impaired regenerative potential denoted by a loss of ISCs and
determine if ISC loss is associated with poor outcome. The specific objectives were to evaluate
resection margins from cases of SIS to determine if 1) evidence of injury within the proximal and
distal resection margins could be identified using H&E histomorphometry 2) ISC biomarker

expression is decreased in the proximal resection margin compared to control and the distal
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resection margin and 3) if the ISC biomarker expression was associated to the number of pre-

operative risk factors, post-operative complications, or case outcome.

Materials & Methods

Study Population and Inclusion Criteria

Medical records from 2012 to 2020 were collected from North Carolina State University Equine
Hospital for surgical SIS cases that underwent end-to-end resection and anastomosis. Jejunal
tissue was obtained from horses that did not have any preexisting gastrointestinal disease to serve
as control. Horses with SIS were grouped into three categories based on surgical outcome:
euthanized intra-operatively, euthanized post-recovery and discharged from hospital. Cases that
were euthanized prior to surgery were excluded from this study. Horses were included in this
study if SIS was identified intra-operatively and if at least one full thickness biopsy from the
proximal or distal resection margin was obtained. Medical records were reviewed to compile a
list of pre-operative risk factors and post-operative complications that have been previously
associated with poor prognosis in the literature, as well as surgical outcome. The pre-operative
risk factors at presentation included: heart rate, packed cell volume (PCV), systemic total protein
(TP), liters of reflux, systemic/peripheral lactate, peritoneal lactate, and peritoneal TP. The post-
operative complications notated post-operatively included laminitis, fever, diarrhea, liters of

reflux, heart rate, requirement for total parenteral nutrition and requirement for a second surgery.

Specimen Preparation
Full thickness biopsies from the proximal and distal site of the resection were collected at time of

surgery and immediately placed in 10% neutral buffered formalin at approximately 21°C or
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paraformaldehyde (PFA) at 4°C. Fixation times for samples in formalin and paraformaldehyde
were approximately 24 and 18 hours, respectively. Formalin-fixed samples were then transferred
to 70% ethanol solution and PFA-fixed transferred to 30% sucrose solution. Formalin fixed
samples were then embedded in paraffin wax and PFA-fixed samples were then embedded in
optimal cutting temperature compound (OCT). Blocks were sectioned at approximately 5 to 8
um thickness and mounted on positively charged glass slides. Paraffin embedded sectioned
samples were stained with haematoxylin and eosin to evaluate crypt depth and villus height.
Samples embedded in OCT were sectioned for biomarker expression analysis using

immunofluorescence.

Three investigators analyzing immunofluorescent and histological slides were blinded to
specimen name, case outcome and specific section (proximal or distal) being analyzed. For each
H&E slide evaluated, only well-oriented crypts and villi were used to obtain measurements of
crypt depth and villus height. A well-oriented crypt was identified as one with a crypt base
closely opposed to the muscularis mucosa layer and that extended and opened fully into the
intestinal lumen. Crypt depth was measured from the base to the luminal surface. The villus

height was measured from the crypt-villus junction to the villus tip.

For analysis via immunofluorescence, heat-induced epitope retrieval was performed by placing
slides into Reveal Decloaker? for 30 seconds (s) at 120°C followed by 90°C for 10 s in a Pascal
pressure chamber. Slides were cooled to room temperature and then permeabilized with a

detergent, 0.3%Triton X-100 PBS solution, for 20 minutes. Following permeabilization, slides

were incubated in a peptide-blocking agent, DakoProteinBlock®, for 1hour at room temperature
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(approximately 21°C). Primary antibodies were selected that have been shown to positively
identify stem and progenitor cells in normal equine tissue [3]. Primary antibodies were applied to
tissue sections diluted in DakoAntibody diluent®. Mouse a-Ki67 was diluted to 1:500, rabbit o.-
Sox9 to 1:250 and a-phospho-histone H3 (PHH3) to 1:200. Primary antibody incubation was
performed for 24 hours at 4°C. Secondary antibodies were applied to tissue sections diluted in
DakoAntibody diluent®. Goat anti-mouse Alexa555 and Goat anti-rabbit Alexa488 were diluted
to 1:500. Secondary antibody incubation was performed for 45 minutes at 21°C. Nuclei were
marked with bisbenzamide Hoechst 33258 nuclear stain' diluted 1:1000 in PBS and applied for 5
minutes at room temperature. Slides were then mounted using Hydromount and then stored in

the dark at 4°C until imaged.

All images were captured using a light microscope (Olympus IX81)! fitted with a digital camera
(Hamatsu)'. The objective lenses used were x20 and x40 with numerical apertures of 0.3 and 0.5
respectively. For each case of SIS, investigators analyzed 6-10 well-oriented crypts per animal.
For histomorphometric analyses, values were of crypt depth or villus height were averaged for
each animal. For immunofluorescent prepped slides, cells that positively expressed each protein
biomarker (Ki67, Sox9, co-localized and PHH3) were counted and the numbers were averaged.
Co-localized cells were identified as a cell that simultaneously expressed both Ki67 and Sox9,

indicating presence of an active intestinal stem cell (alSC).

Data Analysis
All statistical analyses were performed in R version 4.0.2 and using Graphpad Prism 7.0.™

Normality of data was assessed via visual inspection of histograms with emphasis on



22

approximate symmetry presence of extreme outliers. Where the Normality assumption held
adequately, Welch’s 7 test was used to test differences between groups, otherwise the Wilcoxon
rank-sum test was used. The groups used for comparison and data analysis were horses that
recovered from surgery and either were euthanized post-op (n=5) or survived to discharge
(n=16). Within their respective groups, the number of positive cells in the proximal and distal
resection sites were compared to each other using paired t tests. To compare protein biomarker
expression in the proximal and distal biopsy sites to control tissue a One-way ANOVA
(parametric and non-parametric) was used. All horses included in this study had to be grouped
to evaluate pre-operative risk factors negatively associated with outcome as no horses needed to
be excluded due to euthanasia. To look at the relationship between risk factors of poor outcome
and protein biomarker positive cell counts analyses were conducted in R statistical software
version 4.0.2. Linear regression with backward selection via Akaike Information Criteria (AIC)
was used to find relationships between risk factors, protein biomarker positive cell counts, and
survival. Bootstrapping was used to approximate power for comparisons between control and

case patients.

Results

A total of 35 samples were obtained from 2012-2020. One sample could not be quantified with
protein biomarkers Sox9 and Ki67 due to autolysis of tissue, but H&E was used for
histomorphometric analysis and the pre-operative risk factors and post-operative complications
were recorded. Two horses had incomplete medical records precluding analysis for risk factors
and complications, but tissue was obtained from surgery to be evaluated for histomorphometric

analysis and protein biomarker expression. Three horses received a jejunocecostomy at the time
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of resection and therefore no representative distal biopsy sites were available for inclusion in the
study. Of the horses included in this study, 14 were euthanized intra-operatively, 5 were
euthanized post-recovery, and 16 survived to discharge. Of the 21 horses that recovered from
surgery; the average age was 14.2 years with a median of 15 years. There were 13 geldings, 6
mares and 2 stallions. The breeds included: Morgan, Welsh Pony/Cob, Quarter Horse, Arabian,
Appaloosa, Trakehner, Thoroughbred, Paint horse, Warmblood, Holsteiner, Oldenburg and

Lipizzan. The most common breed was Quarter Horse (7 of 21).

Table 1 and 2 represent the protein biomarker expression within the tissue of each of the three
groups of horses in this study and control tissue. Mean =+ s.d. values and median values and
interquartile range (IQR) were as follows for positive cells per crypt.

Table 1: Protein biomarker expression in control horses

Biomarker Mean + s.d. OR
Median and IQR

Ki67 23.62 + 5.883

Sox9 23.97 +3.830

Co-localized 6.314 +2.590

(Ki67"Sox9%)

PHH3 1.0 (IQR, 0.8-4.33)




Table 2: Protein biomarker expression in horses with SIS
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0.2500-1.500)

Biomarker Resection Euthanized Euthanized Post- | Survived to
margin Intra-operatively | operatively discharge
Ki-67 Proximal 21.16+4.108 15.45+4.174 20.52 + 5.024
Distal 20.41 £3.098 15.05 £4.141 19.40 (IQR,
17.33-22.03)
Sox9 Proximal 22.50 (IQR, 19.20+£5.411 21.89 +£5.403
18.52-30.24)
Distal 21.29 (IQR, 18.45 £3.486 20.85+ 5.648
17.66-28.82)
Co-localized Proximal 5.209 +2.903 3.155+£2.401 4.754 £2.542
Distal 5.500 = 3.622 3.347+£2.186 4.169 +2.557
PHH3 Proximal 0.9600 (IQR, 2.420 (IQR, 1.120 (IQR,
0.1000-1.678) 0.1875-2.900) 0.7800-2.500)
Distal 0.5700 (IQR, 1.075+0.6146 1.100 £ 0.7688

Risk factors associated with poor outcome in SIS cases

The most common negative prognostic indicators identified on pre-operative blood work were

elevated CK (13/21), elevated systemic lactate (12/21) and elevated peritoneal lactate (14/21).

Nineteen out of the twenty-one horses included had an end-to-end anastomosis, the remaining

two horses had a jejunocecostomy. Of the sixteen horses that survived to discharge: nine had a
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jejunojejunostomy, five had a jejunoileostomy and one had a jejunocecostomy. The average

resection length was 274.9 centimeters (cm) with a median of 182.9 cm.

Histomorphometry of SIS cases compared to control
Biopsies obtained from control jejunum as well as proximal and distal resection margins were

evaluated for histological morphometry (Fig. 1). No significant differences in crypt depth or

villus height were observed.

H&E Analysis

800
M Villus

@ Crypt

Length (um)
g 8

Biopsy site

Figure 1: Representative H&E images from control horses and cases of small intestinal
strangulation. A: Crypt-villus axis is shown in control, proximal and distal biopsy sites. B:

Column bar graph showing the mean and std of villus height and crypt depth in control, proximal

and distal biopsy sites. Scale bar is 100 micrometers.

Positive cell counts of SIS cases compared to control

Immunofluorescence was performed to evaluate the number of Ki67*, Sox9*, PHH3" and co-

localized (Ki67* and Sox9") cells (Fig. 2).

There was no significant difference in Sox9, PHH3 and co-localized positive cells between

proximal and distal, proximal and control and distal and control biopsies.
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Proximal Distal

Control

Sox9+Ki67+ Sox9+ Ki67+

PHH3+

Figure 2: Representative immunofluorescence images from control horses and cases of small
intestinal strangulation. Protein biomarker expression of A: Ki67, B: Sox9, C: Co-localized and

D: PHH3 from the control, proximal and distal biopsies in all cases. Scale bar 50 micrometers.

There was a significant decrease of Ki67" cells noted in the proximal and distal resection site of
horses that were euthanized post-operatively compared to control tissue (p=0.0250 and p=0.0379

respectively). (Fig. 3.)
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Figure 3: A: Box and whiskers plot of the proximal biopsy margin from the three groups of
horses compared to control. B: Box and whiskers plot of the distal biopsy site from the three

groups of horses compared to control.

Model to associate positive cell count with the number of risk factors

No relationship was found between a combined list of pre-operative risk factors and post-
operative complications and any ISC biomarker in patients that were euthanized post-surgery. A
significant relationship was found between pre-operative negative risk factors and colocalized
cells at the distal end of the resection. In the distal resection margin, an increase in co-localized

cells were associated with a decrease of pre-operative risk factors (p=0.00843).

Discussion

This study successfully demonstrated the use of ISC protein biomarkers in determining the
viability of the proximal and distal resection margins in horses that underwent resection and
anastomoses following SIS. Out of the antibodies used to identify ISC protein biomarkers, Ki67

was noted to be decreased within the horses that were euthanized post-operatively compared to
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control tissue. We surmise that a contributing factor to euthanasia post-operatively is a decreased
ability to restore the epithelial barrier due to the decreased number of proliferating cells thus
increasing their susceptibility to the sequelae of barrier dysfunction. The loss of Ki67" cells in
the tissue biopsies from the proximal resection margin was likely due to the oedema, hemorrhage
and distension noted in the intestine proximal to the site of strangulation [56]. Interestingly, we
did not expect to see a change in biomarker expression within the tissue biopsied from the distal
site of resection margin. This may suggest a failure to resect all devitalized tissue. In horses with
devitalized distal ileum, it may not be feasible to resect all grossly affected intestine and
additionally, surgeons may not want to perform a jejunocecostomy as it has been associated with

a poorer outcome [73].

Our histomorphometric measurements of the proximal and distal resection margins reiterate that
microscopic appearance of the anastomosis site does not reflect the regenerative capacity of the
intestine. As noted in a previous study, the histomorphometric measurements of the proximal and
distal resection margins appeared normal despite increased neutrophilic injury at these sites,
indicating that there is more damage than histology can demonstrate alone [62]. This finding is
also supported by an earlier study which looked at H&E in tissue proximal and distal to the
obstruction site and noted minimal injury grade lesion [74]. Despite advances made in the
evaluation of tissue biopsies as described in this and other studies, the disadvantage of using this
technique to determine tissue injury is the delay in processing and evaluation of these tissues,

decreasing the utility of this method as an intraoperative tool [56].
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In this study, the only biomarker that demonstrated a significant difference in expression
between horses that survived to discharge and those that were euthanized post-operatively was
Ki67. This finding differs from a study that evaluated a similar panel of ISC biomarker
expression in cases of large colon volvulus which demonstrated that PHH3 expression could be
used to predict case outcome [69]. However, in that study, biopsies were obtained from the
pelvic flexure, a site that is included within the strangulation not from tissue that appeared
grossly normal. Unlike the other biomarkers used in this study, Ki67 is a general marker of
proliferation and is expressed throughout the crypt, including cells that are no longer ISC and

have begun to differentiate into more mature cells [75, 76].

Systemic lactate can be used in clinical cases to serve as a prognostic indicator for horses with
SIS and several studies have shown an association between elevated peritoneal lactate and
ischemic bowel [55]. Another common parameter noted in this study was elevated creatine
kinase (CK), an enzyme that is released from muscle during injury or ischemia [77]. An
elevation in CK in horses with SIS is often observed due to extremely painful nature of the
condition causing severe colic signs such as thrashing and rolling, thus injuring skeletal muscle.
Although a significant portion of the elevated CK comes from physical signs of colic, one study
demonstrated the importance of considering damage to the smooth muscle within the intestinal
wall [54]. Unsurprisingly, the number of pre-operative risk factors were decreased in horses with
a higher number of ISCs in the distal resection margin. Due to the role of ISCs in regenerating
the epithelial lining, the larger population of ISCs likely may function to more effectively
maintain the intestinal epithelial barrier in the face of ischemic injury thus reducing the severity

of systemic disease.
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A large limitation of this study was sample size, which was due to the large proportion of horses
that were euthanized intra-operatively. One of the main reasons for intra-operative euthanasia
can be due to financial constraints. As a result, the number of horses that remained in the two
survivor groups were small, especially those that were euthanized post-operatively. This
impacted our ability to independently evaluate the survivor groups to associate ISC biomarker
expression with post-operative complications and surgical outcome. To draw a valid conclusion

from the analyses, 39 horses were required to have the appropriate power.

The results of this study demonstrate a novel approach to determining the viability of resection
margins in horses with SIS. Horses that receive a resection and anastomosis can be maintained
for extended periods of time post-operatively and the information obtained from these analyses
may assist clinicians and owners to elect euthanasia in the post-operative period when combined

with other known factors associated with poor outcome.
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CHAPTER 3

Acellular Amnion as a Potential Therapeutic to Enhance Intestinal Repair

This thesis demonstrated the use of intestinal stem cells to evaluate the resection margins and
surgical outcome in horses with small intestinal strangulation (Chapter 2). Further studies are
needed to find a therapeutic that improves prognosis in these cases by promoting barrier repair
and attenuating inflammation. As outlined in Chapter 3- Figure 1-2 and Appendix A, acellular
amnion may be a potential treatment in horses suffering from hypoxic injury to the small

intestine.
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Figure 1: Comparison of percentage closure from scratched equine monolayers exposed to cell

media (control) or Acellular Amnion at 8 hours post scratch and 16 hours post scratch.
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Figure 2: Comparison of percent migration of neutrophils incubated with double concentration
amnion (2X AA), normal concentration (1X AA) and half concentration (0.5X AA) versus
controls (0.28% DMSO and HBSS™* 2% FBS) that were subsequently exposed to control (EtOH

and HBSS) or chemoattractant (LTB4 and IL-8).
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Appendix A — Grayson Jockey Club Grant

RESEARCH PLAN

Hypothesis and Specific Aims:
Hypothesis: We hypothesize that a novel, acellular amnion product will promote healing and

suppress inflammation in horses with colic and intestinal injury.

First Hypothesis: We hypothesize that acellular amnion will hasten the repair of hypoxia-induced
small intestinal epithelial injury, ex vivo. The experiments proposed in Specific Aim 1 will

address the first hypothesis.

Second Hypothesis: We hypothesize that acellular amnion will attenuate neutrophilic
inflammatory responses, in vitro. The experiments proposed in Specific Aim 2a and 2b will

address the second hypothesis.

Specific Aim 1: Assess the effects of luminal application of amnion on the healing of small
intestinal epithelial defects using an ex vivo equine monolayer hypoxia injury model. To
evaluate the reparative response of intestinal epithelium to amnion therapy we will subject
equine monolayer cultures to multiple timepoints of hypoxic injury followed by a physical
disruption using a scratch assay. Epithelial migration, proliferation and barrier integrity will be

assessed using time-lapse imaging of defect closure, transepithelial electrical resistance (TEER),
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flux of the fluorescein isothiocyanate (FITC)-labeled dextran and immunofluorescence to

measure changes in proliferative biomarker expression and tight junctional proteins.

Specific Aim 2: A2a. Determine the effect of amnion treatment on migration, adhesion,
respiratory burst, and cytokine production of stimulated equine neutrophils in vitro. Changes in
the inflammatory response of neutrophils after treatment with amnion will be assessed using
migration, adhesion, respiratory burst and cytokine assays. Enzyme-linked immunosorbent
assay (ELISA) and polymerase chain reaction (PCR) will be used to assess the protein and

gene expression levels, respectively, of cytokines.

A2b. Develop a co-culture model to directly study the interaction of equine neutrophil and
intestinal epithelial cells. A confluent monolayer will be grown on a trans-well and co-cultured
with fluorescently tagged neutrophils. Fluxx assays will be used to measure the integrity of the
monolayer post neutrophil migration. Percent migration of neutrophils will be calculated by

comparing the upper well to the lower well post migration.

The Research Problem:

Colic is a devastating condition that is the leading cause of death in horses (1). In the

most severe forms of colic, intestinal hypoxia contributes to a vicious cycle of epithelial cell
injury, neutrophilic influx, release of toxic mediators, and additional epithelial cell injury (2).
Therefore, treatments that can enhance epithelial repair, or mitigate neutrophil-mediated tissue

injury could benefit colic patients with intestinal hypoxia. To date, therapies to reduce harmful
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inflammatory processes and accelerate epithelial repair have shown limited success (2-4).
However, acellular amnion is a relatively new therapeutic product shown to enhance epithelial
healing and reduce inflammation in multiple body systems, most extensively in skin wounds (5).
While the cellular processes involved in the response to injury and subsequent repair of surface
integument (skin) and intestinal mucosal lining are very similar, the effects of acellular amnion
on intestinal epithelial cells are not known. The goal of this proposal is to evaluate the effects of
a novel amnion product on two cell types involved in equine intestinal injury and repair,

epithelial cells and neutrophils.

Lack of oxygen supply to the intestine, or hypoxia, alters normal cellular metabolism, leading to
the release of cytokines, chemoattractants, reactive oxygen species (ROS) and eventually cell
death (6). As the epithelial surface is lost, damage extends to the underlying stroma, causing
further tissue damage. Damage associated molecular patterns (DAMPs) released from dead

and dying cells, activate local epithelial, endothelial, and innate immune cells, including
neutrophils (6). These activated cells release cytokines and chemokines that cause greater
neutrophil influx. When this response is regulated, neutrophils help to remove dead cells, aid
healing, and defend the body from invading microorganisms (7). However, when this neutrophil
response becomes dysregulated, the release of cytokines, such as TNF-alpha, reactive oxygen
species (ROS), and proteases, worsens tissue damage, leading to a vicious cycle of neutrophil
recruitment and activation, and epithelial barrier damage (8). Excessive loss of the epithelial
barrier in patients (integumentary or intestinal) leads to bacterial translocation, sepsis and death
(9). These severe consequences are best prevented or mitigated by rapid epithelial repair. In

order to repair a defect, epithelial cells need to attach, proliferate and migrate along a scaffold
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(10,11). Acellular amnion is a novel product that is reported to provide a scaffold for epithelial
repair, as well as exert local anti-inflammatory effects (10). Acellular amnion is a novel therapy
that has recently been used in human and horse patients to treat epidermal epithelial wounds

and burns (5,10). The product (EquusCell Animatrix D; AniCell Biotech) is a combination of
biomolecules such as collagen, hyaluronic acid, carbohydrate-rich proteins (proteoglycans) and
other macromolecules. This forms a natural barrier for protection and provides components
found in the extracellular matrix to support cells. Another advantage to acellular amnion is that it
is undetectable by the immune system (12). Amnion has been shown to improve healing

through multiple mechanisms that include:

1. Amnion creates a biological scaffold that accelerates tissue healing (12).

2. Amnion secretes multiple growth factors and regulatory proteins that are physiologically
and biologically important. These include epidermal growth factor (EGF), vascular
endothelial growth factor (VEGF), platelet derived growth factor (PDGF), Vascular
endothelial factor(TGF-B)-B1, basic fibroblastic growth factor, and prostaglandin E2
(PDE2) shown to contribute to wound healing by modulating cellular migration and

proliferation as well as promoting angiogenesis (5).

3. Amnion inhibits inflammation through secretion of interleukins such as IL-10 and by
attenuation of pro-inflammatory cytokines and potent proteases. Inhibition of both TNF-
alpha and neutrophil elastase have been reported in wounds treated with amnion products

(10). TNF-alpha is secreted by neutrophils which functions to amplify inflammation
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through recruitment of leukocytes, attributing to much of the mucosal damage that results

from intestinal hypoxia (7).

4. Amnion increases strength of early repair and reduces adhesion formation of intestinal

serosa in a rat model of colonic anastomosis (13).

It is currently unknown whether these mechanisms of acellular amnion will have a direct effect
on equine intestinal epithelium or neutrophils. Therefore, Aims 1 and 2a of our proposal will
provide novel insights on the potential applications of this new treatment modality to the
intestine and innate immune cells. Then, in Aim 2b we will develop a more advanced ex vivo
culture system in order to evaluate the effects of acellular amnion on neutrophils and intestinal
epithelial cells in co-culture. While this Aim is higher risk, our lab has extensive experience with
equine intestinal cell culture models (14). We assert that development of the epithelialneutrophil
co-culture will provide a model that better recapitulates the physiologic response of

the intestine to injury and will aid in testing future therapies that aim to hasten epithelial repair

after injury.

Preliminary Studies:

A two-dimensional monolayer composed of equine intestinal epithelial cells functions to
effectively model the inner lining of the small intestine. Using techniques described to develop
monolayers in other species (15), a two-dimensional monolayer was grown from intestinal
crypts isolated from normal equine jejunum. Briefly, intestinal crypts were dissociated into

single cells that were seeded onto a 48 well plate coated with Matrigel and grown to 100%
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confluency over 4-5 days. Immunofluorescence was utilized to positively identify epithelial cells
by their expression of intercellular junctional protein biomarkers E-cadherin (pink) and Beta-
catenin (green) (Figure 1).

Figure 1: Immunofluorescence of the equine jejunum
monolayer confirming epithelial cell identity. Cells were

fixed in 4% PFA, embedded in OCT, sectioned and

100% CONFLUENCY B- CATENIN mounted for analysis. A) Light microscopic image of

C
confluent monolayer, B) Sagittal section, Beta-catenin

expression epithelial cells (green), C) Sagittal section, E-

cadherin expressing epithelial cells (red), and D)

E-CADHERIN MERGE

Colocalization of beta-catenin and E-cadherin (yellow).

Nuclei (blue, DAPI). Scale bar 20 um.

Equine intestinal epithelial cells have the ability to proliferate and to restore the integrity of the
epithelial barrier as demonstrated in a scratch assay. To test the ability of the monolayer to
regenerate, a linear defect was made across the center of the epithelial monolayer. This was
subsequently left untreated and imaged at 0, 3, 7 and 11 hours until the defect closed. The
monolayer displayed the ability of the cells to migrate to the edges of the defect to ensure
closure after 12 hours (Figure 2). This demonstrates a timeline of epithelial mediated repair that
can be used to evaluate the impact of Amnion therapy on the proliferation and migration of

epithelial cells following injury.
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TIME OH TIME 3H TIME 7H TIME 11H

Figure 2: Scratch assay to measure epithelial mediated repair. A linear defect was created
across a confluent monolayer of equine intestinal epithelial cells. Images were obtained at 0, 3
hours (H), 7H and 11H. Dashed lines indicate the leading edge of the injured epithelium. Scale

bar 100 um.

Successful utilization of the monolayer assay demonstrates the feasibility of performing the

experiments described in the methods. In equine

The ability of amnion treatment to effectively dampen inflammation due to neutrophil respiratory
burst, adhesion and chemotaxis can be effectively tested in vitro. In vitro culture of equine
neutrophils can be utilized to demonstrate the effects of varying concentrations of potential
therapeutics. The Sheats lab has published on all of the techniques proposed (17) which

ensures successful testing of amnions effects on equine neutrophil respiratory burst, adhesion

and chemotaxis.
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Figure 3: Proposed assay to measure the impact of Amnion
therapy on neutrophil chemotaxis. Image of a loaded

Chemotaxis Assay Plate.

The expertise of the Gonzalez and Sheats labs are uniquely poised to develop a novel method
to co-culture equine neutrophils and intestinal epithelial cells in order to better understand the
injurious processes associated with colic. In effect, we will be combining methods that we have
mastered separately, equine intestinal epithelial cells in the Gonzalez lab and neutrophils in the
Sheats lab to develop a novel model that will provide an improved method to test new

therapeutics without sacrificing horses’ lives.

The laboratories at NC State University have the necessary equipment installed and are
prepared to conduct all of the experiments described below but unfortunately due to COVID-19

restrictions on research, preliminary data is limited.

Experimental Methods

For Specific Aim 1 and 2b, monolayers will be derived from 40 banked samples (IACUC # 19-
592) stored by the Gonzalez Lab. For Specific Aim 2a/b, we will isolate neutrophils from up to
10 horses from the Teaching herd to obtain blood using minimally invasive procedures (IACUC
# 19-779). The source of the acellular amnion product will be EquusCell Animatrix D (30mg/ml)

supplied by AniCell Biotech.
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Specific Aim 1: Assess the effects of luminal application of amnion on the healing of small

intestinal epithelial defects using an ex vivo equine monolayer hypoxia injury model.

Experimental Design: Equine epithelial monolayers will be subjected to 1% hypoxia followed by
the creation of a linear defect. Experimental wells will be treated with amnion, DMSO (vehicle
control) and un-supplemented media (no treatment control). Three concentrations of acellular
amnion, 0.5:1, 1:1 or 2:1 ratio of amnion to media will be tested to determine a dose response

for any effect of acellular amnion on epithelial cells. Evaluators will be blinded to all treatments
applied. Epithelial barrier healing will be determined by measuring the time to defect closure,
changes in TEER, FITC-labeled dextran Flux, and localization of tight junctional proteins and

biomarkers of proliferation using immunofluorescence.

Epithelial Monolayer: Full thickness small intestinal biopsies were obtained from donation
horses euthanized for reasons unrelated to gastrointestinal disease. Crypt isolation from equine
biopsies, enteroid culture and storage have been previously described (14). From these

samples, enteroids are dissociated into single cells and plated (~750 cells/well) onto 48 well
matrigel coated plates (6,14). Cultures will be assessed daily for development of confluency, 80-

100% coverage and attachment of cells (16).

Epithelial Injury Model: Hypoxic injury: The Modulator Incubator System (Billups-Rothenberg,
inc.) will be used to induce hypoxia (1% O2, 5% CO2, balanced with N2) in the monolayers for
0, 2, 4 or 6 hours (Figure 4). Control plates will be maintained in normoxic conditions (21% O2,

5% CO2, balanced with N2). Throughout the duration of hypoxia or normoxia, all plates will be
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maintained in a temperature-controlled cell culture incubator.

Figure 4: Hypoxia Chamber
(Modulator Incubator System).
Hypoxic conditions are induced

and the chamber fits inside of a

temperature controlled cell culture

incubator.

Scratch Assay: Following hypoxic

injury, a linear defect will be

created along the length of the

monolayer using a P200 pipette tip. The cells will be rinsed with sterile PBS to remove any
debris and the culture media will be replaced with treatments of either amnion, DMSO (vehicle
control) or non-supplemented media (non-treated control). Each condition will be performed in
triplicate. A light microscope (Olympus IX83, Tokyo, Japan) fitted with a monochrome digital
camera (ORCA-flash 4.0, Hamamatsu, Japan) will be used to obtained images at: 0, 2, 4, 6, 8,
10, 12, 14 hours (or until defect closure). The distance between the leadings edge will be

measured to determine the rate of defect closure (Figure 2).

Epithelial cell proliferation: Immunofluorescence will be used to quantify proliferation of
epithelial cells during the process of defect closure at each time point imaged for scratch assay

analysis. Cultures will be evaluated for expression of the cellular proliferative protein biomarker
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Ki-67 (Mouse a-Ki67, Dako, Carpinteria, CA, USA), imaged (Color camera, DP26; Olympus),

and the total number of positive cells will be counted per total number of cells (Dapi+) cultured
in the well using Image J (NIH). Cross-reactivity of this antibody to equine tissue/cells has been

confirmed in our laboratory (20).

Epithelial barrier repair: Flux of the fluorescein isothiocyanate (FITC)-labeled dextran and
Transepithelial electrical resistance (TEER) measurements will be used to test tight junction
integrity and barrier function. A dual planar electrode instrument (Epithelial Volt/Ohm Meter
[EVOMY]) will be used to obtain TEER measurements beginning at the time of visual
confirmation of defect closure and then at hour intervals for up to 4 hours or until no increase in
TEER measurements are obtained. Data will be expressed as resistance per square centimeter.
Flux measurements will be obtained by adding fluorescein isothiocyanate (FITC)-labeled dextran
to the luminal (apical) compartment for 2 hours at 37 degrees Celsius in sterile conditions.
Fluorescence intensity in the basolateral compartment would be measured by fluorometer at
excitation and emission wavelength of 492 nm and 520 nm, respectively. Using a standard
curve from known concentrations of FITC-dextran, the experimental concentrations will be

compared and evaluated.

Data Analyses: All treatments will be performed in triplicate. Data will be reported as means +
SD. Statistical comparisons will be made using the appropriate inferential statistical method,
including ANOVA or Wilcoxon rank-sum tests, depending on data normality, for any effect of

acellular amnion treatment. P< 0.05 will be considered significant.
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Specific Aim 2a: Determine the effect of amnion treatment on migration, adhesion, respiratory
burst, and cytokine production of stimulated equine neutrophils in vitro. For all of the following
assays, peripheral blood neutrophils will be isolated from whole blood using Ficoll-Paque
density gradient centrifugation, as previously performed in the Sheats lab (17) (IACUC # 19-
779). Three concentrations of acellular amnion, 0.5:1, 1:1 or 2:1 ratio of amnion to media will be
tested to determine a concentration response for any effect of acellular amnion on neutrophil

assays.

Neutrophil migration: We will assess the effect of acellular amnion treatment on equine
neutrophil migration using the Neuroprobe ChemoTx Systems (Neuroprobe, Gaithersburg, MD,
USA) as previously described by our lab (17). Equine neutrophils will be loaded with the
fluorescent dye calcein and pre-incubated with vehicle or three concentrations of acellular
amnion to determine a concentration response curve for any effect of acellular amnion.
Pretreatment with the beta2-integrin blocking antibody (anti-CD18 F(ab1)2) will serve as a
positive control for our ability to inhibit migration. 100% migration control wells will be
prepared by adding 1 x 10* calcein AM-labeled cells to the bottom chamber of three wells.
Known neutrophil chemoattractants including: platelet activating factor (100 nM), leukotriene
B4 (100 nM), and recombinant human IL-8 (100 ng/ml), will be used to induce chemotaxis for 1
hour at 37°C. After 1 hour, the non-migrated cells will be removed from the top of the filters and
EDTA will be added for 10 min at room temperature to detach cells remaining within the
membrane. The filter will then be removed and fluorescence in the lower chamber will be
measured using a fluorescence plate reader. Non-specific migration of unstimulated cells will

serve as a negative control and is expected to remain below 10%. Percent cell migration will be
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determined by fluorescence of wells in each treatment group compared to the 100% migration
control wells. Treatment conditions will be performed in triplicate on each plate. Data for each

horse will be expressed as the mean +/- SD of triplicate wells.

Neutrophil adhesion: We will assess the effect of acellular amnion treatment on equine
neutrophil adhesion using methods previously described by our lab (17). Equine neutrophils will
be loaded with the fluorescent dye calcein and pre-incubated with vehicle or three
concentrations of acellular amnion. Pretreatment with the beta2-integrin blocking antibody (anti-
CD18 F(ab1)2) will serve as a positive control for our ability to inhibit adhesion. 1A~ 105 cells
will be plated in wells previously coated with 5% FBS and and allowed to rest at 37°C for 10
min before addition of 10 ng/ml PMA, 10 nM LTB4, or 10 ng/mL Escherichia coli
lipopolysaccharide serotype 026:B6 (LPS). Cells will be incubated at 37°C for 30 min with
PMA, 75 s with LTB4, or 120 min for LPS. Following incubation, fluorescence readings will be
obtained using an fMax plate reader (485 nm excitation, 530 nm emission) to obtain initial
fluorescence, and then again after each of up to three washes. Washes are complete when
unstimulated migration falls below 10%. Percent adhesion will be calculated as the difference
between the initial and final fluorescence readings in each well. Treatment conditions will be
performed in triplicate on each plate. Data for each horse will be expressed as the mean +/- SD

of triplicate wells.

Neutrophil reactive oxygen species (ROS) production: Production of ROS will be measured
using luminol-enhanced chemiluminescence as previously described by our lab (17). Equine

neutrophils will be pretreated with vehicle or three concentrations of acellular amnion. Cells (2 X
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105 cells per well) will then be plated on sterile, white, 96-well high-binding plates (Sigma),

previously coated with 5% FBS. Neutrophils will then be primed for 30 min with 1 ng/ml
GMCSF, followed by stimulation with 100 ng/ml LPS (or PBS vehicle). Pretreatment with the
beta2-integrin blocking antibody (anti-CD18 F(ab1)2) will serve as a positive control for our
ability to inhibit ROS production. 1 mM luminol will then be added to each well and luminesce
will be measured every 5 min using a Fluoroskan Ascent FL. Microplate Fluorometer and
Luminometer (Thermo Scientific). Based on previously published results from our lab using this
method, LPS stimulated ROS is maximal at 35 minutes, and the effect of acellular amnion on
stimulated ROS production was then evaluated at that time point. Treatment conditions will be
performed in triplicate on each plate. Data for each horse will be expressed as the mean +/- SD

of triplicate wells.

Pro-inflammatory mediator secretion: Neutrophil cytokine production and release will be
measured using commercially available validated ELISA kits. Equine neutrophils will be primed
with GMCSF (100 ng/ml) and pretreated with vehicle or three concentrations of acellular amnion
for 30 min. Neutrophils will then be stimulated with LPS (100 ng/ml) for 2, 4, 6, 8, and 18 hrs.
Commercially available validated ELISA kits will be used to measure cellular supernatant
concentrations of TNFa (Thermo Scientific Co), IL-1f (Kingfisher Biotech), IL-6 (Kingfisher
Biotech), and IL-8 (Genorise Scientific, Inc.) in triplicate for each horse according to

manufacturer instructions.

Proinflammatory mediator gene expression: We will use quantitative PCR to assess the effect of

amnion on equine TNFa, IL-1B, IL-6, IL-8 gene expression (mRNA content) in equine
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neutrophils stimulated with LPS as above. Comparative threshold cycle (Ct) analysis will be
used to calculate mean fold changes (2-Ct) in mRNA transcript abundance in total RNA
extracted from equine neutrophils treated as above. PCR product size will be analyzed on a
1.5% agarose gel stained with ethidium bromide and sequenced to confirm that the product is
the expected amplicon. Gene-specific primers for equine TNFa, IL-18, IL-6, IL-8, and the
housekeeping gene GAPDH are published and were validated as described (17). Beta-actin,
GAPDH, and B2 microglobulin will serve as housekeeping genes. Samples prepared without

DNA will serve as controls for DNA contamination.

Data Analysis: For all experiments described above, data will be presented as mean +/- SD of 6
horses. Statistical comparisons will be made using the appropriate inferential statistical method,
including ANOVA or Wilcoxon rank-sum tests (depending on data normality) for any effect of

acellular amnion treatment. For all analyses, P< 0.05 will be considered significant.

Specific Aim 2b: Develop a co-culture model to directly study the interaction of equine
neutrophil and intestinal epithelial cells. Three concentrations of acellular amnion, 0.5:1, 1:1 or
2:1 ratio of amnion to media will be tested to determine a dose response for any effect of

acellular amnion on neutrophil and intestinal epithelial cells.

Co-culture model: Peripheral blood neutrophils will be isolated as described in Specific Aim 2a
(IACUC # 19-779). Intestinal epithelial cells will be seeded onto inverted 96-well 3um
Transwell inserts with 3.0um pores until adherent, and then re-inverted into a Transwell receiver

plate (18). This model allows for neutrophil migration from the basolateral to the luminal
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compartment, toward chemoattractant gradients that will be exogenously provided by LPS (10
ng/mL) + IL-8(100 ng/mL). Monolayers will be maintained in culture media for 3—5 days to
ensure maturemonolayers for migration assays. To interfere with epithelial signaling pathways,
epithelial cells will be treated for 2 hours with acellular amnion, DMSO (vehicle control) or
untreated prior to undergoing neutrophil trans-epithelial migration. To interfere with neutrophil
signaling pathways, neutrophils will be incubated in acellular amnion, DMSO (vehicle control)
or untreated for 30— 60min at 37°C prior to placement in the basolateral compartment. Migration
will be allowed to progress for two hours while at 37°C, 5% CO2. After two hours, transwells
will be retained for TEER and permeability and migrated neutrophils will be quantified using a
neutrophil myeloperoxidase (MPO) activity assay. The number of neutrophils that have migrated
across the epithelial layer will be calculated using the standards whereby a linear positive
correlation exists between the known numbers of neutrophils prepared as standards and the

amount of peroxidase activity as measured by optical density at 405nm (19).

Data Analysis: Data will be reported as means + SD and individual conditions will be compared
by unpaired, two tail Student’s t-test to appropriate control. To analyze multiple comparisons, we
will use one-way ANOVA or Wilcoxon rank-sum tests (depending on data normality). For all

analyses, P< 0.05 will be considered significant.

Pitfalls and Alternatives: Acellular amnion doses may need to be optimized if no response is
noted. Furthermore, we may repeat the hypoxia and scratch assays separately to determine if
Amnion had an effect on each unique component of epithelial injury. For Specific Aim 1, our

preliminary data highlights our experience using the monolayer model, so we do not anticipate
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any problems. For Specific Aim 2a, the Sheats Lab commonly performs neutrophil assays and
therefore no problems are anticipated. For Specific Aim 2b is considered the highest risk of the
methods proposed, however it has been reported in respiratory epithelium co-cultured with
neutrophils and given the collective experience of both investigators we are confident that we

will successfully complete this specific aim.

Expected Results: If proven successful, the results of the research proposed will validate a
product that combats hypoxic injury in the intestine and therefore decreases morbidity and
mortality in horses. It is anticipated that administration of amnion will increase restitution and
decrease neutrophil chemotaxis, migration, respiratory burst and cytokine release. A direct
application of our findings will be as a novel therapeutic that can be administered luminally to
horses at the time of surgery to reduce the hypoxic damage and promote healing of the

epithelium.

Patient Data

Not applicable to this specific project.

Data Analysis

All treatments will be performed in triplicate. Evaluators will be blinded to all treatments
applied. Data will be reported as means + SD. Statistical comparisons will be made

using the appropriate inferential statistical method, including ANOVA or Wilcoxon ranksum
tests, depending on data normality, for any effect of acellular amnion treatment in

each experiment. P< 0.05 will be considered significant.
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