
ABSTRACT 

ELANE, GEORGE L. Advancing and Integrating Comparative Large Animal Models of 

Gastrointestinal Disease Physiology. (Under the direction of Drs. Anthony T. Blikslager and 

Amanda L. Ziegler). 

 

Disease of the gastrointestinal tract affects millions of people, resulting in increased 

morbidity, mortality, and financial burden every year. However, models and techniques of 

studying pathophysiology of various gastrointestinal diseases vary highly by species and specific 

disease. This project was undertaken to study the application of two uncommon techniques in basic 

science for evaluating disease pathophysiology in the common veterinary large animal species. 

Chapter 1 outlines the effect of the COVID-19 pandemic on the horse industry with specific 

evaluation of colic (abdominal disease). Colic represents the most frequent reason for veterinary 

evaluation of horses, and a high source of morbidity, particularly for strangulating lesions. This 

prevalence, combined with the poor perceived prognosis of colic in the horse industry, dictates 

that new methods of studying gastrointestinal pathophysiology in these patients is desperately 

needed. The Ussing chamber represents an attractive methodology for studying intestinal 

physiology in healthy and diseased states, due to its established history in other species. A 

comprehensive review of Ussing chambers and their application in equine intestinal physiology is 

presented in Chapter 2, and underscores the need for application of this methodology in clinical 

cases of ischemia in horses. 

The focus of the remainder of this project was development, adaptation, and application of 

a novel method for studying gastrointestinal disease physiology, transcriptomics. Transcriptomics 

is the study of RNA expression, and has been applied to people and mice, with limited application 

in pigs and horses. In Chapter 3, we adapted this methodology for studying RNA expression of 

intestinal epithelial cells in pigs in a proximal-to-distal survey. This study highlighted advantages 



of pigs and deficiencies of mice as models of gastrointestinal physiology by comparing results to 

a previous survey of human intestinal epithelial cells, including presence of bestrophin4-positive 

cells (BEST4+) in people and pigs, but not mice. During completion of this study, we identified a 

deficit in the veterinary literature regarding venipuncture and peripheral catheterization of pigs. 

Chapter 4 is a review paper discussing handling, venipuncture, catheterization, and euthanasia of 

pigs as a reference for primary care veterinarians. 

Additional experiments were performed to validate single cell dissociation and 

transcriptomics in horses to define the physiologic distinction between the jejunum and the ileum 

in horses in Chapter 5. In this study, we identified an upregulation of aquaporins and claudins at 

the point where the ileocecal band ends. We also demonstrated an upregulation of genetic markers 

for stem cells where intestinal blood flow changes from a collateral arc in the jejunum, to a linear 

vessel that anastomoses with the ileal artery. These findings suggest that the jejunum ends and the 

ileum begins at the point where the ileocecal band finally inserts on the ileum, and will help guide 

intraoperative decision-making for equine surgeons performing intestinal resections in horses with 

strangulating small intestinal lesions. Future work, as outlined in Chapter 6, will apply these two 

methodologies, including Ussing chambers and single-cell RNA sequencing, in the study of 

ischemic intestinal lesions in horses, with the aim of using basic science to improve clinical 

outcome for horses with colic. 
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Trends in the management of horses referred for colic evaluation preceding and during the 

COVID-19 pandemic (2013-2023) 
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Summary 

Background: The COVID-19 pandemic represented a significant source of anxiety and stress for 

equine veterinarians and clients, with the potential for measurable effects on caseload and owner 

economics. 

Objective: To compare the number of horses presenting for emergency colic evaluation and 

treatment, as well as costs at two equine referral hospitals. 

Study design: Retrospective cohort. 

Methods: Medical records of horses admitted to North Carolina State University (NCSU) and Bell 

Equine Veterinary Clinic (BEVC) were compared. Total equine accessions, num- ber of horses 

referred for colic and patient age were recorded over an 11-year period (2013–2023). Horses were 

categorised based on treatment as medical, surgical treatment with recovery, surgical exploration 

with intraoperative euthanasia, or euthanasia without surgery. Total invoice of each case was also 

recorded. 

Results: Total equine accessions, total number and proportion of horses presenting for evaluation 

of colic, and number of horses recovering from colic surgery at NCSU increased following onset of 

the pandemic, while they remained similar to pre-pandemic levels at BEVC. The proportion of 

horses presenting for colic that received surgery decreased at both hospitals over the study 

period. Mean invoice totals for horses surviving colic surgery increased at both hospitals over the 

study period, but was not significantly as- sociated with euthanasia. Age was not significantly 

different between categories of colic. Main limitations: Retrospective study design, differences in 

academic and private practices. 

Conclusions: The decreasing proportion of horses admitted for colic that received sur- gery is 

likely due to the increased caseload of first-opinion care at referral practices dur- ing the pandemic, 

as fewer options were available to owners. The increasing number of horses euthanised 

intraoperatively or euthanised without receiving surgery may be due to the dramatically rising costs 

of medical care, particularly surgery. 
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horse, accession, colic, COVID-19, pandemic 
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INTRODUC TION 

 
The spread of the coronavirus disease 2019 (COVID-19) has been a 

great source of anxiety, distress and stress for veterinarians, and the 

second transboundary crisis of the twenty-first century following 

the worldwide financial crisis of 2008 (Mair & Lockett, 2021; Quain et 

al., 2021). Many governments instituted lockdown procedures, 

quarantines, self-isolation and social distancing to limit spread of the 

virus (Pakpour & Griffiths, 2020). This contributed to worldwide eco- 

nomic instability, resulting in loss of employment for millions of peo- 

ple and subsequent financial constraints for equine owners (Nicola et 

al., 2020; Thompson et al., 2022). Counterintuitively, many veteri- 

nary hospitals reported increased caseloads of 25% or greater (Wayne 

& Rozanski, 2021). Gastrointestinal disease remains the most com- 

mon presenting complaint for equine emergencies for over 50 years 

(Dolente et al., 2008; Freeman, 2018). While the effects of the world- 

wide financial crisis on horses receiving colic surgery have been de- 

scribed (Blikslager & Mair, 2021), the effects of the pandemic on the 

incidence of horses presenting for colic evaluation are unknown. 

The objective of this study was to compare the number of 

horses presenting for emergency colic evaluation and treatment at 

two equine referral hospitals, including a university teaching hos- pital 

in the United States (North Carolina State University [NCSU]) and a 

private equine hospital in the United Kingdom (Bell Equine Veterinary 

Clinic [BEVC]). 

 

 

MATERIAL S AND METHODS 

 
Medical records of horses admitted to NCSU and BEVC were 

compared. The total number of horses admitted yearly (equine

accessions, 2013–2023), total number of horses referred for colic, and 

age of the horses were recorded. Horses referred for manage- ment 

of colic signs were assigned to one of four groups: conserva- tive or 

medical management, surgical treatment with recovery from 

anaesthesia, surgical exploration with intraoperative eutha- nasia, or 

euthanasia without surgery. Financial data relating to the total invoice 

of each case were also recorded. Data are summa- rised with simple 

descriptive statistics (means). Spearman correla- tion coefficients 

between mean invoice totals and total number of horses euthanised 

per year at each hospital were calculated using a commercially 

available software spreadsheet program (Microsoft Excel, Microsoft 

Corporation). A p < 0.05 was consid- ered significant. 

 

 

RESULTS 

 
The total number of equine accessions and colic admissions are sum- 

marised in Figures 1, 2. There was a trend of increasing total yearly 

accessions after onset of the COVID-19 pandemic at NCSU (range: 

1254–1605 prior to 2020, 1320 in 2020 and 1586–1813 after), while 

total equine accessions at BEVC decreased after 2020 (range: 978– 

1124 prior to 2020, 861 in 2020, and 780–1085 after, Figure 1). In 

both hospitals, there was a decrease in total accessions during 2020, 

coinciding with the onset of the COVID-19 pandemic, and associated 

restrictions on veterinary practice. In both hospitals, there was also an 

increase in accessions the following year, which continued at NCSU in 

2022–2023, but was associated with a subsequent decrease at Bell 

Equine. The total number of colic admissions increased at both hos- 

pitals over the study period (range: 196–383 for NCSU and 158–308 

for BEVC) (Figure 2), as did the proportion of horses admitted for colic 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F I G UR E 1 Total numbers of equine accessions at NC State University (NCSU, blue) and Bell Equine Veterinary Clinic (BEVC, green) 2013–

2023. 
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F I G UR E 2 Total number of equine colic admissions at NC State University (NCSU, blue) and Bell Equine Veterinary Clinic (BEVC, green) 

2013–2023. 

 

relative to total equine accessions (range: 14.7%–25% for NCSU and 

15.1%–28.4% for BEVC) (Tables 1 and 2). 

There was an overall trend in increasing numbers of horses 

medically treated for colic at both hospitals over the study period, 

with a peak in 2021 for BEVC (Table 1). The number of horses 

that received colic surgery and recovered from general anaesthe- sia 

increased after 2020 at NCSU (range: 37–56 prior to 2020, 42 during 

2020 and 49–59 after 2020), while steadily decreasing after 2020 at 

BEVC (range 31–54 prior to 2020, 36 during 2020 and 16–28 after 

2020) (Figure 3). There was an overall trend towards a decreasing 

proportion of colic cases treated surgically and re- covered from 

anaesthesia at both hospitals, which decreased from 20%–27% at 

the start of the study period to 13%–16% at the end of the study 

period for NCSU, and from 17%–31% to 8%–18% for BEVC. The 

number of horses that received colic surgery and were 

euthanised intraoperatively peaked during 2019 at NCSU (n = 39) 

compared to prior (range: 19–39) and after (23–34), while they re- 

mained consistent at BEVC over the study period (range: 7–14), 

but showed a dip during 2020 (Figure 4). The number of horses that 

were euthanised without receiving colic surgery increased at NCSU 

after 2020 (range: 46–83) compared to prior (range: 18–53), but 

stayed consistent at BEVC over the study period (range: 14– 27) 

(Figure 4). 

The mean invoice totals of horses that received colic surgery 

and survived to discharge increased at both hospitals over the study 

period (range $6745–12,221 for NCSU and £4750–9006 for BEVC) 

(Figure 5). Spearman's correlation coefficient revealed a weak cor- 

relation between higher mean invoice totals and number of horses 

euthanised for NCSU (rs = 0.33) and BEVC (rs = 0.33), but this was not 

statistically significant (p = 0.3 for both hospitals). The mean age of 

horses in each category did not differ greatly over the study period 

for either hospital (Table S1 and Figures S1, S2), though there was a 

trend for horses that were euthanised without surgical treatment to 

have a higher mean age than other categories. 

 

 

DISCUSSION  

 
This study highlights the similar trends in colic admissions between 

two equine hospitals before and after onset of the COVID-19 pan- 

demic. The results demonstrated an increase in total equine acces- 

sions, number of horses seen for colic and proportion of horses seen 

for colic relative to the total caseload for NCSU. This may be due 

in part to the restriction of local veterinary practices to an emergency-

only basis. In early 2020, the state of North Carolina is- sued 

Executive Orders 116 and 121 which declared a state of emer- gency 

and required nonessential businesses to restrict operations to 

emergencies only. As a result, many primary care veterinarians that 

did not offer emergency services temporarily shut down and declined 

or diverted new clients, resulting in an increased caseload of first-

opinion colic cases seen by referral practices. A similar trend was also 

observed in cases of feline urethral obstruction, which demonstrated 

a 30% increase in diagnosis of idiopathic urethral ob- struction and a 

38% increase in overall incidence of feline emergen- cies between a 

teaching hospital and six private specialty veterinary centres in a 

multi-institutional retrospective study compared to pre- pandemic 

years (Kerley et al., 2022). This could explain the increased total 

number of horses seen, the total number of horses seen for colic and 

the proportion of horses referred for emergent treatment of colic at 

NCSU. Similar national lockdowns (late March–June 2020 and 

January–July 2021) and local lockdowns (September–November 

2020) were in place in the United Kingdom. 

Interestingly, the number of horses that received colic surgery 

and recovered from general anaesthesia at NCSU did not differ 
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TA B L E 1 Colic admissions to NC State and Bell Equine from 2013 to 2023 as percentages of total equine accessions and percentages of 

colic admissions. 
 

Year 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 

NCSU            

Colic admissions as a percentage of total 17.5 
equine accessions 

15.2 14.7 15.8 16.3 17.0 19.0 25.0 20.0 22.0 21.0 

Percentage of total colic cases treated 54.5 
medically 

51.2 44.9 47.9 59.0 57.0 56.0 55.0 59.0 57.0 59.0 

Percentage of total colic cases 19.5 

treated surgically and recovered from 

21.7 27.0 17.9 21.5 21.0 14.0 13.0 16.0 14.0 16.0 

anaesthesia 

Percentage of total colic cases 17.7 

undergoing surgery and euthanised 

 
15.0 

 
14.3 

 
11.5 

 
7.3 

 
9.0 

 
14.0 

 
10.0 

 
10.0 

 
8.0 

 
6.0 

intraoperatively 

Percentage of surgical colic cases 48.0 
subjected to euthanasia during surgery 

 
41.0 

 
34.0 

 
39.0 

 
25.0 

 
29.0 

 
51.0 

 
44.0 

 
40.0 

 
36.0 

 
28.0 

Percentage of total colic cases subjected 8.2 

to euthanasia without surgery 

12.1 13.8 22.6 12.3 13.0 16.0 22.0 15.0 22.0 20.0 

Bell Equine 

Colic admissions as a percentage of total 17.1 
equine accessions 

 
15.3 

 
16.4 

 
15.1 

 
17.0 

 
21.0 

 
21.4 

 
22.4 

 
28.4 

 
18.4 

 
24.7 

Percentage of total colic cases treated 53.2 
medically 

60.8 62.5 62.5 60.1 62.1 62.7 70.5 77.6 75.2 76.6 

Percentage of total colic cases 31.2 

treated surgically and recovered from 

23.4 17.4 18.5 22.0 22.7 15.8 18.6 9.1 8.6 8.3 

anaesthesia 

Percentage of total colic cases 6.4 

undergoing surgery and euthanised 

 
5.1 

 
7.1 

 
5.4 

 
5.8 

 
7.1 

 
6.2 

 
3.6 

 
4.5 

 
6.1 

 
5.7 

intraoperatively 

Percentage of surgical colic cases 17.0 
subjected to euthanasia during surgery 

 
18.0 

 
29.0 

 
22.0 

 
21.0 

 
27.0 

 
27.0 

 
16.0 

 
33.0 

 
41.0 

 
41.0 

Percentage of total colic cases subjected 9.2 10.8 13.0 13.7 12.1 8.1 11.0 7.2 8.8 10.1 9.3 

to euthanasia without surgery 

 

greatly from 2013 to 2018, decreased to their lowest point in 2019 

and then gradually recovered to their peak in 2023. While the World 

Health Organization officially declared the COVID-19 respiratory 

disease an international concern in January 2020, the rising global 

attention in 2019 may have led to the 2019 trough in horses treated 

surgically for colic due to perceived financial constraints associated 

with the pandemic in a phenomenon referred to as ‘economic eutha- 

nasia’. This effect was seen in dogs presenting for gastric dilatation- 

volvulus, which had a greater risk of euthanasia following onset of 

the pandemic in a multi-institutional study (Boller et al., 2022). This 

trend was not observed at BEVC, which demonstrated an overall 

decrease in the number of horses that received colic surgery and 

recovered from anaesthesia. Both practices observed an overall 

decrease in the percentage of horses presented for colic that were 

treated surgically and recovered from general anaesthesia; this is 

likely due to the increased number of total horses presenting for colic, 

which would have shifted these proportions in favour of the increased 

load of first-opinion horses admitted for colic that were treated 

medically. 

Both hospitals observed an overall increase in both the num- 

ber of horses euthanised intraoperatively as well as the number 

of horses euthanised without treatment. This may be a result of 

the increasing mean invoices for horses that received surgical 

treatment for colic at both hospitals. Mean invoice totals aver- 

aged after onset of the pandemic (2019–2023) were 29% and 41% 

higher than pre-pandemic invoice totals (2013–2018) for NCSU 

and BEVC, respectively. This may be a direct result of increasing 

inflation, costs of living, and increased costs of medical supplies 

in the United States and European Union (Brown, 2020). Indeed, the 

pandemic disrupted global supply chains as determined by the 

Baltic Dry Index, which reflected sizable and statistically sig- nificant 

increases in import prices (Carrière-Swallow et al., 2023). This may 

also explain the disparity in inflation rates between countries: inflation 

rates rose from 1% in 2021 to 1.9% in 2022 in the United States, 

and from 1% in 2020 to 8% in 2022 in the United Kingdom (Bernanke 

& Blanchard, 2023); the effects of shipping disruption and subsequent 

shortage of medical supplies are exaggerated in countries that 

import more (e.g. the United 
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TA B L E 2  Mean invoice totals for colic cases admitted to NC State ($USD) and Bell Equine (£GBP). 

 

Year 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 

NCSU            

All colics $3637 $3817 $3590 $3540 $4558 $4319 $4008 $4050 $4862 $4170 $4625 

Colic cases medically $2402 

managed and discharged 

$2377 $2203 $2453 $2704 $2609 $2431 $2986 $3077 $2947 $3011 

Colic cases treated $8400 

surgically and recovered 

$8166 $6745 $7161 $10,119 $9698 $9469 $10,359 $11,365 $10,439 $11,515 

from anaesthesia 

Colic cases undergoing $1709 

surgery and euthanised 

 
$1522 

 
$1743 

 
$3359 

 
$7873 

 
$5434 

 
$7289 

 
$6067 

 
$7972 

 
$6828 

 
$9942 

during surgery 

Colic cases subjected to $4673 

euthanasia only 

 
$4937 

 
$3831 

 
$3062 

 
$1779 

 
$2441 

 
$1943 

 
$2068 

 
$2945 

 
$2541 

 
$2419 

Bell Equine 

All colics £2239 
 

£1880 
 

£1848 
 

£1971 
 

£1998 
 

£2320 
 

£2161 
 

£2319 
 

£1879 
 

£2096 
 

£2073 

Colic cases medically £908 

managed and discharged 

£805 £987 £1050 £1180 £1203 £1220 £1251 £1200 £1315 £1253 

Colic cases treated £4750 

surgically and recovered 

£4935 £5580 £5895 £5943 £5754 £6612 £6856 £7294 £8713 £9006 

from anaesthesia 

Colic cases undergoing £2035 

surgery and euthanised 

 
£1445 

 
£2120 

 
£2090 

 
£2127 

 
£2324 

 
£2295 

 
£2011 

 
£2770 

 
£2652 

 
£2828 

during surgery 

Colic cases subjected to £1045 
 

£746 
 

£856 
 

£842 
 

£987 
 

£1026 
 

£1114 
 

£1098 
 

£1357 
 

£1287 
 

£1392 

euthanasia only 

 

 

 

F I G UR E 3 Number of horses receiving colic surgery and recovering from anaesthesia at NC State University (NCSU, blue) and Bell Equine 

Veterinary Clinic (BEVC, green) 2013–2023. 

 

Kingdom) than others (e.g. the United States). This financial 

strain had a direct effect on clients' willingness to pay for equine care 

in the United States according to an online survey sent to horse 

owners (Thompson et al., 2022). This trend is made even 

more dramatic when combined with data from an earlier study 

(Blikslager & Mair, 2021) which demonstrated an increase mean 

invoice total for horses surviving colic surgery from $5322 in 

2004 to $11,515 in 2023 (116%) for NCSU, and from £2683 in 
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F I G UR E 4 Number of horses being euthanised intraoperatively (solid lines) or without treatment (dashed lines) at NC State University 

(NCSU, blue) and Bell Equine Veterinary Clinic (BEVC, green) 2013–2023. Sx EOT = received surgery and euthanised on table; Euth w/o 

Tx = euthanised without treatment. 

 

 

 

F I G UR E 5 Mean invoice totals for horses receiving colic surgery and recovering from anaesthesia at NC State University (NCSU, $USD, 

blue) and Bell Equine Veterinary Clinic (BEVC, £GBP, green) 2013–2023. 

 

2004 to £9006 in 2023 (236%) for BEVC over the past 20 years 

(Figure S3). One study identified intravenous fluids as the great- 

est increase in consumable costs for postoperative colic treat- 

ment between 2003 and 2012, while professional fees decreased 

during that time (Bates et al., 2014). While inflation and rising 

costs of medical supplies may be partially to blame, this trend 

could also be exacerbated by clinicians adding postoperative 

treatments or monitoring that may be considered standard of 

care but that may not necessarily affect treatment plan or prog- nosis 

in a ‘kitchen sink’ effect (Bauck, 2023). 
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TRENDS FOR HORSES PRESENTING FOR COLIC EVALUATION (2013–

2023) 

 

 

The trend of increasing numbers of horses with colic being eu- 

thanised intraoperatively or without receiving surgery may be as- 

sociated with the ageing horse population in the United States 

(Brosnahan & Paradis, 2003) and the United Kingdom (Welsh et 

al., 2016). In this study, there was no significant difference in age of 

horses in each category across the years (Figures S1, S2). However, 

horses that were euthanised intraoperatively or euthanised without 

receiving surgery tended to be older than their medically and sur- 

viving surgically managed counterparts. While some authors have 

shown age is not a determining factor in survival for colic surgery 

(Gazzero et al., 2015; Rudnick et al., 2022), others have demon- 

strated a significantly lower survival rate for geriatric (≥20 years old) 

horses compared to mature nongeriatric horses undergoing colic 

surgery (Krista & Kuebelbeck, 2009). In the latter study, the 

difference between survival rates was attributed to the significantly 

higher number of geriatric horses euthanised intraoperatively; 

therefore, it stands to reason that owners may be less inclined to 

commit the financial investment for colic surgery in geriatric horses, 

especially when costs are rising. 

In conclusion, total equine accessions, total number of horses 

with colic and horses recovering from colic surgery increased at NCSU 

following onset of the COVID-19 pandemic, while they re- mained 

similar to pre-pandemic levels at BEVC. The decreasing proportion of 

horses admitted for colic that received surgery is likely due to 

the increased caseload of first-opinion care at refer- ral practices. 

The number of horses euthanised intraoperatively or euthanised 

without receiving surgery increased at both hospitals, which may be 

due to the rising costs of medical supplies and increas- ing costs of 

colic surgery. 
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CHAPTER 2 

 

A guide to Ussing chamber studies of horse intestine 
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Introduction 

Since its advent in 1958 by Danish biologist Hans H. Ussing, the Ussing chamber has 

become a valuable and consistent method for determining electrolyte, nutrient, and drug transport 

across epithelial tissues.1,2 While the original use was for studying sodium transport against a 100-

fold concentration difference in frog skin, this method has since been applied and adapted to many 

different epithelia. Prior to development of the Ussing chamber, one of the primary difficulties in 

membrane biology had been distinguishing the paracellular movement of ions from active 

transport. By using an epithelium to separate two halves of a chamber filled with identical 

electrolyte solutions, Ussing solved the problem of transepithelial concentration and osmotic and 

hydrostatic gradients from passive forces. This passive force is eliminated by clamping the 

electrical potential to zero with an external current passed across the epithelium. This current is 

referred to as the short-circuit current (Isc) and is equivalent to the sum of electrogenic ion 

movement across the epithelium under active transport mechanisms, which can be further 

quantified with isotopic tracers and dilution potentials.2 In these conditions, the epithelium will 

exhibit a spontaneous voltage potential (referred to as potential difference [PD], or transepithelial 

voltage [Vt]). This voltage is measured by a potentiometer and electrodes (typically Ag-AgCl) 

connected to 3% agar salt bridges. As a current (e.g. Isc) is applied across the epithelium, the 

electrode can be used to clamp the epithelium to a defined voltage to measure transepithelial 

conductance (G) or its reciprocal, the transepithelial resistance (R, or TER).2 These variables (Isc, 

V, G, and R) are then used to make inferences regarding epithelial biology following application 

of inhibitors or by use of fluxes across the epithelium. 

Many agonists and antagonists are available for use in blocking channels or ion transport 

in epithelia, including indomethacin, bumetanide, amiloride, IBMX, carbachol, forskolin, and 
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ouabain. Indomethacin is an inhibitor of prostanoid synthesis, and results in serosal NaCl or KCl 

absorption and therefore a decrease in Isc.
3-5 Bumetanide is a nonselective potassium channel 

blocker, including the Na+/K+-2Cl- cotransport system, and results in a decrease in Isc.
6-7 This 

compound has also been replaced with furosemide in the equine large intestine, with similar 

effects.6 Amiloride is a potent blocker of electrogenic sodium channels such as the epithelial Na+ 

channel in the colon (ENaC), but not the Na+-H+ exchanger (NHE) and results in a marked decrease 

in Isc when administered on the mucosal side of intestine.7 IBMX is a nonselective 

phosphodiesterase inhibitor, resulting in fast, transient elevations of calcium ions.8 Administration 

of the Ca++ agonist carbachol on the serosal side of intestine results in chloride secretion and 

therefore an increase in Isc.
9 Similarly, forskolin induces chloride secretion via cAMP, resulting in 

a marked increase in Isc in normal epithelium, and is often used alone or in combination with 

mucosal administration of glucose to indicate tissue viability at the end of an experiment.10 

Ouabain is a potent inhibitor of Na+/K+-ATPase and K+/H+-ATPase, and results in a reduction in 

Isc when administered on the mucosal side.11-12 Other methods for deriving conclusions about 

membrane physiology stem from the use of fluxes of ions and radiolabeled compounds. Mannitol 

is a commonly used substance, as it does not undergo transcellular transport, and can be used as 

an indicator of increasing permeability.2,4 

While Ussing systems have been used to study nearly every epithelium in the animal body, 

including reproductive tracts, intestine, airway, and eye,2 in horses, their use has been primarily 

devoted to the gastrointestinal system. The objectives of this guide are: 1) To provide a current, 

comprehensive literature review of Ussing chambers studies in the horse (Equus caballus), 2) To 

describe the technique for mounting equine intestine in Ussing chambers, 3) To describe 
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differences in bioelectric properties across different segments of intestine in the horse, and 4) To 

identify emerging areas of interest in Ussing chamber studies in horses. 

 

Literature review 

An online search of The National Library of Medicine using the keywords “horse” and 

Ussing” returned 50 articles.  Articles that did not include evaluation of horse tissue in Ussing 

chambers were excluded (n = 1). Remaining articles were categorized based on tissue evaluated, 

including intestine (n = 43), trachea (n = 5), or cultured sweat glands (n = 1). The intestine studies 

have been further subdivided by segment, including stomach (n = 9), small intestine (n = 15), large 

intestine (n = 13), or multiple segments (n = 6). Means of baseline bioelectric properties, treatment 

or condition, and change in measured values are represented in Table 2.1. 

 

Ussing chamber studies of the stomach of the horse 

Gastric ulcers involving the non-glandular mucosa of the horse’s stomach are recognized 

worldwide and have an estimated prevalence of 40-90%.13 As such, it is understandable that the 

majority of Ussing studies of the equine stomach would focus on the pathophysiology of this 

disease. 

Bile salts have been widely implicated in the pathogenesis of gastric ulcers in horses. The 

first study to evaluate these compounds on equine stomach mounted in Ussing chambers used 

sodium taurocholate and deoxycholate (0.3mmol/L) bile salts added to non-glandular mucosa to 

determine their effects on the potential difference.14 Application of hydrochloric acid at pH 2.5 to 

control tissues demonstrated a significant reduction in potential difference, which recovered within 

20 min. The bile salts had no effect at a neutral pH, but demonstrated a significant reduction in 
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potential difference in the acidic pH, and did not recover. A similar study exposed non-glandular 

mucosa to pepsin (1 mg/mL) or taurocholic acid (2.5 mM) under neutral (pH 7.4) and acidic (pH 

1.7) conditions.15 Acidification of the mucosal solution resulted in a significant reduction in 

potential difference and tissue resistance, but this was not synergistic when pepsin or taurocholic 

acid was detected. The results of these studies both emphasize the role that hydrochloric acid plays 

in the pathogenesis of gastric ulcers in horses, with14 or without15 the presence of bile salts. 

Given the equivalent results of bile acids in the pathogenesis of equine gastric ulcers, the 

next compounds to be evaluated were volatile fatty acids. One study demonstrated a significant 

reduction in short circuit current, potential difference, and resistance when hydrochloric acid was 

applied to the non-glandular mucosa of the stomach.13 These decreases were also seen when gastric 

mucosa was exposed to volatile fatty acids acetic acid at pH < 4, propionic and butyric acids at pH 

≤ 4, and valeric acid at pH ≤ 7 in a concentration-dependent manner (ranging 5-40 mM). In a 

similar study, incubation of non-glandular mucosa with hydrochloric, acetic, propionic, and butyric 

acids (60 mM) resulted in a significant, immediate reduction of short-circuit current in acidic 

environments (pH = 1) compared to a higher pH (4 or 7).16 Sodium transport was also abolished 

for acetic acid at pH = 4, but not for other volatile fatty acids at a lower pH. This was attributed to 

the high lipid solubility of undissociated fatty acids, allowing penetration of cells and thereby 

causing acidification of cellular contents. This relationship was also demonstrated when non-

glandular mucosa was incubated with valeric acid (60 mM), which abruptly and irreversibly 

abolished short circuit current, and resulted in significant cellular swelling on histomorphometry.17 

Gastric contents high in volatile fatty acids are theoretically predisposed to microbial 

overgrowth, resulting in metabolites that may be damaging to the gastric mucosa such as lactic 

acid. Application of hydrochloric acid or lactic acid (range 5-20 mmol/L) to non-glandular mucosa 
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resulted in a significant decrease in short circuit current and potential difference.18 Higher 

concentrations of lactic acid (40 mmol/L) also increased permeability, but this was not statistically 

significant. These results demonstrated that lactic acid, which is produced in the stomachs of horses 

fed diets high in grain, does not significantly alter sodium transport or permeability, but may 

require the presence of volatile fatty acids or prolonged exposure to induce gastric ulcers. In a 

study evaluating addition of butyric acid to the non-glandular (10-32 mmol/L) and glandular (2.5-

10 mmol/L) regions of the equine stomach demonstrated a significant increase in permeability, 

suggesting that prebiotics high in fructo-oligosaccharides may result in increased fatty acid 

production and therefore predispose horses to gastric ulcers.19 

Aside from improving our understanding of the pathophysiology of gastric ulcers, Ussing 

chamber studies have also been used to evaluate the effects of proinflammatory mediators and 

healthy ion transport in the equine stomach. One study applied the pro-inflammatory mediator 

bradykinin to glandular and non-glandular stomach samples, and identified increased psrotanoid 

(PGE2) production, primarily came from the basolateral aspect.20 Piroxicam (a non-selective 

cyclooxygenase [COX] inhibitor) reduced PGE2 production, but NS-398 (a selective COX-2 

inhibitor) did not. This suggested that COX-1 is a significant pathway for basal PGE2 production 

in both glandular and non-glandular portions of the stomach. Ussing chambers have also been used 

to identify differences in expression of sodium-potassium adenosine-triphosphatase (NAKA) and 

sodium-hydrogen exchanger (NHE) in an age-dependent manner in horses.21 In an experiment of 

ten horses (5 ≤ 5 years old, and 5 ≥ 12 years old), mucosa of the non-glandular portion of the 

stomach was mounted on Ussing chambers and exposed to Ringer’s solution containing a mixture 

of volatile fatty acids (acetic, valeric, propionic, butyric, and lactic acids). Relative mRNA 

expression for NAKA was significantly decreased in horses under 5 years old, whereas mRNA 
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expression was increased for NHE in this population, as determined by real-time PCR. However, 

mRNA expression for both these membrane transporters was increased following exposure to the 

solution containing volatile fatty acids in horses over 12 years old.  These results demonstrated a 

relative expression of mRNA for NAKA, but not NHE, following exposure of the non-glandular 

mucosa to volatile fatty acids in an acidic environment in an age-dependent fashion in horses.  

 

Ussing chamber studies of the small intestine in horses 

The most common applications of Ussing chambers in the small intestine of the horse have 

been to evaluate tissue response to ischemia (reduced blood flow), ex vivo response to drugs, and 

mechanistic studies of ion transport. 

Abdominal pain (colic) in horses is the most common medical problem treated by equine 

veterinarians, and has remained so for the past 50 years.22 Disease of the equine small intestine 

represents approximately 6.5-11% of all cases of colic, with up to 82% of these cases involving 

intestinal ischemia.23 Cyclooxygenase (COX) inhibitors are commonly administered to horses 

with colic to prevent production of prostaglandins caused by the release of endotoxin; however, 

PGE2 and PGI2 have been demonstrated to stimulate repair of injured intestine.24 In the first Ussing 

chamber study of the equine jejunum, ischemia was experimentally induced for one hour and the 

jejunal samples were incubated with the non-specific COX inhibitor flunixin or the COX-2 specific 

inhibitor etodolac.24 Transepithelial resistance was significantly higher in tissues treated with 

etodolac compared to flunixin, since etodolac allowed continued production of PGE2 and PGI2. 

Another study used two hours of experimental jejunal ischemia to evaluate permeability to 

endotoxin and the effects of flunixin, and found that ischemia increased permeability to endotoxin, 

but incubation with flunixin did not.25 
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In another comparison of COX-inhibitors, horses underwent two hours of jejunal ischemia, 

were euthanized, and samples were mounted on Ussing chambers and co-incubated with flunixin 

(non-specific COX inhibitor) or deracoxib (COX-2 specific).26 The TER of control samples 

recovered significantly, but not when incubated with flunixin or deracoxib. However, permeability 

of flunixin-treated tissues was higher than that of control or deracoxib-treated tissues as determined 

by mannitol flux. The TER of flunixin-treated tissues was restored when exposed to the PGE1 

analog misoprostol. These results suggested administration of flunixin may result in prolonged 

permeability defects in intestinal mucosa recovering from ischemia in horses, and that addition of 

misoprostol or replacement of flunixin with deracoxib may ameliorate the effects of COX 

inhibitors on mucosa. Similarly, in another experiment evaluating flunixin’s effects on TER, 18 

horses received either saline, flunixin, or meloxicam one hour before a two-hour ischemia period 

and allowed to recover for 18 hours. TER was significantly lower in the flunixin group compared 

to uninjured controls and meloxicam horses. These data suggested that administration of 

meloxicam may be a useful alternative to flunixin for horses with colic.27 

Once the deleterious effects of flunixin on small intestinal TER in experimental ischemia 

have been well-established, investigations began to evaluate ways to minimize these effects. In 

one experiment, 18 horses underwent two hours of ischemia and received saline, flunixin, of 

firocoxib in vivo (6 horses per group), and allowed to recover for 18 hours.28 Resistance was 

significantly lower and permeability to lipopolysaccharide was significantly higher in horses 

receiving flunixin compared to saline- or firocoxib-treated horses. These results demonstrated that 

flunixin slowed mucosal recovery in ischemic-injured jejunum, and that firocoxib may be 

advantageous in horses recovering from ischemic intestinal injury. A similar study of 24 horses 

administered saline, flunixin, lidocaine, or a combination of flunixin and lidocaine prior to two 
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hours of ischemia and 18 hours of recovery.29 Resistance was significantly higher in horses treated 

with saline, lidocaine, or flunixin and lidocaine compared to those treated with flunixin alone, 

suggesting that lidocaine ameliorates the inhibitory effects of flunixin on recovery of ischemic 

mucosa. 

Ussing chambers have also been used to study novel drug therapies to evaluate intestinal 

response to ischemia. One study compared the effects of flunixin and AHI-805, an aza-

thiabenzoazulene derivative, on tissue resistance of the small intestine. Following two hours of 

ischemia, tissues were mounted on chambers and co-incubated with DMSO, flunixin, or AHI-805 

for four hours. Transepithelial resistance was significantly lower in both flunixin- and AHI-805-

treated groups compared to controls, suggesting that AHI-805 may not be a suitable candidate for 

treatment of equine colic.30 

One of the common debates surrounding strangulating intestinal lesions in horses is the 

concept of “low-flow” vs. “no-flow.” This discussion centers on how blood flow is occluded in 

the horse: in experimental models, the vessels are often ligated or clamped simultaneously (e.g. 

“no-flow”). However, the more likely condition that happens in vivo is a the “low-flow” scenario, 

where occlusion to the vein happens prior to occlusion of the artery due to their difference in pulse 

pressures, resulting in the hemorrhage seen on histomorphometry in clinical cases. One study used 

Ussing chambers to evaluate differences in bioelectric properties between low flow (80%) vs no 

flow (100%) and found a significant reduction in Isc following two hours of ischemia, with minimal 

recovery following two hours of reperfusion.31 Conductance similarly increased significantly 

without returning to normal, and was the only measured outcome that was significantly different 

between the low-flow and no-flow groups on Ussing chamber analysis. 
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Another study used Ussing chambers to evaluate the difference made by 

“postconditioning,” where blood flow is intermittently restored to reduce the chances of an 

overwhelming efflux of proinflammatory cytokines. In this study, horses underwent 90 minutes of 

jejunal ischemia, and then vessels were clamped in three cycles of 30 seconds.32 Ischemia resulted 

in increased conductance and reduction in active transport (Isc) compared to healthy control tissue. 

Postconditioning samples did not affect these values, suggesting that this treatment may be a useful 

intraoperative technique in recovery and maintenance of intestinal homeostasis. 

Aside from evaluating tissue response to ischemia, Ussing chambers have been used as a 

method for determining in vitro and in vivo correlations to screen drugs before development in 

horses. In one study, cephalexin, marbofloxacin, metronidazole, and fluconazole were evaluated 

for their physicochemical and bioavailability properties.33 These drugs were ranked in order of 

permeability, and the results correlated with their bioavailability and molecular weight of the 

compounds. Interestingly, metronidazole was the most permeable, and induced a decrease in the 

resistance, suggestive of possible tissue toxicity, which may have falsely increased its 

permeability. This study identified the Ussing chamber as a promising method for determining 

mucosal permeability in the horse. A similar study used Ussing chambers as a method for ex vivo 

evaluation of methadone absorption in horses.34 Methadone is an effective opioid analgesic, but 

has limited absorption in horses compared to other species. This impairment was believed to be 

due to the presence of the transmembrane protein P-glycoprotein in the equine small intestine. This 

study supported this inhibitory relationship by co-incubating equine jejunum from six horses in 

Ussing chambers in methadone with verapamil, an inhibitor of P-glycoprotein, which increase 

mucosal-to-serosal flux of methadone. These results supported an inhibitory role of P-glycoprotein 

in the poor absorption of methadone in horses. 



 

20 

 

Ussing chambers have also been used as a method of ex vivo testing for intestinal response 

to toxic substances. Ingestion of hypoglycin A is required in the pathogenesis of atypical myopathy 

in horses. Ussing chambers were used to evaluate substances (activated charcoal composition, di-

tri-octahedral smectite, mineral oil, and activated charcoal) for their binding capacity against 

hypoglycin A and identified the activated charcoal substances as having the highest binding 

capacity.35 These results provide evidence for the oral administration of activated charcoal 

following suspected hypoglycin A ingestion, and have been used to help guide treatment in horses 

affected by atypical myopathy in the acute stage of intoxication. 

Ussing chambers have been extensively used to study ion transport across the small 

intestine in horses. In one study, segments of jejunum were mounted and sodium and potassium 

channels were blocked with amiloride tetraethylammonium chloride (TEA), and barium 

respectively.9 Chloride secretion was then stimulated with carbachol and forskolin, resulting in a 

significant increase in Isc. Chloride channels were then blocked, and glucose, L-alanine, and 

glycyl-L-glutamine were administered, which resulted in an increase in Isc, which was significantly 

different at a higher pH (7.4) compared to a lower pH (5.4). These results indicated that chloride 

secretion in horses differs from other species and suggest a sodium-dependent glucose 

cotransporter. Similarly, another study used radiolabelled dipeptide glycylglutamine (Gly-Glyn) 

to determine peptide transport in equine jejunum.36 Jejunum from 16 horses was mounted on 

Ussing chambers and radiolabelled Gly-Glyn was added, which increased Isc compared to addition 

of glycylsarcosine (Gly-Sar), which suggested that these dipeptides compete for the same transport 

system. Luminal pH had no effect, and there was an uphill transport of Gly-Glyn against a pH 

gradient, but not a sodium gradient. These studies suggested the presence of at least two transport 

systems, one secondary active proton-mediated cotransport and one mechanism energized not by 
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either protons or sodium. In one study comparing jejunal permeability across animal species, 

ponies were found to have a higher permeability to acetaminophen and ketoprofen than dogs or 

turkeys, but lower than that of pigs.37 However, there are significant physiologic differences 

between horses and ponies, and the animals in that study were fasted overnight prior to euthanasia. 

 

Ussing studies of the large intestine of the horse 

Like the small intestine, Ussing chamber studies of the equine large intestine have primarily 

evaluated tissue response to ischemia, but also include acidic injury, ion transport, nutrition, and 

parasitism. The first large colon study involving Ussing chambers incubated segments of healthy 

right ventral colon with flunixin and indomethacin, resulting in a two-thirds reduction in Isc.
38 

Coincubation with flunixin and 10 µM prostaglandin E2 restored Isc close to normal control value. 

Incubation with prostaglandin E2 alone did not change Isc, and flunixin administered in vivo prior 

to euthanasia also decreased Isc. These experiments provided evidence that flunixin administered 

intravenously or as a bathing solution decreases Isc in the equine right ventral colon by a 

mechanism that seems to involve prostaglandin-mediated chloride secretion, suggesting that 

flunixin is capable of blocking section in the equine colon, and provides evidence that inhibition 

of prostaglandin synthesis may contribute to mucosal disorders such as ulcers and colitis in horses. 

This was later followed by a study that evaluated flunixin in ischemic colon.39 Following two hours 

of ischemia, horses received either saline or flunixin and were allowed to recover for 18 hours. No 

differences in TER, mannitol flux, histology, or expressions of COX-1 or COX-2 were identified 

between treatment groups. The TER declined in nonischemic tissues, but increased in ischemic 

tissues. These results suggest that continued use of flunixin in horses with colonic ischemia is 

justified, though the short duration of ischemia may not have been representative of clinical injury. 
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In another study of the effect of flunixin on equine colonic ischemia and reperfusion injury, 

ischemia of the pelvic flexure was induced for two hours in 14 healthy horses.40 Pelvic flexure 

samples were collected 18 hours later and incubated with powdered or injectable flunixin, with no 

significant differences in TER or mannitol flux between flunixin-treated samples and untreated 

controls. These results were used to support the continued use of flunixin in naturally-occurring 

ischemic diseases of the large colon in the horse. 

In a similar study, six horses were subjected to 60 minutes of pelvic flexure ischemia, 

followed by four hours of reperfusion.41 Samples were incubated in Krebs Ringer Buffer (KRB), 

KRB with n-acetyl-cystein (NAC), or modified organ transplant solution (MOTS), and TER and 

mannitol flux were evaluated. The TER and mannitol flux of ischemic tissues were lower than 

reperfused and control tissues. Neither TER nor mannitol flux was significantly affected by choice 

of incubation solution. This model identified ischemic damage, but reperfusion injury was not 

observed due to short period of ischemia. Ischemia of the large colon represents a significant 

source of surgical colic with a poor prognosis without surgical intervention in the horse.  

Other mechanisms of injury to the equine colon that have been evaluated with Ussing 

chambers include oxidative injury and exposure to acidic conditions. Reactive oxygen metabolites 

(ROMs) are thought to play a role in the pathophysiology of large colon volvulus and enterocolitis 

in the horse. In a study of 18 healthy horses, segments of the right ventral colon were incubated 

with superoxide or hydroxyl radicals with and without flunixin.42 Addition of ROMs significantly 

increased short circuit current, except in tissues incubated with flunixin, and induced epithelial 

vacuolation and apoptosis without altering conductance, lactate dehydrogenase release, or 

mannitol flux. The blocking of ROM damage by flunixin confirmed a role of prostaglandins in 

ROM-induced changes in colonic ion transport, suspected to be due to altered chloride secretion 
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and decrease in NaCl absorption.42 Similarly, large colon volvulus leads to production of ROMs, 

including hypochlorous acid (HOCl), generated by myeloperoxidase.  Ascorbic acid (vitamin C) 

has been shown to mitigate the harmful effects of HOCl. Incubation of right ventral colon samples 

from healthy ponies in 1mM HOCl demonstration increased short circuit current and mild surface 

epithelial damage; these were abolished when co-incubated with 5mM ascorbic acid and 1mM 

HOCl. Increased short circuit current, conductance, mannitol permeability, and histologic damage 

were exacerbated with increasing concentrations of HOCl, and again mitigated with increasing 

concentrations of ascorbic acid. These results suggest ascorbic acid may be an attractive 

therapeutic in cases of large colon volvulus; however, this study did not use an ischemic model of 

disease, and no studies evaluating efficacy of ascorbic acid administration in the treatment of 

equine large colon volvulus have been performed.43 

In addition to oxygen metabolites, samples from the large colon have been subjected to 

acidic environments and their response evaluated on Ussing chambers. One study exposed samples 

from healthy pelvic flexure to damage from bile acids (1.5 mmol/L deoxycholate) and identified a 

significant production of prostanoids after injury. The samples were then treated with flunixin and 

etodolac, which had no effect on recovery. There was an increase in mucosal permeability when 

subjected to flunixin, but not etodolac, despite significantly depressed prostanoid production in 

both cases. These results suggested that recovery from bile-injury may be independent of COX-

elaborated prostanoids, and that administration of nonselective COX inhibitors still increases 

colonic permeability.44 A similar study incubated healthy sections from right dorsal colon of nine 

horses in 3mM HOCl and transferred them to Ussing chambers to be incubated in phenylbutazone, 

indomethacin, indomethacin and PGE2, glutamine, and butyrate.  The HOCl induced significant 

injury, evidenced by lower TER and increased permeability to mannitol, but addition of glutamine 
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improved TER. There was a non-significant trend toward increasing TER for tissues incubated in 

phenylbutazone and indomethacin, and no effect was seen for butyrate and PGE2. These results 

suggested that phenylbutazone and indomethacin do not seem to interfere with restitution, and 

glutamine could facilitate mucosal restitution in cases of large colon ischemia.45 

Ussing studies of ion transport in large colon of the horse have met with some difficulty, 

as in vitro studies of NaCl transport in the equine ascending colon have difficulty reproducing the 

NaCl transportation described in in vivo studies. This process was shown to be prostanoid-

dependent when negligible NaCl transport in proximal colonic tissues incubated in Ringer’s 

solution compared to significantly increased absorption when incubated with 1 µM indomethacin 

and 0.1mM ibuprofen solutions.46 Addition of 1mM amiloride on the mucosal side eliminated 

NaCl transport without affecting Isc, as did serosal addition of 0.1 µM prostaglandin E2 and 10mM 

mucosal and serosal theophylline. These findings indicated that NaCl absorption in equine 

ascending colon is electroneutral in vivo, but that endogenous prostanoids abolish NaCl absorption 

in vitro. 

The difficulties inherent in studying equine colonic ion transport may be due to a difference 

in tissue reactions to the same stimulus. In one study, segments of right dorsal and right ventral 

colon were harvested under general anesthesia, incubated with indomethacin, exposed to PGE2 

after 30 minutes, and then exposed to bumetanide and amiloride.6 The right ventral colon 

demonstrated an increased Isc following exposure to PGE2, which was reduced following addition 

of bumetanide. However, the right ventral colon demonstrated two different responses: “RDC-1” 

which showed a similar response as that of the right ventral colon, and RDC-2 (consisting of 80% 

of samples), which showed an initial deflection followed by a significantly lower peak than RDC-

1. Addition of amiloride had no effect on Isc. In the second portion of the experiment, samples from 
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the right dorsal and right ventral colon were acquired immediately after euthanasia into control 

solution or incubated with indomethacin or firocoxib.  Bioelectric properties were similar between 

samples from horses collected under general anesthesia and those collected immediately after 

euthanasia. Addition of furosemide caused a decrease in Isc similar to bumetanide in the first part 

of the experiment. Prevalence of the RDC-2 response was 70% for indomethacin and 50% for 

firocoxib. This study identified different responses to PGE2 and non-steroidal anti-inflammatory 

drugs (NSAIDs) between the right dorsal and right ventral colon.  Administration of NSAIDs may 

inhibit secretion of anions (e.g. Cl and HCO3), leaving the colon vulnerable to injury. 

Like oxidative and acidic injury, the normal process of fermentation in the equine large 

colon can result in compounds that may cause nutritional injury to the colon. One study identified 

differences between species in fluxes of short chain fatty acids in the cecum, proximal, and distal 

colons of pigs, sheep, and ponies compared to horses.11 Segmental differences between intestinal 

segments were most pronounced in the guinea pig and less common in other species.  Addition of 

amiloride, which inhibits Na/H exchange, decreased mucosal-to-serosal fluxes of short-chain fatty 

acids for guinea pigs, but less so in other species. Inhibition of K/H-ATPase by ouabain decreased 

mucosal-to-serosal flux in guinea pigs extensively, but not in the other species studied. A similar 

study incubated samples from the right ventral colon of four healthy ponies with cecal contents 

with and without addition of corn starch.47 Incubation of contents with corn starch resulted in 

decrease in cecal content pH and increased lactic acid. Tissue conductance increased and 

permeability to Technetium Tc 99m pentetate increased when incubated corn starch. These results 

suggested that fermentation of excessive carbohydrates may increase intestinal permeability and 

contribute to carbohydrate-induced laminitis. 
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Parasitism can also cause injury to the large colon, and the effects on bioelectric properties 

have been described. Ussing chambers identified reduced sodium and chloride absorption in large 

and small colon samples from horses with naturally occurring infections from Ehrlichia risticii 

(Potomac horse fever), which likely contributes to the diarrhea seen in these cases.48 Serosal 

coincubation with the parasympathomimetic muscarinic cholinergic agonist bethanechol (with 

prior tetrodotoxin treatment) and the secretory mediator histamine demonstrated a concentration-

dependent increase in short circuit current, though this effect was decreased in infected tissues 

compared to healthy controls. These results, combined with increased cAMP concentrations 

identified in infected tissues, suggests that E. risticii induces focal degeneration with associated 

malabsorption of sodium and chloride in horses with Potomac Horse Fever. 

 

Ussing studies involving multiple segments of intestine from the horse 

In studies evaluating multiple sections of intestine from the horse, the predominant subject 

has been evaluation of ion transport. One study evaluated calcium transport across the duodenum, 

jejunum, ileum, cecum, right ventral colon, right dorsal colon, and small colon of eight horses.49 

Net calcium flux rates were highly variable between individuals, and was positive only in the 

duodenum (suggesting net absorption), while net flux rates were negative in the other intestinal 

segments (suggesting net secretion). By evaluating protein and mRNA expression patterns of 

calcium receptors, this study identified a passive paracellular pathway and an active vitamin D-

dependent transcellular pathway, and emphasized the duodenum as the major site for calcium 

absorption in the horse. A similar study evaluated calcium transport in the duodenum, jejunum, 

cecum, and right dorsal colon of 12 horses.50 Net calcium flux was highest in duodenum, and 

decreased in each segment in an aborad direction. There was a lack of correlation between mannitol 
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and calcium flux, supporting the transcellular movement of calcium in the small intestine and 

cecum. The large intestine, however, showed a primarily paracellular transport. This study 

expanded our knowledge of calcium transport by identifying novel regulatory proteins, including 

B-box, SPRY-domain containing proteins, and calmodulin. 

Other studies have characterized intestinal calcium and phosphorous transport in the duodenum, 

jejunum, cecum, and dorsal colon of horses using radioisotopes.51 The Isc and conductance were 

significantly different between intestinal segments. The duodenum showed the highest active 

calcium absorption. This study also identified TRPV6, calbindin-D9k, and PMCA as the primary 

channels involved in active transcellular calcium transport. In a study of phosphate transport, 

samples from the duodenum, jejunum, cecum, and right dorsal colon of 12 horses were mounted 

on Ussing chambers.10 Basal net flux rates of phosphate were significantly different between 

intestinal segments, with negative flux rates indicative of phosphate secretion. The pathway for 

secretion was determined to be primarily transcellular for both small and large intestine, evidenced 

by a lack of correlation between phosphate and mannitol serosal-to-mucosal flux rates. Using PCR, 

this study identified NaPiIIb as a major transporter of phosphate in the large intestine, and PiT1 as 

the major phosphate transporter of the small intestine. 

Investigation of the effect of lidocaine on ischemia of the small and large intestine 

identified significant changes in resistance.52 Ischemia was induced in the jejunum and large colon 

via arterial, venous, and mural occlusion for four hours. The TER was higher in control tissues at 

0 hours compared to control tissue at four hours and manipulated tissue at four hours, underscoring 

the importance of the remote inflammatory response. The TER was similar between lidocaine- and 

saline-treated groups at 4 hours. This study also identified an increase in permeability to mannitol 
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in manipulated and control tissues at 4 hours. The results of this study suggested that lidocaine 

does not consistently reduce neutrophil infiltration in the jejunum. 

In a study evaluating the effect of body condition on permeability, tissue samples from the 

jejunum, ileum, cecum, pelvic flexure, and right dorsal colon were acquired from 13 horses (7 

obese and 6 lean) aged 8-15 years.53 Following completion of an oral sugar test, six horses had 

evidence of insulin dysregulation, but TER was not different in any intestinal segment between 

obese and lean horses. Obese horses had a significantly higher LPS flux across jejunum compared 

to lean horses and may therefore be at higher risk from chronic exposure to LPS. 

 

Non-gastrointestinal Ussing chamber studies in horses 

Ussing chamber studies of samples from horses not pertaining to the gastrointestinal tract 

have predominantly involved the respiratory epithelium. One study evaluated unstimulated 

electrolyte transport across tracheal mucosa.54 Baseline bioelectric properties identified an Isc of -

149 µA/cm2, potential difference of -34mV, and TER of 250. Addition of amiloride reduced Isc by 

65%, and substitution of Na+ with choline reduced Isc by 80%, indicating that part of the Na+-

dependent current was amiloride-insensitive. This study characterized equine tracheal mucosa as 

anion-selective with highly active Na+ absorption and little evidence of Cl- secretion. A similar 

study identified resting Isc at 70-200 µA/cm2, and resting potential difference at 10-20 mV.55 

Mucosal amiloride (10 µM) caused a 40-60% decrease in Isc and inhibited sodium absorption by 

95%. This study determined that sodium absorption depends on amiloride-sensitive channels in 

the apical membrane, chloride secretion occurs via a parallel exchange mechanism that is sensitive 

to bumetanide, and chloride secretion is dependent on potassium channels in the basolateral 

membrane. Further ion transport studies identified changes to Isc and TER following incubation of 
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tracheal epithelium with histamine.56 Addition of 10 µM histamine on the mucosal surface of 

equine tracheal epithelium inhibited sodium absorption by 42% and stimulated chloride secretion 

by 106%. Addition of 2 µM diphenhydramine inhibited this response, whereas 100 µM mucosal 

cimetidine had no effect. Addition of serosal bumetanide decreased chloride secretion by 70%, and 

mucosal amiloride prolonged the effects of mucosal histamine. These results suggested that 

histamine stimulates chloride secretion and inhibits sodium absorption. 

Similar studies have evaluated the effects of anti-inflammatory drugs on respiratory 

epithelium. One study evaluated anti-inflammatory leukotriene (LT) C4 on ion transport using 22Na 

and 36Cl isotope fluxes on Ussing chambers.7 Incubation with LTC4 increased Isc alone and when 

pretreated with amiloride, but LTC4 decreased Isc following pretreatment with bumetanide.  This 

resulted in an increase in chloride secretion through a predominately bumetanide-sensitive 

pathway. The results of this study suggest that LTC4 may be a potential mediator of airway 

hypersecretion. 

In a study of equine anhidrosis, cultured sweat glands from sweating and non-sweating 

horses from the UK and Singapore were loaded onto Ussing chambers to quantify TER and 

electrolyte transport.57 TER was not significantly different between geographic locations but was 

significantly reduced in non-sweating horses compared to free-sweating horses. The Isc increased 

following addition of purinergic compounds, but this increase was markedly reduced in samples 

from anhidrotic horses. These results suggest that failure of the β-adrenergic and purinoceptor 

pathways are involved in the development of anhidrosis in horses. 
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Materials & Methods 

Seromuscular stripping 

As most Ussing chamber studies of horse intestine focus on ion transport, the seromuscular 

layer is often separated or “stripped” to minimize effects from the intrinsic neuromuscular system. 

This process involves removal of the serosa (visceral peritoneum) and muscular portions of the 

intestinal wall, leaving the underlying mucosa and submucosa to be mounted on the chambers. 

This stripping results in activation of phospholipase C or A2 and subsequent damage to the 

submucosal layer via release of arachidonic acid and eicosanoid generation, which can affect NaCl 

absorption, CFR activation, and calcium transportation.2 For this reason, it is recommended 

incubating equine tissue in ice-cold solution immediately following excision for 10 min prior to 

stripping. 

Methods of seromuscular stripping in other species include scraping the serosa with a glass 

microscope slide, or by using a taught thread placed longitudinally between the mucosal and 

muscular layers to separate them. The intestines of the horse contain thick collagenous bands 

between the submucosa and seromuscular layer compared to other species (e.g. mice and pigs), 

and these bands are subjectively more numerous and robust in the small intestine compared to the 

large intestine in the horse. To combat this, the intestine can be pinned to the bottom of a rubber-

plated dissection tray with 18ga needles. The seromuscular layer is then superficially transected 

with a scalpel, razor blade, or dissection scissors, and this plane of dissection is continued along 

the length of intestinal sample (Figure 2.1).  
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Figure 2.1 – Seromuscular stripping of the equine small intestine. Note the thick cartilaginous 

bands that are being severed with scissors (black arrow).  

Measurements across equine intestinal segments 

Intestinal samples from horses (n = 5) euthanized for reasons unrelated to gastrointestinal 

disease were collected. Samples were acquired from four intestinal segments including the mid-

duodenum, mid-ileum, pelvic flexure, and between the lateral and ventral bands of the right dorsal 

colon, and placed in pre-oxygenated equine Ringer’s solution (Table 2.2). Samples were then 

mounted on Ussing chambers (n = 2 chambers per segment) for two hours. Short circuit current 

(Isc), voltage (V), conductance (G) and resistance (R), and horse signalment were recorded. 

 

Data analysis 

Data are reported as means with 95% confidence intervals. A two-way analysis of variance 

with intestinal segment and time as factors was performed with post-hoc Tukey’s test. Differences 

were considered significant when p < 0.05.  All data analysis was completed using a commercially 

available software (GraphPad Prism v10).  
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Results 

Intestinal segments from five Thoroughbred horses were included in the study.  The sexes 

comprised of three mares and two geldings, with a mean age of 6.6 years. Mean ± 95% confidence 

intervals of short circuit current (Isc), voltage (V), conductance (G) and resistance (R) of each 

intestinal segment are presented in Table 2.3 and Figures 2.2-2.5.  

Mean Isc was significantly higher in the jejunum (Figure 2.2) at -0.04 µA/cm2 compared to 

other intestinal segments (p < 0.0001). Mean V was significantly lower in the right dorsal colon 

(Figure 2.3) at -8mV compared to other intestinal segments (p < 0.0001). Mean G was significantly 

higher for the pelvic flexure (Figure 2.4) at 43.83 ± 2.21 mS/cm2 (p < 0.0001). Mean R was 

significantly lower for the pelvic flexure (Figure 2.5) at 33.27 ± 0.54 Ω•cm2 compared to other 

regions. 

 

 
Figure 2.2 – Average short circuit current for each segment of equine intestine. Jej = jejunum; 

Ile = ileum; PF = pelvic flexure; RDC = right dorsal colon 
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Figure 2.3 – Average potential difference for each segment of equine intestine. Jej = jejunum; Ile 

= ileum; PF = pelvic flexure; RDC = right dorsal colon 

 

 
Figure 2.4 – Average conductance for each segment of equine intestine. Jej = jejunum; Ile = ileum; 

PF = pelvic flexure; RDC = right dorsal colon 

 
Figure 2.5 – Average transepithelial resistance for each segment of equine intestine. Jej = jejunum; 

Ile = ileum; PF = pelvic flexure; RDC = right dorsal colon  
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Discussion 

This study represents the first review of Ussing chamber studies and the technique involved 

for gastrointestinal studies in the horse. Ussing chambers have been used to study ion transport, 

tissue response to ischemia, and model or test pharmaceutical compounds ex vivo. 

In our study, mean short circuit current (Isc) was significantly higher in the jejunum 

compared to other intestinal segments (p < 0.0001). This corresponds with previously published 

studies, in which the duodenum is primarily responsible for ion transport, compared to the large 

intestine which has primary roles in fermentation and water absorption. Our study demonstrated a 

significantly lower potential difference (V) in the right dorsal colon compared to other intestinal 

segments (p < 0.0001). Given that the right dorsal colon serves primary functions in fermentation 

and water reabsorption, it stands to reason that there isn’t as much voltage required to achieve a 

net current of zero and that it would therefore have the lowest potential difference required of the 

intestinal segments studied. Mean conductance (G) was significantly higher (p < 0.0001) and mean 

transepithelial resistance (TER, R) was significantly lower (p < 0.0001) for the pelvic flexure 

compared to other segments. Conductance and resistance are inverse of each other, and it therefore 

stands to reason that this relationship should occur. Furthermore, our results suggest that resistance 

is lowest at the pelvic flexure, which is likely due to its primary role in fermentation and absorption 

of short-chain volatile fatty acids; however, this relationship has not been previously described, 

and more study is needed. 

The primary limitation of this study is that samples were analyzed in duplicate due to 

limited availability of Ussing chambers, whereas most Ussing studies run tests in triplicate. 

In conclusion, significant differences in bioelectric properties exist between segments of 

intestine in the horse. Future studies should include analysis of ischemia from clinical cases. 
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Table 2.1 – Summary of baseline bioelectric properties, treatment or condition, and change in 

measured values for gastrointestinal Ussing studies in the horse. 

Reference Pre Treatment or 

Condition 

Post 

 Isc 

(µA) 

PD 

(mV) 

G 

(mmhos/cm2) 

R 

(Ω/cm2) 

 Isc 

(µA) 

PD 

(mV) 

G R 

(Ω/cm2) 

Stomach          

Andrews et 

al [2006] 

25-

150 

17-

25 

-- 1500-

2500 

Various VFAs 

(5-40mM) at 

various pH 

(1.5-7) 

-50 -

125 

10-

23 

-- 1500-

4500 

Andrews et 

al [2008] 

80-

150 

21-

25 

0.4-0.6 -- Lactate (5-40 

mmol/L) at 

various pH 

(1.5-7) 

50-

125 

15-

25 

0.3-

0.8 

-- 

Berschneider 

et al 

-- 15-

21 

-- -- HCl + bile 

salts 

(0.3mmol/L) 

-- 10-

15 

-- -- 
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Table 2.1 (continued). 

Cehak et al -0.07 

µEq/h/cm2 

-- 3.75 

mS/cm2 

-- Butyric acid 

(glandular) 

-

0.05 

-- 3 -- 

 0.58 -- 0.8 -- Butyric acid 

(nonglandular) 

0.6 -- 0.6 -- 

Morrissey et 

al 

10.5 -16 -- -- Bradykinin (non-

glandular) 

10.4 -

16.5 

-- -- 

 1.6 -

0.3 

-- -- Bradykinin 

(glandular) 

1.8 -0.3 -- -- 

Nadeau (A) 

AJVR 2003 

10-12 12-

14 

-- 1500-

2000 

HCl and VFAs 

(nonglandular) 

6-11 8-

15 

-- 1500-

2500 

Nadeau (B) 

AJVR 2003 

3-15 -- -- 1500-

4500 

HCl and VFAs 

(nonglandular) 

-2 - 

12 

-- -- 2000-

4000 

Peretich -- -- -- -- HCl and VFAs 

(nonglandular) 

-- -- -- -- 

Widenhouse -15-(-8) 15-

20 

-- -- HCl + pepsin + 

taurochlorate 

(nonglandular) 

-7 - 

5 

-3-

15 

-- -- 
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Table 2.1 (continued). 

Small Intestine 

Campbell -- -

- 

-- 40-

70 

1h Ischemia + flunixin or etodolac -- -

- 

-- 40-60 

Cehak -- -

- 

-- -- Radiolabelled Gly-Gln -- -

- 

-- 3-fold 

change 

Cehak -1 -

- 

20 -- Ion transport study 1 -

- 

20 -- 

Cook 2008 -11 - 5 -

- 

-- 40-

80 

2 Hours ischemia; flunixin vs 

firocoxib 

0 -

- 

-- 50-120 

Cook EVJ 

2008 

-- -

- 

-- 40-

80 

2 hours ischemia, flunixin + 

lidocaine 

-- -

- 

-- 50-110 

Davis -- -

- 

-- 25-

75 

Water-soluble drugs -- -

- 

-- 35-60 

Grages 2 -

- 

20 -- Low-flow vs No-flow ischemia 

and reperfusion 

0 – 

0.5 

-

- 

40 -- 

Krageloh -0.5 – 

0.5 

-

- 

-- -- Hypoglyin A -0.5 - 

1 

-

- 

-- -- 

Little -- -

- 

-- 55-

94 

Saline, flunixin, or meloxicam -- -

- 

-- 46-104 

Linardi -- -

- 

-- -- Methadone + verapamil -- -

- 

-- -- 
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Table 2.1 (continued). 

Marshall -- -- -- 25-

70 

Flunixin + AHI-805 -- -- -- 25-

65 

Neirinckx -- 5.8 -- 175 None -- 12.9 -- 180 

Tomlinson -- -- -- 35-

70 

Flunixin + deracoxib -- -- -- 35-

60 

Tomlinson -- -- -- 35-

70 

Flunixin + LPS -- -- -- 35-

65 

Verhaar -0.4-

0.3 

-- 13.7-

26.1 

-- Ischemia and Post-

conditioning 

3.1-

3.4 

-- 18.7-

32.1 

-- 

Large Intestine 

Campbell -- -- -- 40-

80 

Flunixin/Etodolac on bile-

injured colon 

-- -- -- 60-

180 

Clarke 0.8 -- -- -- NaCl absorption after 

indomethacin 

1.3 -- -- -- 

Freeman 

1997 

30-70 -- -- -- NaCl absorption after 

flunixin 

15-

45 

-- -- -- 

Graham -- -- -- 50-

175 

Ischemia & Reperfusion -- -- -- 25-

150 
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Table 2.1 (continued) 

Inoue 2007 30-50 -

- 

6.0 -- Ischemia & Reperfusion 35-60 -

- 

6.9 -- 

Inoue 1998 35-45 -

- 

4-

5 

-- HCl and Ascorbic acid 40 -

- 

10-

12 

-- 

Matyjaszek -- -

- 

-- 50-

150 

Saline vs Flunixin after colonic 

ischemia 

-- -

- 

-- 75-

100 

Morton -- -

- 

-- 50-

75 

Saline vs Flunixin after colonic 

ischemia 

-- -

- 

-- 75-

125 

Rikihasa -- -

- 

-- -- Potomac horse fever vs healthy horses -- -

- 

-- -- 

Rotting -- -

- 

-- 40-

130 

HOCl-injured colon incubated with 

phenylbutazone, indomethacin, 

indomethacin + PGE2, glutamine, or 

butyrate 

-- -

- 

-- 60-

120 

Vinijkumthorn 21-32 -

- 

-- -- RVC or RDC in indomethacin or 

firocoxib 

27-59 -

- 

-- -- 

vonEngelhardt 0.07-

1.09 

-

- 

-- -- Short-chain fatty acids, amiloride -1.06 

- 1.01 

-

- 

-- -- 
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Table 2.1 (continued). 

Weiss 40-50 -

- 

0-1 -- Cecal contents +/- corn 

starch 

45 -- -5 - 

10 

-- 

Multiple Segments 

Bauck -- -

- 

-- 90-115 Saline or lidocaine -- -- -- 90-290 

Cehak -0.59 – 

0.78 

-

- 

11.9 – 

34.6 

-- Ca/P Transport ± 

1.57 

-- -- -- 

Kopper -- -

- 

-- 150-

200 

Body condition (obese 

or lean) 

-- -- -- 150-

200 

Muscher-

Banse 

-- -

- 

-- -- Phosphate flux rates -- -- -- -- 

Sprekeler -- -

- 

-- -- Calcium flux rates -- --

- 

-- -- 

Wilkens -- -

- 

-- -- Calcium flux rates -- -- -- -- 
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Table 2.2 – Mean and 95% CI for each value measured in our study. Asterisks denote statistical 

significance (p < 0.05). 

 Isc V G R 

Jejunum -0.0379 ± 0.0007* 0.57 ± 0.21 26.02 ± 0.23 41.77 ± 0.54 

Ileum -0.0547 ± 0.0008 0.53 ± 0.04 27.83 ± 0.51 45.48 ± 0.53 

Pelvic Flexure -0.0569 ± 0.0006 1.42 ± 0.03 43.83 ± 2.21* 33.27 ± 0.54* 

Right Dorsal Colon -0.0586 ± 0.0009 -8.21 ± 0.05* 37.39 ± 1.55 44.97 ± 0.71 
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Table 2.3 – Components of Equine Ringer’s Solution 

Equine Ringers Stock Solution 

 

Objective: Make equine Ringers stock solutions  

 

Calculations: 

STOCK 1: 

 FW M stock g/2L [final mM] 

NaCl 58.44 2.284 266.95 114.0 

KCl 74.58 0.100 14.91 5.00 

CaCl2 147.02 0.025 7.35 1.25 

MgCl2 203.3 0.022 8.95 1.10 

STOCK 2: 

 FW M stock g/2L [final mM] 

NaHCO3 84.01 0.50 84.00 25.00 

NaH2PO4 120.00 0.006 1.44 0.3 

Na2HPO4 141.96 0.033 9.369 1.65 

mOsmol Tally: 

Na     142.6 

K     5.00 

Cl     123.7 

Ca     1.25 

Mg     1.10 

H2PO4     0.3 

HPO4        1.65 

HCO3     25.00 

     300.6 

+glucose  10 

     310.6 

Procedure:  

Preparation for 2L: 

1) Add 500mL DI water to 2L cylinder 

2) Measure 100mL of Stock 1 in small (100mL) cylinder and pour into 2L cylinder (if 

glucose Ringers is desired, add 3.604g of glucose) 

3) Add DI water to small (100mL) cylinder to rise several times & pour into 2L cylinder 

4) Add more water to 2L cylinder to bring volume  up to 1400mL 

5) Measure 100mL of Stock 2 in small (100mL) cylinder and pour into 2L cylinder 

6) Rinse cylinder and pour this water into 2L cylinder to bring volume up to 2L 

7) pH will adjust to 7.4 with addition of 5% CO2 
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CHAPTER 3 

A proximal-to-distal survey of healthy porcine small intestine and colon epithelium 

by single-cell transcriptomics 
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Introduction 

 

Transcriptomics is the study of expression, regulation, and function of messenger RNA 

(Figure 3.1). There are three subcategories of RNA analysis within the broad category of 

transcriptomics, including bulk sequencing, single-cell sequencing, and spatial transcriptomics, 

each with its own advantages and disadvantages. Bulk sequencing is less expensive, but does not 

indicate changes within different cell types and a sample is therefore treated as homogenous tissue. 

Spatial sequencing is useful for drawing conclusions across microanatomy or across larger 

intestinal segments, but is not practical in large animal species like pigs and horses. For this project, 

we decided to use single-cell RNA sequencing (scRNAseq) because it offers an unparalleled ability 

to characterize identities and functions of individual cells.1 Previous studies have identified a 

significant inflammatory component in the small intestine following ischemia, likely leading to 

the development of ileus. In one study, quantitative real-time PCR (qrtPCR) identified increases 

in IL-1B, IL-6, C-C motif chemokine ligand 2 (CCL2), and TNF-α in the ischemic mucosa of 

Figure 3.1 - Overview of "-omics" studies.  Genomics studies the cell's genome. Transcriptomics 

studies RNA transcription, advantageous for analyzing cellullar responses. Proteomics studies 

protein structure and sequencing. Metabolomics studies protein function and interaction. 
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jejunal resection sites of horses undergoing colic surgery.2 While qrtPCR is extremely sensitive for 

gene detection, it is limited by the requirement for target gene primers, which limits breadth of 

study; i.e. the genes for IL-1B, IL-6, CCL2, and TNF-α were detected because these are the genes 

for which primers were selected for by investigators. Transcriptomic scRNAseq surpasses other 

methodologies in this case because it identifies all genes that cells are actively expressing, and can 

be used to describe cellular responses to their environment.  

The general process for transcriptomic scRNAseq is shown in Figure 3.2. Samples are 

dissociated into single epithelial cells (Figure 3.2A) and lysed using commercially-available kits 

that preserve mRNA (Figure 3.2B). The mRNA are captured using poly-T sequence primers that 

bind to the mRNA poly-A tails (Figure 3.2C) and reverse-transcribed into complementary DNA 

(cDNA) libraries and amplified by PCR to create the sample library for sequencing (Figure 3.2D). 

The DNA library is then sequenced using commercially-available next generation sequencing 

technology (Figure 3.2E) and analyzed to interpret voluminous biological data (Figure 3.2F).3 The 

raw data are purified to remove mitochondria-associated transcriptomes (which identify apoptotic 

cells), to indicate how live cells are actively responding to their environment. Cellular 

Figure 3.2 - Overview of Single-cell RNA sequencing 
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transcriptomic profiling has emerged as an essential tool for characterizing diversity and function 

in human medical research,4 but its application in veterinary medicine has been limited.  

 

Materials & Methods 

 

Segments from the duodenum, jejunum, ileum, ascending/spiral colon, transverse colon, 

and descending colon were acquired from six pigs aged 6-8 weeks old were collected immediately 

post-mortem via penetrating captive bolt. A ventral midline incision was made and the cecum was 

identified and exteriorized. The ileocecal band was traced to the ileum, and from there to the 

jejunum and samples were acquired at these locations. The duodenum was identified by tracing 

the stomach to the pylorus, and then to the duodenum. Cecal samples were acquired between the 

medial and dorsal bands of the cecum. The ascending/spiral colon was then exteriorized and 

sampled at the central flexure, and then traced to the transverse and descending colon and sampled. 

All samples were collected into pre-oxygenated transport buffer (AdvDMEM). A 3cm x 3cm 

segment from each intestinal segment was collected and placed in an N-acetyl-L-cysteine (NAC) 

wash to remove mucus, followed by manual shaking in a dissociation buffer containing Y-27632 

dihydrochloride (a ROCK inhibitor designed to prevent apoptosis and maximize yield of live cells) 

and EDTA to chelate calcium in 10-minute stages to dissociate small intestinal villi and crypts 

from their underlying basement membrane using 50mL Falcon tubes. Once a solution of 50% 

villi/50% crypts for small intestine (100% crypts for large intestine) was obtained as determined 

Figure 3.3. Sloughing of a small intestinal villus prior to dissociation into single cells. 
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by light microscopy (Figure 3.3), the cells were subjected to protease and DNAse and passed 

through a 1mL syringe with a 28ga needle to dissociate them into single cells.   

Once confirmed at 80% single cells, the protease and DNAse were quenched with 

DMEM/F12 media and fetal bovine serum (FBS). Single cells were sorted with Annexin-V 

antibody via fluorescence-activated cell sorting (FACS) to remove dead cells and cell fragments 

until 250,000 live cells were attained per sample and placed in 15mL Falcon tubes. The single cell 

solution was then processed using a commercially-available cell fixation kit (Evercode Whole 

Transcriptome [WT] Cell Fixation v3) available from Parse Biosciences and stored at -80o until 

all samples were collected. Once all samples were collected, cells were lysed and the RNA library 

prepared by sequencing each cell to 150,000 reads (75,000 read-pairs) using an Illumina NextSeq 

500.   

After sequencing, single-cell Fastq files were aligned to the reference transcriptome (Sus 

scrofa, SS11). Heatmaps were generated showing unique markers for major lineages in all 

intestinal segments. Cell lineage was identified by generating Leiden clusters and represented as 

Uniform Manifold Approximation and Projections (UMAPs), with a Leiden resolution of 0.15 and 

k = 15 neighbors to identify subclustering of epithelial cell types. Dot plots of the five highest-

expressing members of each major receptor family by cell lineage were generated for each margin.  

Finally, partition-based graph abstraction will be performed on subclustered cell populations on a 

k-nearest neighbor graph of 20 neighbors constructed from principal components.   
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Results 

Segments from six pigs including 3 males and 3 females were successfully collected, 

processed, and analyzed. There was a significant number of immune cells in the small intestine 

compared to the large intestine. Cell counts by lineage are shown in Table 3.1 for the small and 

large intestine. 

Table 3.1 – Cell counts by lineage for each sample. AE = Absorptive enterocytes; EEC = 

enteroendocrine cells. 

Pig # Immune AE Tuft Stem BEST4 EEC Goblet Total % Immune 

Small intestine 

1 1491 111 2 2 5 3 3 1617 92 

2 760 41 - 95 7 12 18 933 81 

3 358 37 - 80 6 1 28 510 70 

4 3368 2271 71 394 204 38 243 6589 51 

5 956 90 5 17 24 24 23 1139 84 

6 878 255 16 101 56 77 45 1428 61 

Large Intestine 

1 1404 542 43 286 143 55 63 2536 55 

2 452 1577 27 444 297 7 90 2894 16 

3 194 1130 11 99 58 11 65 1568 12 

4 711 5771 94 1277 1027 38 235 9153 8 

5 99 1601 13 531 212 11 81 2548 4 

6 48 1140 5 427 158 5 104 1887 3 
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Cells grouped together by Leiden clusters are presented in Figure 3.4. There were 25 

distinct cell types identified by Leiden cluster between the small and large intestine. Clusters 0, 8, 

10, 4, 14, and 17 were identified as T cells based on CD8A marker, Cluster 40 was identified as B 

lymphocytes based on CD40 marker, and Cluster 20 was identified as macrophages based on QKI 

marker; all immune cells were excluded from analysis. Cell lineages are described in Table 3.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.4 – Leiden clusters of epithelial cell types from the 

small and large intestine of six pigs 
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Table 3.2 – Cell lineages of Leiden clusters from intestinal epithelial cells from four pigs. 

Cluster # Lineage Cluster # Lineage 

0 T cells 13 Paneth cells 

1 Stem cells 14 T cells 

2 Absorptive enterocytes 15 B cells 

3 Absorptive enterocytes 16 Tuft cells 

4 T cells 17 T cells 

5 Absorptive enterocytes 18 [missing number] 

6 Absorptive enterocytes 19 BEST4+ 

7 BEST4+ 20 Macrophages 

8 T cells 21 Stem cells 

9 Absorptive enterocytes 22 Enteroendocrine cells 

10 T cells 23 Stem cells 

11 Goblet cells 24 Stem cells 

12 Absorptive enterocytes  
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Discussion 

We were successful in our attempt to define epithelial cell lineages across the small and 

large intestine of pigs. Interestingly, there were a high proportion of immune cells in the small 

intestine of our population compared to colonic samples. This may be a result of the age of our 

population, which was freshly-weaned, and therefore constantly being exposed to new antigens. It 

also stands to reason that the small intestine would have a higher percentage of immune cells, as 

this is the first segment of intestine (aside from the stomach) to be exposed to external pathogens. 

Alternatively, the presence of gut-associated lymphoid tissue (GALT) is higher in the aborad 

jejunum and ileum. In our sampling procedure, the cecum was identified first and the ileocecal 

band/ligament traced to the ileum, and then to the jejunum. This may have resulted in our sampling 

of caudal jejunum higher in GALT, and could potentially be avoided in future experiments by 

being certain to acquire samples in the more orad portion of the jejunum. 

Some notable differences pigs and people include the different genetic markers for the 

different cell lineage types. For instance, stem cells in our study showed a significantly higher 

expression of OLFM4 compared to LGR5, which is likely due to the higher proportion of colonic 

stem cells relative to small intestinal stem cells. Absorptive enterocytes in our study were similarly 

more uniform compared to previous studies, in which distinctions could be made between early, 

intermediate, and mature absorptive enterocytes in people.5 As expected, BEST4+ cells were 

identified in both small and large intestine; these cells are under increasing scrutiny for metabolism 

of heavy metals in people, but appear absent in mice.5 

Limitations 

Limitations of this study include the high number of immune cells, which were not 

analyzed and limited analysis of epithelial cells. 
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Conclusion 

In conclusion, we were successful in our novel attempt to analyze intestinal epithelial cells 

from the small and large intestine of pigs. This study covers regional and interspecies differences, 

and reveals insight into epithelial cell response to its environment.  
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CHAPTER 4 

Review of venipuncture and intravenous catheterization techniques in pigs 
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ABSTRACT 
The number of companion pigs in the US is increasing, as is the frequency with which they present to primary compan- 
ion care practices. However, pigs are often an understudied species in veterinary curricula, and many students gradu- ate 
from veterinary school with minimal porcine handling experience. Coupled with the poor peripheral vascular access 
associated with pigs, this presents a challenge for many new graduates and other primary care veterinarians seeking to 
improve their knowledge of porcine handling, anatomy, and medical care. Furthermore, much of the available vet- erinary 
literature regarding porcine venous access is dated, limited to technical notes, or inaccessible to many primary care 
veterinarians. This review aims to supplement this lack of knowledge by discussing techniques in restraint, seda- tion, 
venipuncture, and catheterization of companion pigs as a reference for veterinarians and researchers alike. 

 

 
Keywords: pig, sedation, venipuncture, catheterization, euthanasia 

 

Introduction 

 
 

here has been a recent growth in the population of 
companion pigs in North America over the last few 
decades, from an estimated 35,000 registered and 

200,000 unregistered1 potbellied pigs in 2002 to over 1 

million in the US and Canada today.2,3 This has resulted in 
a marked increase in the presentation of companion pigs to 

primary and referral veterinary hospitals.4 While 
instruction on porcine production medicine topics exists in 
most veterinary curricula and the veterinary literature, pigs 
as household compan- ions differ greatly from production 

pigs in housing, environment, and owner expectations. 
Furthermore, the increase in presentation of companion 

pigs to primary care facilities presents a challenge for 
veteri- narians and technical staff to develop a knowledge 

of 
porcine anatomy and venipuncture techniques. 

To give companion pigs and owners the best care, first-
opinion veterinarians may want to familiarize them- selves with 
different methods of restraint, venipuncture, IV catheterization, 
and euthanasia. Current descriptions of these techniques are 
often limited to technical notes, 
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unpublished descriptions, and anecdotal accounts be- tween 
practitioners and their staff. The few peer-re- viewed sources 
available are often outdated or do not have accompanying 
visual descriptions for venipuncture techniques. This article aims 
to integrate the various tech- niques for restraint, venipuncture, IV 
catheterization, and euthanasia into a cohesive review, with the 
goal of provid- ing veterinarians with a peer-reviewed resource to 
ensure quality and humane care for companion porcine patients. 

Methods 

 
 

Restraint 

Snare 
Commercial pigs are often restrained with the use of a 

hog snare placed in the mouth behind the upper ca- nine teeth, 
looped over the snout.5 The snare is tightened around the maxilla, 
and the neck is pulled into extension to increase exposure of the 
ventral neck for venipuncture (Figure 1). This technique is 
typically only used for pro- duction or production-sized pigs, as 
many clients of com- panion pigs find this distasteful, and it is not 
currently rec- ommended by the North American Pet Pig 
Association. 

Pig “boards” or “hurdles” 
Another method for manipulation of swine is the use of 

restraining “pig boards.” In this method, the pig is squeezed 
against a wall to create a modified chute, al- lowing access to 
the cranial, dorsal, and caudal aspects of the patient for 
administration of sedatives (Figure 1). 
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Figure 1—Sites for sedation and common methods of re- 
straint in the pig. A—Lateral view. B—Dorsal view. Sedative 
can be administered intranasally (black arrow), IM behind the 
ear (asterisk), or in the semitendinosus or semimembrano- 
sus muscles (black oval). C—A standard hog snare. D—The 
snare is placed behind the maxillary canine teeth and tight- 
ened around the maxilla, and the neck is pulled into exten- 
sion to increase exposure of the ventral neck for venipunc- 
ture (photo courtesy of Dr. Ailbhe King, North Carolina State 
University). E—A pig board commonly used for restraint; the 
boards are used to restrain the patient against a wall, making a 
modified chute. Image created with BioRender.com. 

Forking 
Calm, domesticated companion pigs can some- times 

be moved from standing to lateral by use of a technique 
known as “forking.”6 In this method, a fork or plastic back 
scratcher is used to scratch the skin around the neck, 
moving in a dorsocaudal direction until the patient begins 
to lie down, at which point the stimulation is transitioned 
to a ventrocaudal di- rection until the patient is in full lateral 
recumbency. This technique has proven to be one of the 
most use- ful for calming and restraining companion pigs, 
even allowing abdominal ultrasound in amenable patients. 

 

Sling 
Another method for examining and manipulating porcine 

patients is the use of a sling or hammock. The Panepinto sling 
has been especially developed for swine and seems to cause 
minimal stress once the patient is restrained.6,7 Homemade 
adaptations include the use of polyvinyl chloride pipes formed 
into a frame, a nylon sheet between them, and padded leg-
holes cut into the nylon through which the patient’s legs are left 
to hang. 

Sedation 
Pigs have few superficial veins, which frequently 

necessitates sedation via an alternative approach.8 

Additionally, pigs tend to accumulate body fat, which further 
complicates delivery of sedatives into muscle.9 Administration 
of sedatives into fat is associated with a prolonged onset and 
recovery for the patient.9 Four methods of sedative delivery 
have become mainstream 

in pigs: intranasal, IM behind the ear, IM in the ham- string 
muscles, and inhalant delivery via face mask. A summary of 
sedation and anesthetic protocols is pro- vided 
(Supplementary Table S1). It is recommended to 
withhold feed for 12 to 24 hours and water for 4 to 6 hours prior 
to sedation and anesthesia in nonemergent cases to reduce 
the risk of aspiration pneumonia. 

 

Intranasal 
Administration of sedatives and inoculations of phar- 

macologic agents for research purposes can be accom- plished 
intranasally in swine (Figure 1).10 Often, the pigs must have an 
amenable disposition, be trained to elevate the snout and 
conditioned to the handlers, or be restrained with a hog snare to 

keep the snout elevated during ad- ministration,10 making this 
approach less desirable when dealing with intractable patients. In 
small pigs, administra- tion of sedatives can be accomplished via 
syringe injec- tion directly into the nares without a needle 
attached, but in larger pigs, use of a 7.6-cm (3-inch) catheter 
with the stylet removed may be required to increase extension and 
reduce drug loss when the patient lowers the head. 

Caudal auricular 
Pigs have a relatively low tendency to deposit fat behind 

the ear compared to other parts of their anato- my, making 
the ear an excellent site for IM administra- tion of 
sedatives.8,9 This can be accomplished with an 18- to 20-
gauge, 2.5- to 3.8-cm (1- to 1.5-inch) needle approximately 1 
to 2 cm caudal to the base of the pinna and approximately 5 
cm off midline (Figure 1). 

Hamstrings 
In pigs not destined for consumption, the semimem- 

branosus and semitendinosus (hamstring) muscles offer an 
excellent site for IM injection. This can be accomplished with an 
18- to 20-gauge, 2.5- to 3.8-cm (1- to 1.5-inch) needle 2 to 5 
cm distal to the tuber ischii and 2 to 5 cm lateral to the skin on 
the medial aspect of the femur, de- pending on the size of the 
patient. This site should be avoided in pigs destined for human 
consumption, how- ever, as it may increase the formation of scar 
tissue in this area and decrease profits for the producer (Figure 
1). 

Face mask 
In rare cases where the porcine patient is conditioned to 

people and amenable to having the face touched (typi- cally in a 
nonproduction setting), direct delivery of inhal- ant anesthetics 
via face mask can be accomplished. The authors have used this 
technique with limited success by distracting the pig with 
peanut butter placed at the narrow-most portion of the face 
mask, encouraging the pig to breathe the inhalant while slightly 
disguising the smell of the inhalant. Success of this technique can 
be im- proved by clients conditioning their pigs to the touching 
of the face, nose, and ears from a young age, as recom- 
mended by the North American Pet Pig Association. 

Monitoring 
Following sedation, monitoring vital parameters of the 

physical examination is of paramount importance. Pigs are 
predisposed to upper airway obstruction 
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following sedation, and placement of an endotracheal tube 
may be required to ensure airway patency. Tra- cheal 
intubation in swine is complicated by the pig’s narrow oral 
cavity, the width and thickness of the tongue, the elongated 
epiglottis, and the obtuse angle the trachea makes with the 

larynx.5 Furthermore, the dorsal pharyngeal diverticulum 
and median laryngeal ventricle present obstacles in which 

the tip of the en- dotracheal tube can become lodged.11–13 

With the pig in sternal recumbency and the maxilla and 
mandible retracted by an assistant, a laryngoscope is 
placed on the base of the tongue to help increase 
visualization of the larynx. Due to the aforementioned 
anatomical variations of the porcine upper respiratory tract, 
short laryngoscope blades commonly used in small/tradi- 
tional companion animals may be inadequate, and longer 
laryngoscope blades may be required. In the authors’ 
experience, the soft palate must occasionally be dorsally 
displaced with a stylet to expose the larynx. Local anesthetic 
(eg, 2% lidocaine) can then be applied topically to the 
arytenoids with a syringe and catheter to decrease 
laryngospasm. According to user prefer- ence, a stylet can 
then be atraumatically placed in the trachea and the 
endotracheal tube threaded over the 

stylet, or the endotracheal tube can be passed without aid of 
a stylet. Care should be taken not to perforate the larynx 
during intubation, which is a known compli- cation of 

endotracheal intubation in swine.14,15 In large (> 360-kg 
[800-lb]) pigs, the authors have also used endoscopy to 
guide endotracheal tube placement, as well as digital 

palpation techniques described for ru- minants.16 The 
endotracheal tube can then be secured to the snout. 
Common endotracheal tube sizes range from 3- to 4-mm 
internal diameter for pigs less than 10 kg to 16-mm internal 

diameter for pigs over 100 kg.5 

Venipuncture 

In production pigs, venipuncture can frequently be 
performed unsedated by use of restraint by knowledge- able 
handlers. In a companion animal setting, however, 
knowledgeable handlers and adequate restraint may not be 
available, and unsedated venipuncture often results in 
struggling and vocalization, which can be stressful to both 
patient and client. Therefore, most venipuncture techniques 
in companion pigs are performed following sedation. Relative 
difficulty, blood volumes, positioning, needle sizes, and 
landmarks for the various venipunc- ture techniques are 
summarized (Table 1). Many of the 

 
Table 1—Relative difficulty (ranging from easy [+] to difficult [+++++]), positioning, needle sizes, and landmarks for 
the discussed venipuncture and catheterization techniques. 

Relative 

 Technique difficulty Positioning Needle size Landmarks 

Venipuncture  
Orbital sinus 

 
+ 

 
Lateral 

 
16–20 ga, 3.8 cm 

 
45° angle to third eyelid 

    (1.5 inches) Aim toward contralateral mandible 

 Cranial vena cava 

 
Brachiocephalic 

++ 

 
+++ 

Standing, lateral 

 
Standing, neck 

14–18 ga, 5–17.8 
cm 
(2–7 inches) 

18 ga, 5–7.6 cm 

1 cm cranial and 1 cm lateral to 
manubrium 
Aim dorsocaudomedially 
toward point between both scapulae 

Imaginary line between both shoulders 

  
 

 

 
Coccygeal vein 

 
 

 

 
+ 

extended 

 

 

 
Sternal 

(2–3 inches) 

 

 

 
20–25 ga, 2.5 cm) 

and manubrium 
Insert needle halfway along imaginary 
line extending from manubrium 45° 
toward right scapula 

90° angle to skin 
Perpendicular to skin, 

Catheterization  
Auricular 

 
+ 

 
Lateral, sternal 

(1 inch) 

18–22 ga 

hit coccygeal vertebra, withdraw, 
aspirate 

Dorsocaudal border of ear 

 Jugular (noninvasive) 

Jugular (cutdown) 

Jugular 

(tracheostomy) 

 
Cephalic 

Superficial epigastric 

Saphenous, lateral 

+++ 

+ 

+++ 

 

 
+++ 

+ 

+++++ 

Dorsal 

Dorsal 

Dorsal 

Lateral 

Lateral, 

dorsal 

Lateral 

21 ga 

16–22 ga 

16–22 ga 

 

 
18–20 ga 

16–20 ga 

20–25 ga 

0.5 inch cranial, 0.5 inch lateral 
to manubrium of sternum 

2-inch incision, 1 inch lateral of triangle 
between manubrium and mandibular 
rami 2- to 5-inch incision on midline 
Bluntly separate 
sternohyoideus Retract 
trachea/muscles medially to 
expose jugular vein 
Halfway between radial carpal bone 
and accessory carpal 

bone 1-inch incision 1 inch 
lateral to mammary chain 
Between tibial epicondyle and calcaneus 

 Saphenous, medial 

 
Intraosseous 

+++ 

 
+ 

Lateral, 
contralateral 
limb elevated 

Lateral 

20–25 ga 

 
18-ga, 3.8-cm 

Cranial to calcaneus 

 
Palpable tubercle of humerus 

 
Intracardiac puncture, + Lateral 

(1.5-inch) needle 
14-ga stylet 

Palpable trochanteric fossa of femur 
1 cm proximal to 

 lateral approach 
(euthanasia only) 
Intracardiac puncture, 
dorsal approach 
(euthanasia only) 

 

+ 

 

Dorsal 

 

14-ga stylet 

costochondral junction 
Caudal to border of 
triceps 1 cm left and 1 
cm caudal to xiphoid 
process 
45° angle to skin, aiming cranially 

ga = 
Gauge. 
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sites used for venipuncture can also be used for place- ment of 
IV catheters and are therefore discussed later in the 
catheterization section. If the venipuncture site is dirty, cleaning 
with antiseptic solution followed by alco- hol or saline is advised 
to reduce risk of contamination. 

Orbital sinus 
Blood aspiration from the orbital sinus is fast and 

minimally invasive and requires minimal training. The 

patient can be restrained standing with a hog snare or in 

lateral or dorsal recumbency following heavy sedation.17,18 

An 18- to 20-gauge, 2.5- to 3.8-cm (1- to 1.5-inch) needle 
is inserted deep to the nictitating membrane (third eyelid) 
at a 45° angle toward the contralateral mandible until it hits 
the lacrimal bone. The needle is then slightly withdrawn 
and rotated, and a syringe can be attached and used to 
gently as- pirate 5 to 10 mL of blood in an adult pig 
(Figure 2). 

 

 
Figure 2—Sites for venipuncture in the pig. A—Schematic representation of locations for blood aspiration from the 
orbital sinus (red arrow), cranial vena cava (solid black arrow), brachycephalic vein (dashed black arrow), and coc- 
cygeal vein (blue arrow). B—Projected needle direction for aspiration of blood from the orbital sinus. C—A 20-gauge, 
1- to 1.5-inch needle is inserted deep to the third eyelid, at a 45° angle toward the contralateral mandible. D— 
Landmarks for aspiration of blood from the cranial vena cava. An 18-gauge, 1- to 3-inch spinal needle is inserted in 
the right thoracic inlet (black caret) lateral to the manubrium of the sternum (black asterisk). E—Projected needle 
direction (dorsocaudomedial) for venipuncture of the cranial vena cava; the asterisk represents the manubrium of the 
sternum. F—The needle is oriented aiming at a point (open circle) between the dorsal aspects of both scapulae (paired 
black lines). G and H—Landmarks for aspiration of blood from the brachiocephalic vein. The pig is restrained standing 
or in sternal recumbency with the neck extended. Imaginary lines are drawn between both shoulders and the 
manubrium (asterisk) of the sternum (line 1) and a second line projecting 45° dorsolaterally from the manubri- um 
toward the right scapula (line 2). An 18-gauge, 1.5- to 3-inch needle is inserted in the right jugular fossa (white V) 
halfway along the second line, perpendicular to the skin. I—Venipuncture of the coccygeal vein. The needle is 
inserted on midline perpendicular to the skin until it contacts a coccygeal vertebra, then is withdrawn slightly, and 
blood is aspirated. In large (> 40-kg) pigs, this can be done in lateral or dorsal recumbency (shown here); in smaller 
(< 40-kg) pigs, sternal recumbency with the tail lifted is recommended. Image created with BioRender.com. 
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Cranial vena cava 
Venipuncture of the cranial vena cava is performed 

without direct visualization of the vessel and can be 
performed with the patient standing under restraint via hog 
snare, in sternal recumbency following seda- tion with an 
assistant holding the head, or in lateral re- cumbency 
following sedation.5 Large volumes of blood can be obtained 
with this technique, which is often used for blood collection 
for transfusion. An 18-gauge, 5- to 7.6-cm (2- to 3-inch) 
needle (or longer catheter in larger pigs) is inserted in the 
right thoracic inlet, lat- eral to the palpable manubrium (Figure 
2). The needle is oriented in a dorsocaudomedial direction 
toward an imaginary point located between the dorsalmost 
as- pect of both scapulae. It is important for the head and 
neck to be kept straight during this procedure. In rare 
instances, this technique has been associated with lac- eration 
of the cranial vena cava or cardiac tamponade, and for this 
reason, some clinicians prefer venipuncture of the 
brachiocephalic vein.5 

Brachiocephalic vein 
Venipuncture of the brachiocephalic vein is 

considerably more difficult and requires a thorough 
knowledge of porcine anatomy.19 Similar to the crani- al vena 
cava, large volumes of blood can be obtained with this 
technique (12 to 20 mL in pigs weighing up to 90 kg).18 The 
pig is restrained with a hog snare in a standing position 
with the neck extended (Figure 2). An imaginary line is 
traced between the shoul- ders and manubrium of the 
sternum, parallel to the ground. A second imaginary line is 
drawn originating at the manubrium and projecting 
dorsolaterally at 45° to the right scapula. An 18-gauge, 5- 
to 7.6-cm (2- to 3-inch) needle is inserted in the deepest 
part of the right jugular fossa at a point approximately 
halfway along this second line at a 90° angle to the skin. 
This technique has been infrequently associat- ed with 
puncture of the carotid artery and trachea.19

 

Coccygeal vein 
The coccygeal or “tail” vein represents a relative- ly easy 

method to obtain small (1- to 3-mL) volumes of blood in 
pigs older than 2 weeks of age. The pig is restrained 
standing or in sternal recumbency follow- ing sedation, with 
the tail elevated by an assistant. A 20- to 25-gauge, 2.5-cm 
(1-inch) needle or butterfly catheter is advanced 
perpendicular to the skin un- der the tail until it hits a 
coccygeal vertebra, then is slightly withdrawn, and blood is 
aspirated via a 1- to 3-mL syringe (Figure 2). Patience is 
required during aspiration to prevent collapse of the 
coccygeal vein. 

Catheterization 
Maintenance of IV catheters in pigs can be 

challenging. The hair at the chosen site should be clipped 
carefully, as many pigs have sensitive skin and will develop 
razor burn. The site should be aseptically prepared to 
reduce risk of infection at the site. The pig’s thick skin must 
often be “nicked” with a needle, or incised (“cutdown”) 
with a scal- pel blade, to reduce drag of the catheter 
during IV placement. Relative difficulty, positioning, 
catheter 

sizes, and landmarks for the various catheterization 
techniques are summarized (Table 1). 

Lateral auricular catheterization 
Catheterization of the lateral auricular vein is easy and 

particularly useful for anesthesia or blood sam- pling of 
small (1- to 3-mL) volumes.5,8,9 The patient is restrained 
standing or in sternal recumbency after sedation. The vein 
is easily visualized at the dorso- caudal border of the ear 
and can be distended with digital pressure or by use of a 
rubber band placed around the base of the ear as a 
tourniquet to facilitate venous distension. In cases of pigs 
with dark pigmen- tation of the ears (eg, Vietnamese 
potbellied pigs), a light can be shined through the 
underside of the ear to help visualize the vessels. Use of 
the bevel of an 18-gauge needle to cut the thick skin of the 
ear over the vein is encouraged to reduce resistance of the 
skin against placement of the IV catheter. An 18- to 22-
gauge catheter is inserted at a 45° angle to the skin until 
blood is aspirated (Figure 3). The catheter is then leveled 
parallel with the skin and advanced to confirm adequate 
blood flow. The catheter can then be pushed off the stylet, 
capped, and secured in place on the dorsal pinna with skin 
glue. Placement of a 6- to 20-mL syringe case in the ear 
canal can be used to provide mechanical support, and the 
catheter is taped in place with medical tape. Removal of the 
tourniquet is of paramount importance, and the authors 
recom- mend using a rubber band of a different color than the 
pig’s skin, as well as inclusion of tourniquet removal on any 
preoperative checklist. 

Jugular catheterization 
Three techniques have been described for cath- 

eterization of the jugular vein in pigs: the noninva- sive 
cutdown, open cutdown, and jugular catheter- ization 
following tracheostomy. These techniques are typically 
used in referral hospitals or for research purposes. The 
jugular vein runs approximately 1 cm lateral to an 
imaginary triangle drawn between the angles of the 
mandible and the sternum (Figure 3). 

Noninvasive (“over-the-wire”)—This method was 

first described for research piglets under 2 weeks of age.20 

Piglets are anesthetized with inhal- ant anesthesia and laid 
in dorsal recumbency, and a 21-gauge access needle 
(Vacutainer; Becton, Dickinson and Co) is inserted 0.5 to 
1.5 cm (0.2 to 0.5 inches) cranial to the manubrium of the 
sternum and 0.5 to 1 cm (0.2 to 0.4 inches) lateral to 
midline. Following aspiration of blood, a 0.071-mm-
diameter guide wire is placed through the needle, the 
needle is withdrawn leaving the wire inside the jugular vein, 
and the catheter is slid over the wire into the jugular vein. 
The guide wire is removed, and the catheter is secured in 
place with skin glue or suture. Repeated sampling of blood 
has been reported up to 5 days without incident.20

 

Surgical (“cutdown”)—Surgical cannulation of the 
external jugular vein is simple and effective and can often 
be maintained in pigs that are hospitalized. 
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Figure 3—Sites for peripheral venous catheterization in the pig. A—Catheterization of the caudal auricular vein. The pig 
is in sternal recumbency; cranial is to the left. The caudal auricular vein is denoted with white arrows. An 18- to 22-gauge 
catheter is inserted at a 45° angle and leveled out once blood is aspirated. B—The catheter is slid off the stylet, capped, 
and secured with skin glue and medical tape. C—Landmarks for surgical “cutdown” catheterization of the jugular vein. 
The jugular vein (blue line) lies approximately 1 to 3 cm lateral to a triangle (dotted lines) drawn between the rami of the 
mandible and the manubrium of the sternum (asterisk). D—A 1- to 5-cm incision is made 1 to 3 cm lateral to and parallel 
with the triangle shown in panel C, and the fat is bluntly dissected to reveal the jugular vein; white arrows indicate the 
jugular vein and the black asterisk represents the manubrium of the sternum. E—Dissection of the jugular vein following 
tracheostomy for research purposes. The pig is in dorsal recumbency, cranial is toward the bottom of the image. A 5- to 
10-cm incision is made on midline beginning 1 to 2 cm cranial to the manubrium of the sternum (asterisk) and extended 
cranially. The sternohyoideus muscles are bluntly separated and retracted to reveal the trachea, which is incised for intu- 
bation. The trachea and sternohyoideus muscles are then reflected medially to reveal the jugular vein (black arrow) and 
carotid artery (white arrow), which can then be catheterized. F—Dissection of the right cephalic vein. The pig is in right 
lateral recumbency, cranial is to the left. Venipuncture can be performed with an 18-gauge, 1.5-inch needle midway be- 
tween the radial carpal bone (white arrowhead) and the accessory carpal bone (black arrowhead). G—Dissection of the 
subcutaneous abdominal (superficial epigastric) vein in a large (300-kg) pig. The vein lies 1 to 5 cm lateral to the mam- 
mary chain. The pig is in right lateral recumbency; cranial is to the left. H—Dissection of the left lateral saphenous vein 
(black arrow), located between the distal epicondyle of the tibia and the calcaneus (black plus sign). I—Dissection of the 
right medial saphenous vein (black arrow), located cranial to the calcaneus (black plus sign). 

 

A 1- to 5-cm skin incision is made with a scalpel blade, 
centered 1 to 3 cm lateral to an imaginary line drawn 
between the manubrium of the sternum and the ra- mus of 
the mandible (Figure 3). The fat is bluntly dis- sected with 
Mayo scissors until the external jugular vein is reached. The 
vein can then be catheterized with a 16- to 22-gauge 
catheter or by use of an over-the-wire technique as described 
for the noninvasive jugular ap- proach. Ultrasound guidance is 
also particularly helpful and can avoid the need for a large 
surgical incision.21,22

 

Following tracheostomy—In terminal research 
cases involving anesthesia, it is often easier to perform a 
tracheostomy following sedation to bypass intuba- tion 
difficulties associated with the laryngeal ventricle in pigs. If 
this is the case, catheterization of the internal jugular vein can 
be performed through the same in- cision. To perform the 
tracheostomy, the pig is anes- thetized and placed in dorsal 
recumbency, and a 5- to 10-cm incision is made on midline 
beginning 1 to 2 cm 

cranial to the manubrium of the sternum and extend- ing 
cranially (Figure 3). The paired sternohyoideus muscles are 
bluntly separated to identify the trachea. An incision is made 
on the ventral aspect of the trachea between the second and 
third cartilaginous rings, ex- tending no more than half the 
diameter of the trachea. An endotracheal tube can then be 
inserted to main- tain adequate depth of anesthesia for 
jugular catheter placement. While pigs have been extensively 
used as a large animal model for teaching tracheostomy to 
oto- rhinolaryngologists,23–26 these studies typically result in 
the euthanasia of these pigs, and the long-term effects of 
tracheostomy in pigs are unknown. 

Following tracheostomy, the trachea and sterno- 
hyoideus muscles are retracted medially to expose the 
carotid artery and jugular vein, which lie dorsal and lateral 
to the trachea. Catheterization of the jug- ular vein can then 
be performed as described by use of either the noninvasive 
or cutdown techniques pre- viously described. This approach 
risks damage to the 
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laryngeal nerves and results in decreased mucocili- ary 

transport27 and is therefore only recommended for terminal 
cases. 

Cephalic catheterization 
The cephalic vein is located on the medial aspect of the 

thoracic limb and represents a moderate dif- ficulty in 
catheterizing pigs due to the presence of venous valves. 
The pig is restrained in lateral recum- bency following heavy 
sedation or anesthesia. A tour- niquet is applied proximal to 
the elbow. Venipuncture can be achieved by inserting an 18- 
to 20-gauge, 3.8- cm (1.5-inch) needle on the medial aspect 
of the limb equidistant between the radial carpal bone and 
the accessory carpal bone where the cephalic vein dives 
deep to the thick carpal fascia (Figure 3) or more 
proximally where it crosses the cranial aspect of the limb, 
though it is difficult to apply a tourniquet in the latter 
location. Catheterization can be achieved at the level of the 
carpus, with either traditional companion animal catheters or 
with over-the-wire kits previously described. Frequently, the 
wire from over-the-wire catheter kits has a 180° bend that 
can become entan- gled in the venous valves of the pig; it is 
recommend- ed to remove this wire from its plastic guide, 
reverse its direction, and place it back in the wire guide back- 
wards so that the end of the wire being fed through the 
guide and into the pig is straight, reducing the risk of valve 
entanglement. 

Subcutaneous abdominal (superficial 
epigastric) vein 

The superficial epigastric vein is one of the more easily 
managed approaches for IV therapy in larger (15- to 40-
kg) pigs.28 Following sedation or anes- thesia, the pig is 
placed in lateral recumbency. For venipuncture, the vein is 
distended by use of manual compression behind the elbow. 
An 18- to 20-gauge needle is inserted into the vein 
oriented cranially, and 10 to 20 mL of blood can be 
aspirated gently. Care must be taken to avoid entry into the 
peritoneal cavity. For catheterization, a 1- to 5-cm incision 
is made 3 to 5 cm lateral to the mammary chain (Figure 3). 
The vein is catheterized with an 18- to 22-gauge catheter 
by use of traditional companion animal IV catheters or an 
over-the-wire technique as described for the jugular vein. 
Ultrasound guidance can be par- ticularly useful in obese 
patients. 

Saphenous 
Venipuncture and catheterization of the saphe- nous 

vein is more commonly performed in traditional companion 
animals where the skin is not as thick as it is in pigs; 
however, both the lateral and medial sa- phenous veins offer 
moderate venous access in the porcine patient. 

Lateral saphenous—The lateral saphenous vein is 
moderately difficult for venipuncture and mark- edly difficult 
to catheterize due to the presence of valves within the vein 
and is typically recommended for older (> 2-year-old) and 
larger (> 40-kg) pigs. The vein ascends from the lateral 
portion of the 

pelvic limb between the fourth and fifth metatarsal bones 
and crosses the tarsus just cranial to the calca- neal 
tuberosity (Figure 3). Venipuncture can be per- formed 
with a 20- to 25-gauge needle or butterfly catheter, and 
catheterization should be performed by use of an over-
the-wire technique, but with the wire reversed as 
described for the cephalic vein. 

Medial saphenous—The medial saphenous vein is 
somewhat more easily accessible than its lateral 
counterpart. The vein ascends on the medial aspect of the 
pelvic limb between the second and third meta- tarsal bones 
and crosses deep to a thick layer of tarsal fascia before 
coursing cranially and proximally (Fig- ure 3). Venipuncture 
can be performed with a 20- to 25-gauge needle or 
butterfly catheter just cranial to the calcaneus, and 
catheterization should be per- formed by use of an over-the-
wire technique, but with the wire reversed as described for 
the cephalic vein. 

 

Intraosseous 
In cases where there is immediate need for vas- cular 

access but an IV catheter has not been estab- lished, 
intramedullary cannulation should be consid- ered. The 
greater tubercle of the humerus and the trochanteric fossa 
of the femur can easily be pen- etrated with an 18-gauge, 
3.8-cm (1.5-inch) needle (Supplementary Figure S1).9 

Repeated sampling of blood from the proximomedial region 
of the tib- ia was shown to be safe in young (< 10-week-
old), healthy pigs, and hematologic values correlated well 
with blood obtained from peripheral (caudal auricu- lar) 
sites.29 Fluid administration is easily and safely performed in 

young pigs,30 but older pigs may have increased fat and 
fibrosis of the medullary canal, lim- iting rate of fluid 
administration. Additionally, 33% of pigs developed coronary 
fat emboli and 100% devel- oped pulmonary fat emboli in a 
porcine hemorrhagic shock model,31 suggesting that 
alternative fluid ad- ministration routes (eg, per rectum) may 
be prefer- able in these patients. 

Euthanasia 
Methods for euthanizing pigs approved by the AVMA 

include gunshot, penetrating captive bolt, electrocution, 
and barbiturate overdose. Other tech- niques include 

exsanguination or use of inhaled gases (CO2, N2, Ar) but 
are not appropriate as sole meth- ods of euthanasia and 

require the patient to be un- conscious. Since the only 
technique to require venous access is the administration of 
barbiturates, it is the only method of euthanasia that will be 

discussed here. Intravenous injection of barbiturates 
can be used at a dose of 1 mL/5kg up to 30 kg, then 1 

mL for every 10 kg of patient body weight thereafter, to 
induce brain death. Injection can be performed through 

any of the catheter techniques described previously 
(though administration of large volumes may be 

technically difficult, especially through au- ricular 
catheters), or via intracardiac injection. Aus- cultation and 

palpation for the apex beat are recom- mended for 
ensuring accuracy and success on first attempt. Care 

should be taken to ensure an adequate 
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level of sedation or plane of anesthesia prior to intra- cardiac 
injection. There are 2 approaches to perform intracardiac 
injection of euthanasia solution in pigs. 

Lateral approach 
For the lateral approach, the pig is placed in lat- eral 

recumbency, ideally on the right side. A large- bore (14-
gauge) catheter, spinal needle, or hollow stylet is inserted 
into the thorax 1 cm proximal to the costochondral 
junction just caudal to the pal- pable border of the triceps 
muscle (Figure 4) until the catheter/stylet is observed to 
twitch in synchro- nous movement with the heartbeat. 
Blood can of- ten be aspirated at this time but typically 
does not eject from the needle when the syringe is 
detached. 

Withdrawal intervals 
Because pigs are a major food animal species, meat 

withdrawal intervals should be made avail- able to the client 
regardless of companionship sta- tus. Withdrawal intervals 
for drugs discussed in this review are summarized 
(Supplementary Table S2), and clinicians are encouraged 
to contact the US Food Animal Residue Avoidance Databank 
with questions (please note that withdrawal intervals may 
vary by country). Following euthanasia with barbiturates, it 
is of vital importance that no part of the pig enters the 
domestic or international food chain for either people or other 
animals. 
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Figure 4—Techniques for intracardiac injection of barbi- 
turates for euthanasia. A—Landmarks for the lateral ap- 
proach to intracardiac injection of barbiturates. The sty- 
let is inserted at a point (asterisk) 1 cm proximal to the 
costochondral junction (dotted line), just caudal to the 
border of the triceps (solid line). B—Aspiration of blood 
and synchronous movement of the stylet with the heart- 
beat confirms intracardiac placement. C—Landmarks for 
the ventral approach to intracardiac injection for eutha- 
nasia. The needle or stylet is inserted 45° to the skin, at a 
point (asterisk) 1 cm left and 1 cm caudal to the xi- 
phoid process of the sternum (solid line). D—Aspiration 
of blood and synchronous movement of the stylet with 
the heartbeat confirms intracardiac placement. 

 

Ventral approach 
For the ventral approach, the pig is laid in dorsal 

recumbency, and the needle is inserted at a 45° an- gle to 
the skin in a craniodorsal position 1 cm caudal and 1 cm left 
of the xiphoid process of the sternum (Figure 4). The needle 
is advanced until synchronous motion is observed as 
described, and the euthanasia solution is injected. 

No pigs were euthanized for the purpose of this study; all 
dissections were performed postmortem with IACUC approval 
for a separate study (No. 21-476). 
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of this manuscript. 
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CHAPTER 5 

Defining the jejunoileal junction in horses using single-cell RNA sequencing  
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Introduction 

 

Abdominal pain in horses (colic) is regarded as the most common medical problem treated 

by equine veterinarians.1 Disease of the equine small intestine represents approximately 6.5-11% 

of all cases of colic, and varies between 5.5-22% of equine small intestinal disease in the country.2 

Small intestinal lesions in the horse are frequently divided into two categories: obstructive and 

strangulating. Obstructive lesions are those where the intestinal lumen is occluded, such as ileal 

impactions, where the ingesta becomes dehydrated and blocks forward movement of the ingesta 

into the cecum. Strangulating lesions are those where the blood supply to the intestine becomes 

interrupted, such as strangulating lipomas or volvulus, and can result in devitalization of the 

intestine. In cases where blood flow to the small intestine is compromised, surgeons are often faced 

with the difficult intra-operative decision of resection and anastomosis, which can be complicated 

due to undistinguishable anatomic boundaries between the jejunum and ileum. Anastomosis 

between two pieces of jejunum (jejunojejunostomy) has been shown to be less likely to obstruct 

and result in repeat surgery than anastomosis between the jejunum and ileum (jejunoileostomy), 

which further complicates intra-operative decision-making.3-4   

In most anatomic descriptions, the jejunum ends and the ileum begins where the ileocecal 

fold arises from the antimesenteric border of the small intestine; however, the functional definition 

of these regions remains unclear. Other veterinary anatomists use the blood supply to each region 

as a discerning characteristic: blood to the jejunum is provided by large sweeping arcades of jejunal 

arteries, allowing for collateral supply of each arcade to the one next to it; however, the ileum 

receives blood in a linear fashion from either end, which further predisposes to post-operative 

complications since it cannot rely on collateral supply. Furthermore, while there are several 

different methods for trying to describe the anatomic boundaries of the ileum, there are currently 
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no studies that describe how the physiologic functions of these portions of intestine change over 

aborad progression. It is concerning that surgeons who may intend to perform a jejunojejunostomy 

may be performing a jejunoileostomy due to a lack of clear end to the physiologic ileum. 

Single-cell RNA sequencing (scRNAseq) is a branch of transcriptomics that offers an 

unparalleled description of tissue function at the cellular level. This technique reveals differentially 

expressed genes (DEGs) between different intestinal populations, which can then be used to 

understand the interactions between cell types of different intestinal regions. Raw mRNA counts 

undergo differential expression analysis, which calculates the up- or down-regulation of DEGs 

between cell types across intestinal segments. Epithelial cells are then further characterized using 

Uniform Manifold Approximation and Projection (UMAPs) for dimension reduction which 

separates cells based on their genetic expression. Dot plots are frequently used to demonstrate how 

DEGs change across intestinal segments. Finally, partition-based graph abstraction (PAGA) can 

be used to analyze transcriptomic similarities between cells to define connection strength between 

progenitor and differentiated populations.   

The epithelium of the equine small intestine is particularly susceptible to ischemic injury, 

making it the ideal subject for transcriptomic analysis. This susceptibility stems from the 

countercurrent mechanism of blood flow in the small intestinal villus, which results in absolute 

hypoxia when arterial blood flow is compromised.5 In cases of ischemia, when surgeons must 

make the critical intra-operative decision between jejunojejunostomy or jejunoileostomy, patient 

survival likely depends on rapid recovery of the small intestinal epithelium, and it may be that 

anastomosis with the ileum is more prone to complications and repeat colic surgery because this 

section of intestine is lacking restitutive abilities compared to the jejunum, making identification 

of these borders all the more necessary.   
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The technology of scRNAseq has been used to create an atlas of intestinal epithelial cells 

across anatomic regions in people.6 This study demonstrated a marked difference in claudin 

(CLDN) gene regulation between regions of the intestinal tract. Claudin proteins are primarily 

responsible for tight junction barrier function and epithelial integrity, which supports the growing 

evidence that they may be responsible for ulcerative colitis in people. If such a disparity exists 

between the jejunum and ileum in horses, it may also explain why the ileum is prone to 

complications following anastomosis. Similarly, this transcriptomic atlas also identified an 

upregulation of aquaporin genes (AQP-3, -7, and -11) which are responsible for movement of 

water across a cell membrane from the lumen into a cell in the ileum, and are likely responsible 

for dehydration of ingesta. If this is the case for horses as well, then it may explain why horses are 

predisposed to the formation of impactions in this location. Therefore, we hypothesized that the 

distinction between the jejunum and ileum can be determined using the powerful technique of 

single-cell RNA sequencing. We used scRNAseq to reveal Differentially Expressed Genes (DEGs) 

to delineate the point where the jejunum ends and the ileum begins. We further hypothesized that 

genetic expression for aquaporin proteins will increase with aborad movement through the small 

intestine (jejunum < jejunoileal junction << ileum). We used the same scRNAseq data to identify 

how the transcriptomic expression for aquaporins changes across the small intestine of the horse.  
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Materials & Methods 

Equine small intestinal samples were harvested from four donor horses that were presented 

to the NCSU CVM teaching hospital for elective euthanasia for reasons unrelated to colic or 

intestinal disease and processed same-day. The small intestine was exteriorized using a 

parainguinal approach immediately following euthanasia and traced aborad to the ileocecal fold.  

Each “region” was defined as follows: the jejunum was sampled at least five mesenteric arcades 

proximal/orad to the beginning of the ileocecal fold; the small intestine under the final jejunal 

arcade was collected; the proximal ileum was sampled at the very beginning of the ileocecal fold; 

and the ileum was sampled halfway between the orad start of the ileocecal fold and the ileocecal 

junction (Figure 5.1).  

 

  

Figure 5.1 - Intra-operative image of a horse receiving colic surgery. Samples were acquired from: 

1) the aborad jejunum (“JJ1”), 2) where the jejunal arteries anastomose with the ileal artery (“JJ2), 

3) at the end of the ileocecal fold (“ile1”), and 4) at the aborad ileum (“Ile2”). 
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These segments offer the advantage of providing two definitive/control pieces (the mid-

jejunum and mid-ileum) which were representative of their distinct regions of small intestine. The 

other two pieces (the final jejunal arcade and the proximal end of the ileocecal band) were the 

“test” pieces of intestine, used to confirm the similarity or differences of their transcriptomes 

compared to their mid-segment counterparts. 

Following collection, samples were placed into pre-oxygenated transport buffer 

(AdvDMEM). Dissociation steps were performed as described in Chapter 4. Briefly, a 3cm x 3cm 

segment from each intestinal margin was removed and the mucosa separated from the 

seromuscular layer, which was discarded. Mucosal samples were placed in an N-acetyl-L-cysteine 

(NAC) wash to remove mucus, followed by manual shaking in a dissociation buffer containing Y-

27632 dihydrochloride (a ROCK inhibitor designed to prevent apoptosis and maximize yield of 

live cells) in 10-minute stages to dissociate small intestinal villi and crypts from their underlying 

basement membrane using 50mL Falcon tubes. Once a solution of 50% villi/50% crypts was 

obtained as determined by light microscopy, the cells were subjected to protease and DNAse and 

passed through a 1mL syringe with a 28ga needle to dissociate them into single cells. Once 

confirmed at 80% single cells, the protease and DNAse was quenched with DMEM/F12 media 

and fetal bovine serum (FBS). Single cells will be sorted with Annexin-V antibody via 

fluorescence-activated cell sorting (FACS) to remove dead cells and cell fragments until 250,000 

live cells are attained per sample and placed in 15mL Falcon tubes. The single cell solution was 

processed using a commercially-available cell fixation kit (Evercode Whole Transcriptome [WT] 

Cell Fixation v3) available from Parse Biosciences and stored at -80o until all samples were 

collected. Once all samples were collected, cells were lysed and the RNA library prepared by 

sequencing each cell to 150,000 reads (75,000 read pairs) using an Illumina NextSeq 500.   
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After sequencing, single-cell Fastq files were aligned to the reference transcriptome 

(EquCab3). Cell lineage was identified by generating Leiden clusters and represented as Uniform 

Manifold Approximation and Projections (UMAPs), with a Leiden resolution of 0.15 and k = 15 

neighbors to identify subclustering of epithelial cell types. Dot plots of the five highest-expressing 

members of each major receptor family by cell lineage were generated for each margin. Heatmaps 

were generated showing unique markers for major lineages in both intestinal margins. 

  



 

77  

Results 

Samples were successfully acquired from three mares, two of which were Thoroughbreds 

and one was a Quarter Horse Appendix. The first horse, the only gelding, was excluded from 

analysis due to a prolonged history of treatment with non-steroidal anti-inflammatory drugs 

(NSAIDs) and antimicrobials (trimethoprim-sulfamethoxazole) for one month prior to collection 

for a progressive multi-limb lameness. The first jejunal sample from Horse 3 was also excluded 

due to low cell counts. Leiden clustering identified 113 different cell clusters (UMAP Figure 5.2 

and frequency table Figure 5.3).  

 

  

Figure 5.2 – UMAP of jejunal and ileal epithelial cells 

from three horses. 
Figure 5.3 – Frequency plot of cell groups. JJ1 = 

proximal jejunum, JJ2 = distal jejunum, Ile 1 = 

proximal ileum, and Ile2 = distal ileum. 
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All samples had a reasonable distribution of EPCAM, confirming our ability to acquire 

epithelial cells using this methodology. There was significant upregulation of aquaporins (Figure 

5.4) and claudins (Figure 5.5) at the site where the ileocecal band ends. There was also an 

upregulation of OLFM4, a marker of intestinal stem cells, at the site where the jejunal blood flow 

ends and transitions to the linear flow to anastomose with the ileal artery (Figure 5.6). No major 

differences in expression of absorptive enterocytes, enteroendocrine cells, goblet cells, Paneth 

cells, or tuft cells between jejunum and ileum were identified. 

 

Figure 5.4 – Dot plot of aquaporin expression in jejunoileal epithelial cells of three horses. 
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Figure 5.5 – Dot plot of Claudin expression in jejunoileal epithelial cells of three horses. 

Figure 5.6 – Dot plot of genetic markers for intestinal stem cells in 

jejunoileal epithelial cells of three horses. 
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Discussion 

To the authors’ knowledge, this study represents the first application of single cell 

transcriptomics in the intestine of the horse, supporting our first hypothesis. The data from this 

study demonstrated a significantly different expression of aquaporins and claudins at the 

anatomical end of the ileocecal band, thereby supporting our second hypothesis. 

Aquaporins are a class of proteins responsible for transcellular movement of water.6 The 

increased expression of these proteins at the end of the ileocecal band suggests this anatomical 

landmark likely defines the beginning of the physiologic ileum. Increased expression of these 

proteins may also contribute to the development of luminal impactions in this region. The 

development of ileal impactions has been anecdotally associated with dehydration or decreased 

water consumption by the horse; if the expression of aquaporins in this region is elevated, it stands 

to reason that this area would be at higher risk for dehydration of ingesta. 

Similarly, claudins are a class of proteins responsible for intestinal barrier function. 

Upregulation of these proteins at the beginning of the physiologic ileum, but decreased expression 

in the aboral ileum, may also contribute to the heightened risk of postoperative complications seen 

in jejunoileostomies relative to jejunojejunostomies.4 The increased presence of intestinal stem 

cells in the distal jejunum (and lower presence in the ileum) may also play a role in development 

of postoperative complications, though further study is needed. 

Interestingly, cells expressing bestrophin 4 (BEST4+) were identified in this study, 

primarily in the jejunum. The function of BEST4+ cells is largely unknown and is under increasing 

study in people.6 Differentially expressed genes in these cells include GUCA2A and GUCA2B, 

which play a role in regulating satiety.6 These cells have been seen in people and pigs, but not in 

mice, and their presence in horses warrants further study. 
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Limitations 

The primary limitation of this study is the relatively low number of cells per sample, which 

may indicate room for improvement in our dissociation technique. A second limitation is the low 

number of subjects, necessitated by the associated expense of transcriptomics. 

Conclusion 

In conclusion, we successfully applied single cell RNA sequencing to the jejunoileal 

epithelial cells of the horse, and identified the end of the ileocecal band as the beginning of the 

physiologic ileum. This information will help guide intraoperative decision-making for colic 

surgeons performing small intestinal resections in horses.  
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CHAPTER 6 

Project Discussion 
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Introduction 

It was Isaac Newton who said, “If I have seen further, it is by standing on the shoulders of 

giants.” I frequently think of this quote when performing experiments in a lab and drafting 

manuscripts for publication. Gone are the days when research was separated and Nobel prizes were 

awarded to individuals; now, the accolades are rightfully administered to research teams and 

developments in biology are cross-disciplinary. As such, the mentorship and opportunities for 

growth offered at North Carolina State University have been unparalleled. It is with great 

excitement that I now consider the impact I hope to have on equine veterinary medicine and the 

future directions for my career. 

Impact on equine veterinary medicine 

As a large animal surgeon, my primary interest has always been the gastrointestinal tract 

of the horse. Each segment of intestine can be divided into one of three categories: intestine that 

can be exteriorized, intestine that can be visualized but not exteriorized, and intestine that can be 

neither exteriorized, nor visualized.  Naturally, the inability to exteriorize or visualize nearly one-

third of the horse gastrointestinal tract makes for a particularly difficult puzzle in some lesions. 

Combined with our developing understanding of the pathophysiology of many lesions and 

postoperative complications, colic (especially strangulating lesions) has become a figurative death 

sentence for horses. As a result, I have received many mixed reactions from clients whose horses 

I have operated on when I tell them that my specialty is colic surgery and research, often wondering 

why I would commit to something that has such a poor prognosis. As it pertains to equine colic, I 

think the major points of this dissertation should be that more horses are presenting to referral 

hospitals for evaluation of colic (Chapter 1), and we simultaneously need new methods of studying 

pathophysiology of the equine intestine (Chapter 2, Chapter 5). 
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Future Directions 

The Elane Equine Ischemia and Reperfusion Injury (EEIRI) lab is a developing research 

program at Texas A&M School of Veterinary Medicine with the goal of implementing novel 

methods for studying ischemic diseases of equine intestine and improving outcome for colic 

surgery patients. As such, I intend to implement to uncommonly utilized resources to further our 

understanding of equine intestinal research and use these results to development novel therapeutic 

approaches for treating horses with colic. 

The first arm of my lab will be the utilization of Ussing chambers to improve our 

understanding of equine intestinal pathophysiology. As discussed in Chapter 2, there are only three 

labs in the world that use Ussing chambers in the study of horse intestine: the Blikslager/Ziegler 

Comparative Gastrointestinal Lab at NCSU, the Freeman Lab at the University of Florida, and the 

Cehak Lab in Hanover, Germany. These labs have produced all the articles that have improved 

our understanding of equine intestinal physiology, and response to experimentally-induced 

ischemia. However, to date, no studies have been produced that evaluate ischemic intestine from 

clinical cases. I believe this gap in knowledge stems from two conditions: firstly, surgeons who 

may be clinician-scientists versed in Ussing chambers are often occupied performing colic surgery 

and therefore unavailable to mount resected tissue on chambers; and secondly, scientists versed in 

Ussing chambers who are not surgeons are disinclined to perform these experiments out of normal 

business hours, when most strangulating colic surgeries occur. As a clinician-scientist, my role 

allows me to overcome both short-comings, and fill critical data gaps in our collective knowledge. 

The first experiments we will run will be mounting ischemic intestine from clinical cases 

of strangulating lesions from resection sites. This study will provide tremendous insight into the 

physiology of ischemia in equine small intestine. By establishing baseline measurements of short-
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circuit current (Isc) and transepithelial resistance (TER) in clinical ischemic tissues, we will 

determine the validity of ischemia models used in previous studies and the translatability of their 

results. We will also use these data to establish cutoff values for Isc and TER between horses that 

develop complications and non-survivors, and provide data for the future development of an 

intraoperative method of determining intestinal viability, which will be of direct use to the equine 

surgeon and patient. Completion of this project will determine the effects of anti-inflammatory 

drugs on Isc and TER in clinical cases of ischemia and guide postoperative treatment of these 

cases. 

Our second experiment will be to deprive healthy intestine of oxygen and determine the 

time needed to observe an increase or decrease in TER, to create an ex vivo model for intestinal 

ischemia and thereby reduce the number of horses needed for experimentation. Combined with 

our first experiment, we will generate data that can be easily referenced and highly desirable for 

future Ussing chamber experiments. 

Our third experiment involves the application of steroids on the serosal side of healthy 

intestine. Steroids, such as dexamethasone, are frequently administered to horses with 

strangulating lesions intraoperatively, but have not been associated with increased survival 

outcome. By applying several different steroids in different concentrations, this experiment will 

help us determine if steroids act in a concentration-dependent manner. We will also block 

prostanoid production using indomethacin at the end of each experiment to confirm any changes 

in TER are due to steroid production. 

Our final intended Ussing experiment in the foreseeable future is mounting intestine from 

different equine breeds, including donkeys and drafts, to determine if there are breed variations in 

bioelectric properties between segments of intestine. 
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The second focus of our lab will be intestinal transcriptomics. As discussed in Chapter 5, 

determination of the jejunoileal junction was the first project to use single-cell RNA sequencing 

in the equine intestine. However, this methodology is far from perfect, and resulted in a lower 

yield of cells than anticipated, suggesting there is room for improvement in the dissociation 

technique. We plan to evaluate different methods for sloughing the mucosa, including using 

microscope slides or bead homogenizers, and validating these techniques using histomorphometry 

and cell sorting to determine viability. Once this technique has been improved, we intend to use it 

on small intestinal resection sites to identify transcriptomic factors that predispose to postoperative 

complications, and use this data to determine clinically-actionable drug targets. 

Conclusion 

Reflection of the past three years of study and my development as a clinician-scientist has 

given me a sincere appreciation for the graduate studies program at NCSU. I have been fortunate 

to receive strong mentorship from talented gastrointestinal scientists, and have learned many 

techniques in basic science, experimental design, lab management, and interpersonal skills that I 

am confident I would not have received anywhere else. A research program is ever-evolving, and 

I look forward to my future contributions to equine veterinary medicine and colic surgery. 

 


