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SYNOPSIS

Today’s horse is fed an artificial diet high in starch (grain). Starch is hydrolysed in
the small intestine by pancreatic amylase and the brush border membrane
disaccharidase maltase, to D-glucose. Glucose provides some basal energy
requirements of the horse, and is an important source of energy for competitive
endurance horses. Work in the laboratory has shown that glucose is transported
across the brush border membrane of the equine enterocyte by Na'/glucose co-
transporter (SGLT1).

The objectives of this study were:

e To determine the levels of SGLT1 activity and expression along the
longitudinal and radial axes of equine small intestine, using the Na'-
dependent glucose transport assay, western and northern blot analyses,
immunohistochemistry and in situ hybridisation histochemistry.

« To investigate the adaptive mechanism of equine small intestinal glucose
transport in response to a change in diet, from a grass-based to a grain diet.

o To assess the mechanism, properties and the molecular structure of the equine
basolateral membrane glucose transport/er.

Using equine SGLT1 (eSGLT1) cDNA and the eSGLT1 antibody, it was shown that
SGLT1 mRNA and protein are expressed co-ordinately in duodenum > jejunum >
ileum. Na'-dependent glucose transport measured in the duodenal, jejunal and ileal
brush border membrane vesicles showed that the glucose transport activity parallels
SGLT1 expression. In situ hybridisation histochemistry, using a riboprobe to
eSGLT1, indicated that SGLT1 mRNA was expressed in the epithelial cells along the
crypt/villus axis, decreasing towards the villus tips. Immunohistochemistry, using
eSGLT1 antibody, demonstrated that SGLT1 protein was first detected in low levels
at the crypt/villus junction, and its abundance increased towards the villus tip, with
no expression occurring in the crypts.

In horses maintained on a grain diet, SGLT1 expression was enhanced in the distal
part of the small intestine indicating an adaptive response to increased dietary
carbohydrate.

Isolating and characterising purified basolateral membrane vesicles from the equine
enterocytes, it was shown that D-glucose was transported across the basolateral
membrane by a facilitated, Na'-independent mechanism, inhibited by cytochalasin B.

Using PCR-based strategies, RNA isolated from equine small intestine, and primers
designed to homologous regions of GLUT2 ¢cDNA of other species, equine GLUT2
(eGLUT2) was cloned and sequenced. The eGLUT2 cDNA encodes a 524 amino
acid protein having 63-94% identity with other species. Raising an antibody to the
C-terminus region of eGLUT?2, and utilising this antibody in western blot analysis, it
was shown that it cross-reacts with a protein of 54 kDa in the purified basolateral
membrane vesicles. This confirms that GLUT?2 is the equine enterocyte basolateral
membrane transporter.

It was shown that the expression of GLUT2 protein and mRNA in the intestine of
grass-fed horses correlates along the longitudinal axis of the intestine with expression
in duodenum > jejunum > ileum. GLUT2 expression paralleled glucose transport
rates.
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Alk. P.
AP
APES
ATP
BBMV
BCIP
BLMV
bp
BSA
cDNA
CDS
CHO
DAB
DIG
DNA
dNTP
DTT
ECL
EDTA
eGLUT2
eSGLT1
GAPDH
GLUT2
hCHO
HEPES

IgG
IMS
IPTG
kb
kDa
mRNA
MES
MOPS

ABBREVIATIONS

Adenosine di-phosphate

Alkaline Phosphatase

Alkaline Phosphatase
3-aminopropyltriethoxysilane
Adenosine tri-phosphate

Brush border membrane vesicle
5-Bromo-3-chloro-2-indolyl phosphate
Basolateral membrane vesicle

Base pair

Bovine serum albumin

Complementary de-oxyribonucleic acid
Coding sequence

Carbohydrate

3,3’-diaminobenzidine

Digoxigenin

De-oxyribonucleic acid
De-oxynucleoside triphosphate

Di-thio threitol (Cleland’s reagent)
Enhanced chemi-luminescence
Ethylene diaminetetra-acetic acid
Equine glucose transporter isoform 2
Equine sodium glucose co-transporter isoform 1
Glyceraldehyde-3-phosphate dehydrogenase
Glucose transporter isoform 2
Hydrolysable carbohydrate
N-2-hydroxyethylpiperazine-N’-ethanesulphonic acid
Horseradish peroxidase
Immunoglobulin type G

Industrial methylated spirits

Isopropyl 1-thio-f-D-galactopyranoside
Kilo base

Kilo Dalton

Messenger ribonucleic acid
2-(N-Morpholino)-ethanesulphonic acid
Morpholinopropanesulphonic acid
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NADP Nicotinamide adenine dinucleotide phosphate

NBT Nitroblue tetrazolium

PAGE Polyacrylamide gel electrophoresis
PBS Phosphate-buffered saline

PCMB Para-chloromercuric benzoate
PCR Polymerase chain reaction

Pi Inorganic phosphate

PMSF Phenylmethane-sulphonyl fluoride
pNPP para-nitrophenyl phosphate

POD Peroxidase

PVDF Polyvinylidene difluoride

RACE Rapid amplification of cDNA ends
RNA Ribonucleic acid

rRNA Ribosomal ribonucleic acid

SDS Sodium dodecyl sulphate

SGLT1 Sodium glucose co-transporter isoform 1
SSC Standard saline citrate

TBS Tris-buffered saline

TEMED N,N,N’,N’-tetramethyl-ethylenediamine
TEN Tris / EDTA / NaCl

™ Tween / milk

Tris Tris(hydroxymethyl)aminomethane
tRNA Transfer ribonucleic acid

UTR Untranslated region

X-Gal 5-bromo-4-chloro-3-indolyl-p-D-galactoside
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A. Anatomy of the Equine Gastro-Intestinal Tract

Horses are mono-gastric herbivores and hindgut fermenters. The gastro-intestinal

tract of the horse is depicted schematically in Figure 1.

Figure 1: The Equine Digestive Tract. Schematic representation of the entire equine digestive tract as
viewed from the right. 1 = Stomach, 2 & 3 = Duodenum; 4 = Jejunum, 5 = Illeum, 6 = Caecum, 6°' =
Caeco-colic fold, 7 = Right Ventral Colon, 8 = Sternal Flexure, 9 = Left Ventral Colon, 10 = Pelvic
Flexure, 11 = Lefi Dorsal Colon, 12 = Diaphragmatic Flexure, 13 = Right Dorsal Colon, 14 =
Transverse Colon, 15 = Small Colon, 16 = Rectum, 17 = Cranial Mesenteric Artery. (Reproduced from
Dyce, Sack & Wensing, “Textbook of veterinary anatomy”, 1" edition (1987), W.B. Saunders Company)

1. Stomach

The equine stomach is simple and is primarily involved in mixing and short-

term storage of food, and initiation of protein and fat digestion. It is a small
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organ, comprising just fewer than 10% of the total gastro-intestinal (GI) tract
volume (Hintz HF et al 1994) [Figure 1]. Retention of food in the stomach is
comparatively short with most digesta rapidly passing on into the duodenum,
however some foodstuffs can remain in the stomach for 2-6 hours (Frape DL

1998).

The equine stomach differs from most other mono-gastric species in that
approximately half of its lining is squamous cell epithelia rather than glandular.
This half of the stomach, referred to as the saccus caecus, allows a small degree
of microbial fermentation with the production of lactate (Kern DL et al 1974;
Frape DL 1998f), before it is stopped by the low pH of the glandular part of the

stomach.

The glandular part of the stomach consists of a fundic region and a pyloric
region. The fundic mucosa contains parietal cells (which produce HCI) and
zymogen cells (which produce pepsin), just as in other monogastric species. The
mucosal cells of the pyloric part secrete gastrin into the blood stream in response
to distension caused by the physical presence of food in this region. Gastrin has
the same effect as in other species, i.e. stimulating the secretion of gastric acid by

the parietal cells of the fundic region of the stomach.

Pepsin release in the pyloric region of the stomach initiates digestion of
protein, but, due to the low retention time in the stomach, with some feed passing
almost immediately into the duodenum, the degree of protein digestion is limited

(Frape DL 1996f).



INTRODUCTION

2. Small Intestine

The small intestine of an average 450-500 kg Thoroughbred horse is 20-25
metres in length and its volume comprises approximately 25% of the total gastro-
intestinal tract (Frape DL 1998f). 1t is the primary site of both carbohydrate
(hydrolysable) and protein digestion and absorption, and also some fat absorption
(Hintz HF 1975). It is divided into three regions: the duodenum proximally, the

jejunum and the ileum distally.

The duodenum consists of the first 2 metres of small intestine and is a
continuation from the pylorus of the stomach. It is relatively immobile, being
attached to the visceral surface of the liver and the caudal aspect of the caecum
via the mesoduodenum. Bile and pancreatic ducts empty digestive secretions into

the duodenal ampulla at its most proximal end (Dyce KM et al 1987).

The jejunum is the largest section of the small intestine, measuring some 17-22
metres in length. It continues directly from the duodenum proximally and into the
ileum distally, distinguishable from the former only by its fan-shaped mesentery
that attaches it to the dorsal wall of the peritoneal cavity. The jejunum occupies
the left dorsal quadrant of the equine abdomen and is extremely mobile (Dyce KM

etal 1987).

The ileum represents the caudal 1 metre of the small intestine, continuing

directly from the jejunum and emptying into the caecum at the ileo-caecal
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junction. It is distinguishable from the jejunum by the fact that is much more

muscular and consequently thicker than the jejunum (Dyce KM et al 1987).

a. Microanatomy of the Small Intestine

Histologically the small intestine is made up of 5 distinct layers (Junqueira

LC et al 1989). These are depicted schematically in Figure 2.

> b > Mucosa

Lamina Propria

J

Submucosa
Muscularis
Serosa

Figure 2: Photomicrograph of the layers of the small intestine (X40) showing the Mucosa
(villi, crypts and lamina propria), submucosa, muscularis (inner circular and outer
longitudinal muscle) and serosa. (Reproduced from Junqueira, Carneiro & Kelley,
“Basic Histology”, 6" " Edition (1989), Appleton & Lange)

Starting from the lumenal surface the layers consists of:
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®  Mucosa; consisting of an absorptive epithelium with projections (villi)
and indentations (crypts). The epithelial cells of the villus consist of
columnar absorptive cells (enterocytes) that digest and absorb nutrients,
interspersed with mucous-secreting cells (goblet cells) that lubricate the
intestinal lining, and hormone-secreting cells (entero-endocrine cells)
that sense the lumenal environment and secrete regulatory hormones.
The crypts contain poorly differentiated cells and at their base 'Paneth’
cells whose function is not yet clear.

e  Submucosa; consisting of connective tissue, blood vessels and, in the
case of the duodenum, Brunner's glands, which produce an alkaline
mucous secretion that protects the duodenum against the acidity of the
stomach and returns the pH to an optimal level for pancreatic enzyme
function.

e  Muscularis; consisting of 2 layers of smooth muscle, the inner layer
(Muscularis interna) being arranged circularly, and the outer layer
(Muscularis externa) being arranged longitudinally.

e Serosa; a fibrous outer layer enclosing the small intestine.

The duodenum is histologically differentiated by the presence of Brunner's
glands in the submucosa, and short, stumpy villi. The ileum is differentiated by
the thicker Muscularis layer. Both the jejunum and ileum have much longer
villi than the duodenum. The number of goblet cells increases distally, the

ileum containing numerous goblet cells.
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b. The Small Intestinal Absorptive Cell

The small intestinal absorptive cell is the enterocyte, and is depicted
schematically in Figure 3. Enterocytes are polar cells, i.e. their plasma
membrane is separated into an apical surface (brush border membrane) and a
basal surface (basolateral membrane) by the zonula occludens (tight junctions).
This prevents materials from passing between the cells and enables selective
absorption of various nutrients by their appropriate transporter proteins on the

brush border membrane.

Microvilli

Zonula
occludens

Zonula
adherens

Gap
junction

Infoldings
of mem-
branes

Figure 3: Structural components of the enterocyte. Schematic representation of an enterocyte
showing the tight junction (zonula occludens) that separates the brush border membrane from
the basolateral membrane. . (Reproduced from Junqueira, Carneiro & Kelley, “Basic
Histology”, 6" Edition (1989), Appleton & Lange).
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The plasma membrane consists of a phospholipid bi-layer interspersed with
numerous surface (peripheral) or spanning (integral) glycoproteins and

glycolipids, collectively known as the glycocalyx.

The brush border membrane glycocalyx is much denser than the basolateral
membrane glycocalyx, and this difference is exploited in the differential
isolation via cation precipitation (Shirazi-Beechey SP et al 1990) of brush
border and basolateral membrane vesicles. When membrane vesicles are
suspended in a solution containing divalent cations (e.g. magnesium), the
positively charged cations will bind the glycoprotiens (which have a net
negative charge). With brush border membranes, as the glycocalyx is more
dense the glycoproteins will be in closer proximity to one another than with
basolateral membranes. Therefore the cations are more likely to bind adjacent
glycoproteins on the same membrane fragment in the case of brush border
membranes but different membrane fragments in the case of basolateral
membranes. This results in the precipitation out of suspension of the denser
basolateral, organelle and nuclear membranes, leaving the brush border

membranes in solution.

The population of integral and peripheral proteins on the brush border and
basolateral membranes differs too. These proteins can be used as ‘marker’
proteins to identify and confirm isolated membrane vesicles to be of either

brush border or basolateral origin.
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The microvilli of the brush border membrane are supported by the structural
proteins B-actin and villin, which are not associated with the basolateral
membrane (Robine S et al 1985). The enzyme alkaline phosphatase is also
predominantly associated with the brush border membrane (Schmidt U et al

1972).

Proteins associated with the basolateral membrane include the RLA class |
histocompatability complex (Dyer J et al 1990; Pinches SA et al 1993), the
Na'/K*/2 CI' symporter (Daher M et al 1992) and the Na'/K*-ATPase (Dyer J

et al 1990, Pinches SA et al 1993).

¢. Cell Turnover

The enterocytes are continually being renewed. They originate from stem
cells located at the base of the crypt and, as they migrate as a single layer
towards the villus tip, they mature structurally and functionally and develop
abilities to digest and absorb nutrients. At the tip of the villus they senesce and
are extruded into the intestinal lumen. The time scale for cell migration from
crypt to villus is about 2-6 days in various mammalian species (Shirazi-

Beechey SP 1995).

3. Large Intestine

The large intestine of the horse comprises approximately 65% of the total

volume of the gastro-intestinal tract. It consists of 3 major components: the
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caecum, the large colon and the small colon. The ileum terminates at the ileo-
caecal junction in the caecum, a large blind-ended sac. The base of the caecum

continues on into the large colon. (Dyce KM et al 1987)

The large colon is further subdivided into right ventral colon, left ventral colon,
left dorsal colon and right dorsal colon, and terminates in the small colon. The
topographical placement of the large colon within the equine abdomen forces it to
make 3 180° turns. These bends are called 'flexures' and consist of the sternal
flexure between right ventral and left ventral, the pelvic flexure between left
ventral and left dorsal, and the diaphragmatic flexure between left dorsal and right
dorsal colon. The large intestine has a sacculated form, consisting of 'haustra'.
The different sections can be differentiated by the number of longitudinal bands,
or taeniae, they possess: the caecum, right ventral colon and left ventral colon
have 4, the left dorsal colon has 1, the right dorsal colon has 3 and the small colon

has 2. (Dyce KM et al 1987)

The small colon is the last part of the large intestine and continues on into the
rectum. Its primary function is the reabsorption of water and the pelleting of

faeces into characteristic balls.

The majority of the feral horses diet consists of non-hydrolysable
carbohydrates in the form of cellulose, hemicellulose and pectin, which are
indigestible by the horse per se. However various colonic bacteria and protozoa
are capable of fermenting these non-hydrolysable carbohydrates into the

monocarboxylates acetate, butyrate and propionate, which can be absorbed by the

10
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colonocytes. This fermentation takes place in the equine large intestine, and
provides the feral horse with the majority of its energy (Hintz HF et al 1994;

Frape DL 1998f).

11
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B. Nutrition of the Horse

1. Grass-based Diets

The diet of the feral horse is made up entirely of plant material, principally
grass. The chemical composition of grass consists of crude protein, hydrolysable
carbohydrate (e.g. starch), crude fibre or non-hydrolysable carbohydrate (e.g.
cellulose, lignin) and ash (minerals / vitamins). Protein, hydrolysable
carbohydrate and ash are digested and / or absorbed in the small intestine, whereas
non-hydrolysable carbohydrate passes on into the large intestine where it is
fermented into monocarboxylates by the hind gut microbial population. These
monocarboxylates consist of acetate, propionate and butyrate, which are absorbed

across the colonic epithelia (Hintz HF et al 1994, Frape DL 1998c).

The various proportions of these components vary according to the time of
year (Hoffman RM et al 2001; Frape DL 1998c). For example, in the spring,
when the grass is rapidly growing, it will contain the highest levels of crude
protein and hydrolysable carbohydrate and the lowest levels of crude fibre. The
levels of protein and hydrolysable carbohydrate decrease, and the levels of crude

fibre increase in the following seasonal order:

spring > autumn > summer > winter.

12
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The energy expenditure of the feral horse is at its greatest during lactation and
growth. The horse is a seasonal breeder, producing foals in the spring months to
coincide with the highest quality of grass for lactation of the mare and growth of

the foal.

2. _Concentrate-based Diets

In order to meet the increasing energy demands which man places on the horse,
the diet has been modified considerably to increase its energy component (Hintz
HF et al 1994). This is principally in the form of soluble hydrolysable

carbohydrates (hCHO).

a. Roughage

Roughage is essential for the maintenance of the hindgut microbial
population and homeostasis. The feral horse's requirements are provided by
grass, but horses in work tend to have very little time if any to graze, and
therefore roughage must be provided. This is usually in the form of loose hay,
but can also be provided as haylage (partially fermented hay), processed

(pellets or wafers) and dried grass nuts.

13
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b. Compounded Nuts

Compounded nuts are the classical 'concentrate' feed fed to horses. The
products are commercially manufactured and are complete diets, containing
several ingredients in ground form and also minerals and vitamins. There are
many different forms of compounded nuts providing differing components for
maintenance, growth, gestation, lactation, geriatric horses and also horses in

light, moderate and intense work.

c. Coarse Mixes

Coarse mixes are also complete diets but their ingredients tend to be closer
to their original form and therefore more palatable. They are sweet to the taste
(sometimes being referred to as 'sweetfeed'), but are more expensive to
produce, are more bulky to store and have shorter shelf lives than compounded

nuts.

d. Cereal Ingredients

Equine diets can also be made up from individual components. These types
of diet can be tailor-made to individuals but are less consistent than the
commercial diets and consequently more difficult to ensure that all the horses'

nutrient requirements are met.

14
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Cereals contain on average 12-16 mega-joules of digestible energy per
kilogram (MJ DE/Kg) compared to hay which has about 8-9 MJ DE/Kg, and
consist of, amongst others; oats, barley, wheat, maize, rice and millet. They
also include cereal by-products from the milling industries (e.g. bran,
middlings, oatfeed and chaff) or from the brewing / distilling industries (e.g.
brewers / distillers grains). Other lesser ingredients, but nonetheless popular,

include molasses, sugar beet pulp and Lucerne (alfalfa).

15
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C. Digestion and Absorption in the Horse

1. Hindgut Fermentation

Non-hydrolysable carbohydrate (i.e. fibre) is indigestible by the equine small
intestine and passes into the large intestine for fermentation by the hindgut

microbial population.

“Fermentation is a slow process compared to digestion, and therefore the fibre
must remain a long time in the hindgut to allow for this process. Consequently
the passage of ingesta through the large intestine is not simply aboral, but is
retained within compartments of the hindgut, where it is fermented before passing
on into the next compartment. Large intestinal contractions are more complex

o i be
than the simple retrograde peristalsis that occurs in the small intestine. They
consist of non-rhythmic haustral contractions along with stronger rhythmic
propulsive and retropulsive contractions that have the purpose of mixing digesta

to promote fermentation and absorption as well as gradually propelling non-

fermentable material and residues towards the rectum.

Physiologically there are 3 fermentation compartments within the large
intestine:
e Caecum; separated from the ileum by the ileo-caecal valve,
e Ventral Colon; separated from the caecum by the caecal-ventral colonic

valve,

16
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e Dorsal Colon; separated from the ventral colon by the narrow pelvic flexure.
The dorsal colon is separated distally from the small colon by the dorsal small

colonic junction.

The consistency of the digesta in these compartments is very different, the
caecum containing extremely liquid material, the ventral colon containing less
liquid material and the dorsal colon containing semi-solid material. This provides

different environments for the multitude of microorganisms to carry out their

fermentation.

Fermentation in the equine hindgut is performed by the microflora (primarily
bacteria with some fungi) and the micro-fauna (protozoa), the most significant
microorganisms being the bacteria (McDonald P et al 1988a; Moore BE et al

1993). Bacterial numbers are highest in the caecum, decreasing in the ventral

colon and lowest in the dorsal colon.

Work in our laboratory using the analysis of PCR-amplified 16S ribosomal
RNA gene sequences (Daly K et al 2001) has determined, for the first time, the
equine hindgut microbial populations. 72% of all sequences were members of the
low % G+C Gram-positive bacteria (LGCGP), 20% were members of the
Cytophaga-Flexibacter-Bacteroides group (CFB), and the remaining 8% in other
groups. Of the LGCGP, 37% of all species were associated with one clostridial

group, cluster XIVa.

17
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Only 5% of all bacterial species identified in the equine hindgut corresponded
with sequences in the public databases, a further 6% with unidentified sequences
and 89% with no correspondence at all, demonstrating an extremely high genetic
diversity and suggesting that the equine microflora may contain many novel

Wanahendn - fapd e

Lo S _g\c,u:.és.

bacterial species (Daly K et al 2001).

—JHigesta containing higher levels of starch result in more rapid fermentation
than ingesta containing lower levels of starch (McDonald P et al 1988a).
Consequently, fermentation in the equine hindgut will be slower than in the
ruminant foregut. This is due to the fact that starch can be digested and absorbed

in the equine small intestine prior to ingesta reaching the large intestine.

‘:chy‘/\f“)'ﬂ}bw eor I =l ar R c H"‘
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Mon e cordsox
The products of fermentation consist of gas (methane and carbon dioxide) and
monocarboxylates (acetic, butyric and propionic acid). The gas normally passes
on through the large intestine, as its continued presence will cause distension of
the gut with consequent colic. Monocarboxylates are absorbed across the colonic

mucosa and provide the principle source of energy in the feral horse (Hintz HF et

al 1994), representing 60-70% of total energy (Argenzio RA 1975).

2. Small Intestinal Digestion

The principal form of hCHO in the grass-fed horse would be starch, with a
small amount of oligosaccharides, disaccharides and monosaccharides (Dyer J et

al 2002). Starch and the shorter oligosaccharides can be broken down into

18























































































































































































































































































































































































































































































































































































































































































